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Smartphone-based single-camera stereo-DIC
system: thermal error analysis and design

recommendations
Liping Yu, Nurlat Bekdullayev, and Gilles Lubineau

Abstract— Coupling a smartphone-based stereo-DIC system using
a single smartphone and a 3D-printed four-mirror adapter has been
recently proposed by the authors as a cost-effective and field-
portable 3D displacements measurement tools. However, this sys-
tem is found to be very sensitive to temperature variation inside
the smartphone and the ambient temperature variation around the
system, which further can introduce displacement and strain errors
into the measured results. Interestingly, the image coordinate drifts
of image points that are directly associated with these thermal
errors cannot be well explained by the existing temperature-induced
camera deformation models. To eliminate the large thermal errors
and realize high-accuracy 3D deformation measurement, a compre-
hensive thermal error analysis is performed for the smartphone-based single-camera stereo-DIC system. The theoretical
estimations based on the existing temperature-induced camera deformation model are compared with the experimental
observations. Then, all the potential error sources that can introduce thermal errors in the smartphone-based single-
camera stereo-DIC system are analyzed and discussed. Several comparison tests confirm that the thermal errors are
caused by both the inner structural changes and the deformation from the adapter, and that the thermal errors from the
adapter are much larger than those caused by the inner deformation inside the smartphone camera. Finally, a modified
mirror adapter was fabricated and proven less sensitive to the temperature variation. This research is expected to explain
all the potential thermal error sources in the smartphone-based single-camera stereo-DIC system and further contribute
to the correction of the thermal errors and the optimal design of the adapter.

Index Terms— stereo-digital image correlation, smartphone, thermal error

I. INTRODUCTION

Non-contact and non-destructive 3D shape, motion and de-
formation measurements of materials and structures subjected
to various external loadings is an important and essential
task in characterizing their deformation behavior. Existing
methods for this purpose include, but not limited to, elec-
tronic speckle pattern interferometry (ESPI) [1], [2], digital
shearography (DS) [3], [4], and holographic interferometry
(HI) [5], [6], and stereo-digital image correlation [7]–[10]
(stereo-DIC). Compared with the interferometric optical tech-
niques (i.e., ESPI, DS and HI), the stereo-DIC technique has
the advantages of simple experimental setup, wide range of
applicability and low environmental vulnerability. With the
continuous developments and massive applications in recent
years, stereo-DIC has been proven to be a powerful non-
contact technique for measuring the full-field 3D displacement
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and strain field of both planar and curved objects, used in fields
as diverse as materials science [11]–[13], biomechanics [14]–
[16], composite materials [17], [18], high-speed deformation
measurement [19]–[21], and many other fields.

Usually, the use of a regular binocular stereo-DIC system
is discouraged by the requirement of two industrial-grade
cameras and the stringent synchronization between these two
cameras. Aiming at a simple, cost-effective and field-portable
3D deformation measurement tool, we recently established a
smartphone-based stereo-DIC system inspired by the mirror-
based single-camera stereovision technique [22]–[24]. This
system can accurately measure 3D shape and deformation on
the object surface by only using a single smartphone and a
3D-printed four-mirror adapter. Compared with the conven-
tional stereo-DIC system using two synchronized cameras, the
smartphone-based single-camera stereo-DIC system is more
cost-effective, compact and field-portable. First, the cost of the
imaging cameras and camera synchronization can be greatly
reduced or even neglected, as the smartphone is ubiquitous
now. Then, the smartphone can capture the image, process
image and transmit data whilst requiring little space and
being independent of external power, making the stereo-DIC
system extremely compact and field-portable. Moreover, after
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booming developments in recent years, smartphones can offer
users high-quality digital cameras, large storage capacities,
significant computational power, and user-friendly software.
For example, the performances of the smartphone camera are
being dramatically improved by the manufactures in terms of
the effective focal length, image resolution and frame rate.
The maximum image resolution can reach tens of millions of
pixels, and a maximum frame rate of 960 frames per second
can be realized by state-of-the-art smartphones. Owing to the
attractive features of the smartphones, the smartphone-based
stereo-DIC system has significant potential to be used for 3D,
motion and deformation measurement, especially in resource-
limited institutions and field settings.

