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Abstract
Sensing micro-vibration plays a critical role in diverse in-
dustrial applications, including structural health monitoring
andmachinery diagnostics. However, most existing vibration
sensing technologies rely on physical contact with the target
object or demand complex installation procedures, making
them intrusive and costly. This paper presents PocketVib, the
first cost-effective, portable smartphone-based laser speckle
vibrometry system for multi-point kHz-frequency micro-
vibration sensing. PocketVib integrates built-in smartphone
sensors, i.e., Time-of-Flight (ToF) depth cameras and rolling
shutter cameras, to achieve non-contact micron-level vibra-
tion sensing. The design features three key innovations:
1) emitter-imager synchronization, which ensures stable
speckle pattern acquisition, 2) a dual-lens enhanced imager
that stretches speckle patterns to improve their limited cov-
erage on the rolling shutter camera, and 3) a reference-free
algorithm that leverages temporal correlations across rolling
shutter image rows for precise vibration extraction. We im-
plement PocketVib on commodity smartphones with a cus-
tom hardware kit. Extensive experimental results demon-
strate that PocketVib enables fast and accurate vibration fre-
quency estimation on mobile devices, achieving frequency
measurements of up to 1 kHz with an average error of only
0.6 Hz at just 30 fps, while supporting simultaneous mea-
surements at seven points. The project page is available at
https://shangchengjin.github.io/PocketVibWeb.
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1 Introduction
Sensing micro-vibration is essential in industrial scenarios,
from detecting subtle structural tremors to monitoring me-
chanical oscillations in factories. For example, technicians
need to conduct rapid routine inspections of numerous equip-
ment items to identify potential safety hazards at an early
stage. Portable vibration meters are widely used for these
inspections due to their ease of use, affordability, and mo-
bility [18]. Notably, the global market for portable vibration
meters is expected to reach USD 23.11 billion by 2033 [17].
Existing micro-vibration sensing methods can be cate-

gorized as contact-based or non-contact-based, as summa-
rized in Table 1. Contact-based methods utilize accelerom-
eters [23, 29, 41] and piezoelectric sensors [37, 62] that are
physically attached to the vibrating surface. However, this
attachment will alter the object’s vibration characteristics
and restrict measurements to a single point per sensor. Some
methods use wireless technologies like RFID [55, 58] and
mmWave [42, 61] for vibration sensing. However, the long
wavelength of RFID signals limits their capacity to detect

https://shangchengjin.github.io/PocketVibWeb
https://creativecommons.org/licenses/by-nc-nd/4.0
https://creativecommons.org/licenses/by-nc-nd/4.0
https://creativecommons.org/licenses/by-nc-nd/4.0
https://doi.org/10.1145/3795866.3796680
https://doi.org/10.1145/3795866.3796680


MobiCom ’26, October 26–30, 2026, Austin, TX, USA Shangcheng Jin, Zhiyuan Xie, Guoliang Xing, and Zhenyu Yan∗

Table 1: Comparison of existing technologies for micro-vibration sensing.
Sensing Technologies Type Micron-level Frequency Band Sensing Range Cost Multi-Point Deployment

Accelerometer / Piezoelectric Sensors Contact ✓ kHz-level 0 m Low × Physical attachment
Wireless Signals (mmWave / RFID) Non-contact ✓ / × kHz-level 0.5–7 m [33]/<1.5 m [55] Medium ✓(mmWave) Costly setups and calibration

RGB Camera Non-contact ✓ kHz-level (high-speed) 0.5–2 m [27] High ✓ Bulky, environment-dependent
Laser Doppler Vibrometry Non-contact ✓ MHz-level 0.2–5 m [16] Very High × Bulky hardware
Laser Speckle Vibrometry Non-contact ✓ kHz-level (high-speed) Tens of meters [63] Medium ✓ Bulky hardware

PocketVib (Ours) Non-contact ✓ kHz-level (at 30 fps) 0.05–2 m Low ✓ A single smartphone
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Figure 1: Illustration of PocketVib.

micron-level vibrations. AlthoughmmWave radars offer high
accuracy and multi-object sensing via beamforming, they
demand costly setups and calibration. Some approaches use
cameras for micro-vibration sensing by tracking pixel shifts
in videos [24, 26, 27]. However, they require expensive high-
speed cameras, good lighting conditions, and textured sur-
faces. Laser Doppler Vibrometry (LDV), the gold standard for
accurate vibration sensing, is extremely expensive (approx-
imately 30, 000 USD per unit), limited to single-point mea-
surements, and lacks portability due to its bulky setup [50].