However, it is found that the established smartphone-based
single-camera stereo-DIC system is extremely sensitive to the
temperature variation inside the smartphone and the ambient
temperature variation around the system [25]. These tempera-
ture variations further can introduce considerable displacement
and strain errors into the measured results. According to
our recent investigation [25], [26], the calculated displace-
ment and strain errors in stereo-DIC are determined by the
temperature-dependent disparity (i.e., the difference between
image coordinates of two projection points) changes while the
camera parameters are assumed to be constant. Previously, the
temperature-dependent disparity changes are considered to be
caused by the inner structure changes of the camera, e.g., the
translation and/or rotation of camera lens and sensor. However,
our recent study indicates that the temperature-dependent
disparity changes are not only introduced by the inner structure
changes of the camera, but also from the thermal deformation
of the four-mirror adapter. To eliminate the large thermal
errors and realize high-accuracy 3D deformation measurement,
comprehensive thermal error analysis for the smartphone-
based single-camera stereo-DIC system is required.

In this paper, two different models, i.e., a virtual camera
model and a virtual object model are proposed to understand
the imaging model of the single-camera stereovision system.
Based on the imaging model, the theoretical estimations
based on the existing temperature-induced camera deforma-
tion model and the experimental observation of the image
coordinate drifts are compared. Then, all the potential error
sources that can introduce thermal errors in the smartphone-
based single-camera stereo-DIC system are analyzed and
discussed. Several comparison tests confirm that the thermal
errors are caused by both the inner structural changes and
the deformation from the adapter, and the thermal errors from
the adapter are much larger than those caused by the inner
deformation inside the smartphone camera. Finally, a modified
mirror adapter was fabricated and proven less sensitive to the
ambient temperature variation.

II. SMARTPHONE-BASED SINGLE-CAMERA STEREO-DIC
SYSTEM

A. System design
Figure 1 shows the established smartphone-based single-

camera stereo-DIC system, which is composed of a single
smartphone (Mi8, Xiaomi, Inc., Beijing, China) and a four-
mirror adapter. The physical focal length of the used camera

lens is measured as 5.2mm. The four-mirror adapter consists
of four plane mirrors, a 3D-printed mirror support (material:
Polylactic Acid, PLA) and a 3D-printed smartphone shell
(material: PLA). Two interior mirrors (35mm×20mm×1mm)
are fixed on two sides of the inner mirror support, while two
exterior mirrors (35mm×30mm×1mm) are glued tightly on
the outside support. Note that the size and inclination angle
of the mirrors need to be chosen on a case by case basis
according to the focal length and sensor size of the smartphone
camera [27], [28]. For example, larger mirrors are required
for a smartphone with a small focal length. As shown in
Fig.1(c), the four-mirror adapter can be well coupled with the
smartphone, thus making the system extremely field-portable.
With the aid of the four-mirror adapter, two views of the object
surface are projected onto the left and right half sensor through
two different optical paths. By capturing and processing a
set of calibration images and object images, the 3D shape
and deformation on the object surface can be retrieved. The
detailed process of the 3D measurement has been described
in previous researches [25], thus is not introduced here.

B. Virtual camera model and virtual object model

To better understand the established smartphone-based
single-camera stereo-DIC system, here we present two imag-
ing models for this system, i.e., virtual camera model and
virtual object model. Fig.2 (a) shows the schematic diagram
of the virtual camera model of the single-camera stereo-DIC
system. With the aid of the four reflection mirrors, a point
P on the object can be split and projected onto the left and
right halves of the camera sensor. By rearranging the optical
path and optical axis through the law of reflection, this system
can be seen as a pseudo stereo-DIC system using two virtual
cameras. The intrinsic parameters of this pseudo stereo-DIC
system are determined by the camera parameters (i.e., focal
length (f ) and position of the principal point in x and y
directions (cx and cy)).

The extrinsic parameters are highly related with the struc-
tural parameters, i.e., the horizontal inclination angle of the
mirrors (αL, αR, βL, βR), the distance between the optical
center to the inner mirror(d1) and the distance between the
left and right mirrors (d0). Note that the left two mirrors
are assumed to be symmetric to the right ones here. The
extrinsic parameters can be regarded as the relative rotation
and translation between the left and right cameras. For the
pseudo stereo-DIC system shown in Fig.2 (a), the relative
rotation angles between two virtual cameras can be determined
as (0, π − φL − φR, 0) around the three axes, and the relative
translation is expressed as (−B sinφR, 0, B cosφR).