Recently, Laser Speckle Vibrometry (LSV) has emerged as
a promising technology for sensing kHz-frequency micro-
vibration without physical contact [43, 63]. A typical LSV
system contains a laser to generate speckle patterns and a
high-speed, defocused camera to capture them. The cam-
era is deliberately defocused to enlarge the speckle patterns,
thereby amplifying the subtle shifts caused by the micro-
vibration. Furthermore, LSV can monitor vibrations at multi-
ple points simultaneously by emitting multiple laser beams.
However, current systems rely on expensive, bulky, and spe-
cialized lasers and high-speed cameras. Currently, no existing
solution supports contactless, multi-point micro-vibration
sensing while remaining easy to deploy for cost-effective
routine inspections.

In this paper, we propose PocketVib, the first mobile laser
speckle vibrometry system that enables multi-point, kHz-
frequency micro-vibration sensing by leveraging built-in
sensors in smartphones, i.e., a ToF depth camera (e.g., iPhone
LiDAR) and a rolling shutter camera. This novel approach is
made possible by three key technologies in modern smart-
phones: First, an increasing number of smartphones are now

equipped with ToF depth cameras [56, 57], which utilize
eye-safe infrared laser sources. These sensors have the po-
tential to replace specialized lasers in speckle-based applica-
tions [22]. Second, the built-in auto-focus capability of smart-
phone cameras enables defocused imaging, which is criti-
cal for amplifying speckle shifts caused by micro-vibration.
Third, smartphone cameras utilize a rolling shutter mecha-
nism, which functions as row-wise high-sampling-rate sen-
sors for kHz-frequency vibration sensing [27, 38, 43].
However, compared with traditional LSV, the design of

PocketVib faces threemajor challenges. First, the laser source
in the ToF camera will be turned on and off periodically.
The desynchronization between the ToF laser source and
the rolling shutter camera causes unstable speckle patterns,
which hinder the reliable extraction of continuous vibration
information. Second, due to the limited optical character-
istics of smartphone rolling shutter cameras, it is difficult
to capture defocused speckle patterns of the desired size
for accurate vibration analysis, as required by existing LSV
methods [21, 30, 43]. Third, speckle-based vibration analysis
typically requires an additional reference frame to compare
with the current frame for extracting vibration information.

To address the above challenges, PocketVib introduces
three novel key designs, i.e., an emitter-imager synchro-
nization, a dual-lens enhanced imager, and a reference-free
micro-vibration extraction. First, we conduct a comprehen-
sive profiling of the operational mechanism of the ToF laser
emission and design a precise synchronization mechanism
between the ToF camera and the rolling shutter camera. This
ensures stable speckle patterns, enabling continuous and
reliable acquisition of vibration data. Second, we develop the
PocketVib Kit equipped with a cylindrical lens to address
the limited coverage of defocused speckle patterns on the
rolling shutter camera sensor. The lens stretches the speckle
patterns along the rolling shutter direction, allowing more
rows of the speckle image to be captured and enhancing
the accuracy of vibration analysis. Third, instead of relying
on an external reference frame, we leverage the temporal
relationship between adjacent rows of the rolling shutter
camera to extract micro-vibration information.
We implement PocketVib on two smartphone platforms

(Apple and Samsung). The system comprises a customized,
lightweight hardware kit that mounts seamlessly to the
phone camera and a mobile app that performs on-device data
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Figure 2: Speckle-based vibrometry. Figure 3: ToF emitter types. Figure 4: Rolling shuttermechanism.

collection and processing, achieving an end-to-end latency of
under 206 ms per frame. We conduct a comprehensive eval-
uation of PocketVib, covering various vibration amplitudes
and frequencies, as well as multi-point scenarios. We also
explore the impact of several practical factors that affect the
real-world applicability of PocketVib, such as distances, sur-
face materials, hand-held motions, and lighting conditions.
Results demonstrate that PocketVib achieves high-precision,
micron-level vibration frequency detection up to 1 kHz, with
an average error of just 0.6 Hz, and supports simultaneous
seven-point measurements. Additionally, PocketVib main-
tains robust performance at distances up to 70 cm (Setup
S1, Apple) and 200 cm (Setup S2, Samsung), across highly
reflective surfaces, under varying illumination, and during
hand-held use. Finally, we demonstrate PocketVib’s real-
world applicability by measuring vibrations from various
mechanical sources as well as those induced by sound. Our
key contributions are summarized as follows:
• To the best of our knowledge, PocketVib is the first cost-
effective and portable smartphone-based LSV system for
multi-point, kHz-frequency micro-vibration sensing.