Here, φL and φR are the inclination angles between the
virtual optical axes and the baseline (OLOR), and B is the
baseline distance. Table I summarizes the structural parameters
and the corresponding intrinsic and extrinsic parameters of
the single-camera stereo-DIC system. Once the structural
parameters are determined and the camera was pre-calibrated,
we can determine all the intrinsic and extrinsic parameters of
the pseudo stereo-DIC system. Some geometric relationships
can be found in the existing researches [27], [28].
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The imaging model of the single-camera stereo-DIC system
can also be described by a virtual object model. When placing
a four-mirror adapter before the camera, an object point P will
be offset from its actual position and be viewed as two virtual
points PL and PR. As shown in Fig.2 (b), suppose PM1 and
PM2 are the reflection points of the left optical path on the
left outer mirror and left inner mirror, the position of the left
virtual point can be determined by extending the optical path
OPM2 to OPL. The length of PM2PL is equal to the sum of
PM2PM1 and PM1P . Once the four-mirror adapter is fixed,
the positions and orientations of the virtual objects will be
also fixed. Actually, the virtual camera model is equivalent
to the virtual object model. By moving the optical center of
the virtual cameras (OL and OR) to the position of the real
optical center (O) and making the virtual optical axis and the
real optical axis coincided, the virtual camera model can be
transformed into the virtual object model.

III. THERMAL ERROR ANALYSIS OF SMARTPHONE-BASED
SINGLE-CAMERA STEREO-DIC SYSTEM

A. Thermal errors

As shown in Fig.3, considerable thermal displacement and
strain errors were found in the established smartphone-based
stereo-DIC system during a static test. These thermal errors are
highly related to the measured temperature on the smartphone
back surface. According to our recent investigation [26], the
thermal errors in a conventional stereo-DIC system can be well
explained by a real model and a calculation model.

The calculated displacement and strain errors in stereo-DIC
are determined by the temperature-dependent disparity (i.e.,
the difference between image coordinates of two projection
points) changes while the camera parameters are assumed to
be constant. Fig.3 (a) shows the measured temperatures on the
smartphone back surface as a function of the test time. The
temperature variation will change the disparity between the
left and right images, which further leads to considerable strain
errors shown in Fig.3 (c). Note that similar trends of the back
surface temperatures were observed from the repeated tests
with temperature increment measured as about 6-10 degrees
celsius, but the initial temperature may depends on the initial
state of the smartphone. As shown in Fig.3 (b) and (c), the
normal strain errors are almost in linear relationships with the
horizontal disparity changes. To fully understand and eliminate
these thermal errors, it is of great importance to determine
all the possible error sources that may change the disparity
between image coordinates of two projection points.

B. Theoretical estimation of the image coordinate drift

Existing researches show that the out-of-plane translations
(along the optical axis direction) of camera lens and sensor are
the dominant consequences of the camera self-heating [29]–
[31]. Fig.4 (a) shows the imaging model of the system based
on the virtual object model before the camera self-heating.
Here, we define the world coordinate system at the camera
center, and assume the 3D coordinates of a virtual object point

in the world coordinate system are (X,Y, Z). Then the pinhole
model for this point can be expressed as, x
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where (x− cx) and (y − cy) are the distance from the image
point to the image center. It is clear from Eq.3 that the
normal strains (∂u/∂x, ∂v/∂y) are determined by the term
(δf/f + δZ/Z). For all the object points, the values of
this term are close.This means that an even expansion or
compression deformation will be introduced by the out-of-
plane translation of the sensor and camera lens. Note that the
in-plane translations of the object will equally introduce in-
plane translations on the left and right sensor. As a result, the
disparity caused by the in-plane translation should be zero.
Based on the triangulation principle, the caused error will be
zero.

C. Thermal error analysis
Figure 5 (a) shows an image captured by the smartphone-

based single-camera stereo-DIC system during the self-heating
test. Four horizontal points are selected on the image as points
of interest. Fig.5 (b) shows u displacements of these four
points as a function of test time. Although the smartphone
and the object were both kept static, the displacements of these
points vary with the test time. It is clear that the displacements
of points C and D are much larger than those of A and B.
The strain between points B and C are larger than those on
the left and right images. These observations indicate that
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the left and right image have a rigid separation, but not a
uniform deformation. However, according to Eq.(3), the u
displacement of point B and C, and the strains between these
points should be close. The large inconsistency between the
experimental observations and theoretical estimations indicate
that the temperature-dependent image coordinate drift cannot
be well explained by the assumed model, and are caused by
the other factors.