• We conduct an in-depth analysis of the spot ToF emission
mechanism and design a precise synchronization between
the ToF camera and the rolling shutter camera, providing
theoretical support for mobile speckle-based applications.

• We introduce a dual-lens enhanced imaging design to ex-
tend speckle coverage on rolling shutter sensors and de-
velop a reference-free algorithm that leverages temporal
correlations across rolling shutter rows for precise micro-
vibration extraction.

• We implement PocketVib on commercial smartphones and
evaluate it in real-world scenarios. Extensive experimental
results show that PocketVib achieves accurate multi-point
vibration frequency estimation up to 1 kHzwith an average
error of only 0.6 Hz at 30 fps.

2 Background and Motivation
In this section, we provide the technical background of laser
speckle vibrometry, systematically analyzing its operation
principles, advantages in vibration sensing, and inherent lim-
itations. Building upon these constraints, we subsequently

investigate smartphone-based solutions to overcome the sys-
tem barriers of conventional LSV.

2.1 Laser Speckle Vibrometry
As a non-contact optical sensing technique, laser speckle
vibrometry enables multi-point micro-vibration measure-
ment through the coherent light interference phenomena. Its
standard implementation comprises two core components:
1) a coherent laser source that generates stable speckle
patterns, and 2) a defocused high-speed imaging system
that captures speckle dynamics [63].

The coherence requirement is essential because when co-
herent light illuminates a rough surface, scatteredwaveswith
varying optical paths create constructive and destructive in-
terference on the detector plane due to their different relative
phases, forming speckle patterns with complex bright and
dark spots [25]. To maximize sensitivity, LSV systems inten-
tionally deploy a defocusing strategy by moving the focal
plane far from the target surface. As illustrated in Fig. 2,
this configuration enlarges individual speckles across multi-
ple sensor pixels, amplifying motion-induced intensity vari-
ations [64]. Concurrently, high sampling rates (typically
≥ 2 kHz [63]) ensure accurate capture of high-frequency
vibrations while maintaining multi-point measurement ca-
pability through parallel speckle tracking.

LSV exhibits extremely high sensitivity to micro-motions,
especially tilt motion [63]. According to geometric optics
in Fig. 2, the relationship between tilt motion (𝜃𝑥 , 𝜃𝑦) and
speckle pattern shifts (𝑑𝑥 , 𝑑𝑦) can be derived as follows [30]:

(𝑑𝑡𝑖𝑙𝑡𝑥 , 𝑑𝑡𝑖𝑙𝑡𝑦 ) = ( 𝑓 𝐿1 tan𝜃𝑥
𝐿2

,
𝑓 𝐿1 tan𝜃𝑦

𝐿2
), (1)

where 𝑓 denotes focal length, 𝐿1 represents object-to-focal-
plane distance, and 𝐿2 is focal-plane-to-lens separation.
Despite their precision, conventional LSV systems suf-

fer from significant implementation constraints: 1) depen-
dency on specialized laser sources (Class 3B), 2) bulky optical
components such as specialized lenses and cameras unsuit-
able for field deployment, and 3) restricted operation in con-
trolled laboratory environments. These limitations motivate
our exploration of smartphone-based alternatives leveraging
consumer-grade hardware.
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2.2 Coherent Laser Source: Time-of-Flight
Depth Cameras

Current smartphones integrate coherent light sources via
their built-in ToF depth cameras, particularly those imple-
menting spot illumination architectures. ToF cameras mea-
sure distance by calculating the round-trip time of an artifi-
cial light signal (typically emitted by Vertical-Cavity Surface-
Emitting Lasers, VCSELs). Unlike conventional flood ToF
systems that homogenize the illumination energy via a dif-
fuser, spot ToF preserves beam coherence using diffractive
optical elements (DOEs) to generate structured light pat-
terns (Fig. 3). Spot ToF technology has been widely adopted
in consumer devices. For instance, Apple’s iPhone Pro series
(12-16 generations) introduces two spot ToF systems with
distinct illumination matrices. Similarly, Samsung [8, 44]
and STMicroelectronics [13, 34] have also advanced spot ToF
technology into mass production. In this paper, we leverage
Apple’s commercially available spot ToF cameras (LiDAR)
as an example to demonstrate that spot ToF emitters have
the potential to replace specialized lasers in LSV systems.