Figure 6 lists all the possible error sources in the established
smartphone-based stereo-DIC system that will change the
disparity between the two projections. The possible errors
can be separated into two parts, i.e., errors from the smart-
phone and errors from the adapter. The error sources from
the smartphone mainly include out-of-plane translations and
rotations of the camera lens and/or camera, while the in-plane
translations will not cause the disparity changes. According to
the aforementioned analysis, both the out-of-plane translations
and rotations of the camera lens and camera will not lead
to a rigid separation of the left and right images. The major
disparity change can only be attributed to unfavorable factors
from the adapter. A careful inspection of the four-mirror
adapter indicates that the most possible error source is the
thermal deformation of the mirror support. Any deformation
of the mirror support will slightly change the inclination angle
of the mirrors. As shown in Fig.2 (a), the change of the
inclination angle of the mirror will slightly rotate the virtual
optical axes. The rotation of the virtual optical axis will cause
a rigid translation of the left and right images, further leads
to the separation of the two images.

IV. EXPERIMENTS

A. Experimental details

To investigate the error sources and verify the correctness
of the above analysis, a series of experiments were performed.
As shown in Fig.1(c), the established smartphone-based stereo-
DIC system is mainly composed of an Android-based smart-
phone (Mi8, Xiaomi, Inc., Beijing, China), a homemade four-
mirror adapter and a small tripod. Note that here we used the
conventional front surface reflective mirror for the adapter,
which is negligible in cost. The smartphone is equipped with
two imaging lenses (f/1.8, f/2.4) and two Sony IMX363
sensors (4032×3024 pixels). During the test, only one back
camera (f/2.4) of the smartphone was used for image ac-
quisition. The details about the two sets of experiments are
summarized as follows.

(1) Comparison test 1: self-heating tests with and with-
out the adapter were performed. Figure 7 (a) shows the
experimental arrangement of the camera self-heating test
with the adapter. A rectangular plate with a physical size
of 80mm×80mm was placed in front of the system. With
the aid of the four-mirror adapter, two virtual objects were
generated and projected onto the left and right halves sensor.
In this configuration, the disparity between the left and right
virtual images will be changed by the deformation inside the
smartphone camera and the small changes from the adapter,
as no external loading was applied to the plate. Then, we
remove the adapter, and then placed two rectangular plates

of similar size in front of the smartphone according to the
virtual object model in Fig.2 (b). Under this configuration,
the two objects will be projected onto the left and right halves
sensor. The relative movement between the two projections can
only be attributed to the deformation inside the smartphone
camera. Also, this relative movement can be regarded as
the virtual disparity change. In these two experiments, the
smartphone and the plates were kept static. Surface images
of the plates were automatically recorded by the smartphone
every 30 seconds. The recording process lasted for 2 hours,
resulting in about 240 images recorded in each test. The first
recorded image was adopted as the reference image, and the
remaining images were considered as the deformed images. To
monitor the temperature variation of the smartphone system
during the test, several thermocouples were attached onto the
system.

(2) Comparison test 2: self-heating tests with separated
adapter. Figure 8 shows the experimental arrangement of the
camera self-heating tests with the separated adapter. In the
first configuration, the adapter was slightly separated from the
smartphone, which is similar to Fig.7 (a) but with some mini-
mal distance gap. Then, we increased the distance between the
adapter and smartphone, to alleviate the heating effect of the
smartphone on the adapter. The only difference between these
two configurations is the small change in the virtual baseline
distance. Similarly, images were recorded by the smartphone
every 30 seconds. The recording process lasted for 2 hours,
resulting in about 240 images recorded in each test. Before the
test, a set of calibration images were captured for both tests.

B. Image processing
In the first test, the images captured during the test with

adapter were exported to computer and processed using the
method well described in Ref. [25], which is a stereo-DIC
method essentially. After the image processing, the images
coordinates of all the calculation points in the left image and
the corresponding coordinates of the points in the right image
were determined. Then the disparity data of all the calculation
points can be calculated. For the test without adapter, we first
chose the center points of the two plates as the points of
interest, and then calculated the displacements of these points
using a self-developed point tracking algorithm (based on 2D-
DIC). We consider the difference between the coordinates of
these two points as the virtual disparity. In the second test,
we processed all the images using the method in [25]. As
a result, the virtual displacements and strains caused by the
thermal errors can be retrieved.

C. Results
1) Comparison test 1: Figure 9 (a) and (b) show the mea-

sured temperatures of the thermocouples as a function of test
time for the self-heating tests with and without the adapter. For
the test with the adapter, it is observed that the temperature
of thermocouple 2 first increased to 26 degree celsius and
then stabilized at this temperature, while those of the other
two thermocouples were almost not changed. This observation
indicates that the adapter experienced an apparent temperature
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gradient during the test. As a result, any small deformation of
adapter and deformation inside the smartphone will cause the
movement and deformation of the projected images, changing
the disparities between the left and right images. As shown in
Fig.9 (c), the x-directional disparity of an object point presents
a similar trend with the temperature variations. The maximum
x-directional disparity change is determined as about 5.5
pixels, while the y-directional disparity almost keeps constant.
When the adapter was removed, a similar temperature variation
was also observed on the back surface of the smartphone.
As this thermocouple was directly attached to the smartphone
back surface, the maximum temperature is higher than those
of the three thermocouples in the comparison test. Then, we
calculated the image displacements of two points on the left
and right objects and their relative movements. Because the
two objects in this test are not correlated, here we regard
the relative movement as the virtual disparity change, which
reflects the deformation inside the smartphone. The relative
movement of the two points shown in Fig.9 (d) presents a
similar trend with the comparison test, but the maximum x-
directional relative movement is much smaller than that of
the test with the adapter. It is therefore concluded that the
existence of an adapter will greatly change disparity, and
thermal error from the adapter is larger than that from the
deformation inside the smartphone.

2) Comparison test 2: Figure 10 (a) and (d) show the
measured temperatures of the thermocouples as a function of
test time for the self-heating tests with the separated adapters.
It is clear that the temperature variation of the thermocouple
is smaller when the adapter is much separated from the
smartphone. As a result, the disparity variation between the
two corresponding points is quite different. As shown in Fig.10
(b) and (e), the disparity variation when the adapter is close
to the smartphone is much larger than that in the comparison
test. If the thermal error from the adapter is neglected, the
disparity variation should be very close. By processing the
captured images of these two tests, the thermal displacement
and strain errors can be determined. Fig. 10 (c) and (f) show
the mean in-plane strain as a function of test time for the two
tests with the adapter. As the smartphone and object were kept
static, these measured strains can be regarded as thermal strain
errors. As shown in Fig. 10 (c) and (f), the determined strain
errors are highly correlated with the disparity changes. The
maximum normal strain errors when the adapter is close to the
smartphone are determined as about 30000 microstrains, which
is much larger than the comparison test. This comparison
test further confirms that the thermal errors from the adapter
are much larger than those from the deformation inside the
smartphone.

V. ERROR ELIMINATION THROUGH STRUCTURAL
OPTIMIZATION

According to the mechanism of thermal error generation, the
measured thermal errors are determined by the unfavorable
disparity changes between the left and right images due to
the thermal deformation of four-mirror adapter and camera
structures. Due to the small baseline and focal length, the

smartphone-based single-camera stereo-DIC system is usually
very sensitive to the unfavorable disparity changes. Therefore,
we should eliminate the disparity changes caused by the de-
formation of adapter as possible when changing the size of the
adapter is not first option. For this purpose, we can optimize
the four-mirror adapter by using the material with a low
thermal expansion coefficient or separating the smartphone and
the adapter as possible. To verify the effectiveness of these
optimizations, we fabricated a four-mirror adapter of the same
size using steel and performed two self-heating tests. Note that
the size and thickness of this steel adapter are same with the
previous one made of PLA. The experimental arrangements
of these two tests are same with those shown in Fig.8. By
processing the acquired images, the thermal strain errors can
be retrieved.

Fig. 11 (a) and (b) show the measured mean in-plane strain
errors as a function of test time for the two tests using the
steel adapter. Compared with the tests using the PLA adapter,
the strain errors present similar trends but the maximum
strains greatly decrease. As shown in Fig. 11 (a) and (b), the
maximum normal strain errors when the adapter is close to the
smartphone are determined as about 4000 microstrains, which
is nearly twice as large as those when the smartphone and
the adapter are separated. These observations show that the
thermal errors in the smartphone-based single-camera stereo-
DIC system are caused by both the thermal deformation inside
the smartphone and the thermal deformation of the four-
mirror adapter, confirming the correctness of the previous
analysis. Table II lists the system parameters and maximum
errors among four tests using two different adapters. The
main extrinsic parameters (pan angle, baseline distance) of two
virtual cameras in these four configurations are close, while
the maximum strain error varies greatly. It is clear that the use
of a steel greatly decreases the thermal strains.

VI. CONCLUSIONS

This paper focuses on thermal error analysis and structural
optimization of the recently established smartphone-based
single-camera stereo-DIC system. Two different imaging mod-
els including the virtual camera model and virtual object model
are first proposed to understand the optical path of the system.
Then, the theoretical image coordinate drift that will cause
thermal errors are estimated based on the existing camera
deformation model. The inconsistency between the theoretical
estimations and the experimental observations indicates that
the thermal errors are caused by both the inner structural
changes and the thermal deformation from the adapter. Exper-
imental results from two sets of comparison tests verify these
analyses and show that the thermal errors from the adapter
are much larger than those caused by the inner deformation
inside the smartphone camera. Finally, based on the thermal
error analysis, a modified mirror adapter was fabricated and
proven less sensitive to the ambient temperature variation.
This research is expected to explain all the potential thermal
error sources in the smartphone-based single-camera stereo-
DIC system and further contribute to the correction of the
thermal errors and the optimal design of the adapter. Also, we
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expect to couple this system with a self-developed smartphone
application based on a parametric model in our following
works.
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TABLE I
SYSTEM PARAMETERS OF THE SINGLE-CAMERA STEREO-DIC SYSTEM

AND THE CORRESPONDING INTRINSIC AND EXTRINSIC PARAMETERS.
NOTE THAT THE LEFT TWO MIRRORS ARE ASSUMED SYMMETRIC TO

THE RIGHT ONES ABOUT THE OPTICAL AXIS.

System parameters Stereo parameters
Intrinsic parameters Extrinsic parameters

Distance between inner and
outer mirrors

d0 Focal length fx, fy Relative rotation around X
axis

0

Distance from inner mirror to
optical center

d1 Coordinates of principal point cx, cy Relative rotation around Y
axis

4α− 4β

Angle of outer mirror α Skew factor ν Relative rotation around Z
axis

0

Angle of inner mirror β First-order radial distortion
coefficient

k1 Relative translation along X
axis

−B sin(90◦ + 2β − 2α)

Relative translation along Y
axis

0

(Note:B = 4d0 sin2 α+ 2d1 sin (2α− 2β)) Relative translation along Z
axis

B cos(90◦ + 2β − 2α)
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TABLE II
COMPARISON OF SYSTEM PARAMETERS AND MAXIMUM ERRORS

AMONG FOUR TESTS USING TWO DIFFERENT ADAPTERS.

Configuration a Configuration b Configuration c Configuration d

Material of adapter PLA PLA steel steel
Thermal expansion coefficient of the
material

68× 10−6/◦C 68× 10−6/◦C 11−13×10−6/◦C 11−13×10−6/◦C

Distance between smartphone and
adapter

1mm 30mm 1mm 30mm

Virtual baseline distance 46mm 56mm 41mm 49mm
Pan angle between the two virtual cam-
eras

28.3◦ 27.8◦ 22.7◦ 22.8◦

Working distance 600mm 600mm 600mm 600mm
Maximum normal strain errors 30000µε 5000µε 4200µε 2000µε
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Fig. 1. (a, b) Model of the four-mirror adapter in two different views
and (c) the established smartphone-based single-camera stereo-DIC
system.
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Fig. 2. Two imaging models for the single-camera stereo-DIC system:
(a) virtual camera model (b) virtual object model.
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Fig. 3. (a) Measured temperatures as a function of the test time
at different points of the smartphone back surface, (b) the disparity
changes between the two projections of a point on the object, (c) the
measured thermal strain errors as a function of the test time.
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Fig. 4. Imaging model based on the virtual object model: (a) before
camera self-heating, (b) after camera self-heating.
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Fig. 5. (a) An image captured by the smartphone during the self-
heating test, (b) the u displacements of four points of interest, (c) the
strain values between these points.
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Fig. 6. All the possible error sources that may cause the disparity
changes between the two projections.
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Fig. 7. Experimental arrangement of the camera self-heating tests: (a)
with the adapter and (b) without the adapter.
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Fig. 8. Experimental arrangement of the camera self-heating tests with
separated adapter: (a) spacing=1 mm, (b) spacing=30mm.
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Fig. 9. (a, b) Measured temperatures of the thermocouples as a
function of test time for the self-heating tests with and without the
adapter, (c) the disparity changes of an object point as a function of test
time, (d) the relative movement between the left and right images(virtual
disparity change).
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Fig. 10. (a, d) Measured temperatures of the thermocouples as
a function of test time for the self-heating tests with the separated
adapters, (b, e) the disparity changes of an object point as a function
of test time for the two tests, (c, f) the mean thermal strain errors as a
function of test time.
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Fig. 11. The mean thermal strain errors as a function of test time when
using a steel mirror adapter: (a) spacing=1 mm, (b) spacing=30mm.
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