2.3 High-Sampling-Rate Defocused Imager:
Rolling Shutter Cameras

Although spot ToF emitters offer a viable alternative to spe-
cialized lasers in LSV systems, their native receivers fall short
of meeting the requirements of LSV systems due to several
critical limitations. First, these receivers are low-frame-rate
global shutter cameras designed to accurately calculate the
time of flight, which is inadequate for kHz-frequency vibra-
tion detection. Second, they lack auto-focus modules that
are essential for capturing defocused imaging to enhance
micro-motion sensitivity.

Modern smartphone cameras feature rolling shutter mech-
anisms and auto-focus systems, making them particularly
well-suited as high-sampling-rate defocused imagers for LSV
systems. Fig. 4 illustrates the operating principle of a rolling
shutter camera. The exposure of adjacent rows is staggered
by a time interval 𝑡𝑑 , and each row is exposed for a duration
of 𝑡𝑒𝑥𝑝 . This design enables asynchronous information cap-
ture across rows, resulting in an equivalent sampling rate
of 1/𝑡𝑑 . However, the effective sampling rate is also limited
by 𝑡𝑒𝑥𝑝 . When the vibration frequency exceeds 1/𝑡𝑒𝑥𝑝 , the
prolonged exposure time within a single row can generate
motion blur artifacts, thereby hindering accurate vibration
extraction [27]. Consequently, the system’s effective sam-
pling rate is governed by𝑚𝑖𝑛(1/𝑡𝑑 , 1/𝑡𝑒𝑥𝑝 ). The time interval
𝑡𝑑 can be measured through camera calibration [40]. A re-
cent study [38] measured 𝑡𝑑 values for smartphones from
various manufacturers like Google, Samsung, and Apple,
typically ranging from 8 to 20 microseconds. As a result,
rolling shutter cameras achieve equivalent sampling rates

between 50 kHz and 125 kHz. Meanwhile, the exposure time
𝑡𝑒𝑥𝑝 can be easily configured in camera settings, with a min-
imum value of 1/8000 s available on smartphone cameras.
Therefore, the overall sampling rate for vibration detection is
limited to 8000 Hz, still significantly exceeding the standard
video frame rate of 30 fps.

3 Feasibility and Challenges
3.1 A Feasibility Study
We conduct a feasibility study to evaluate the feasibility of
smartphone-based LSV using iPhone’s LiDAR and rolling
shutter cameras. To investigate the relationship between
object motion and the resulting speckle dynamics, we use
the iPhone’s LiDAR to project laser spots onto an optome-
chanical platform with reflective patches. This platform pro-
vides precise control (0.1◦ tilt resolution, 0.1 mm transverse
precision). To enable infrared speckle capture, we perform
hardware modifications on a Samsung S20 Ultra wide-angle
camera by removing its IR-cut filter following established
methodologies [9]. The imaging system operates at 4K reso-
lution with 30 fps frame rate, 1/2000 s exposure time, and ISO
3200 sensitivity. To maximize speckle defocus, we adjust the
focus parameter to one of the two extremes: minimum focus
(focus = 0.0) or maximum focus (focus = 1.0). Under both
settings, we capture speckle patterns at distances ranging
from 5 to 400 cm and analyze the resulting speckle diameters.
Due to the instability of the captured speckle patterns, we
capture short video sequences for reliable analysis (Fig. 5a).
For this camera, a focus setting of 1.0 is optimal for dis-

tances under 10 cm, while a setting of 0.0 provides better
defocus for distances over 10 cm (Fig. 5b). We also calcu-
late the average intensity of the speckle patterns at these
defocused settings. Since larger defocus speckles generally
correspond to higher motion sensitivity in the above exper-
iments [64], we further analyze the motion sensitivity of
speckle patterns at 𝑑 = 20 cm, where the diameter of the
maximum defocus speckle patterns reaches its minimum.
As illustrated in Figs. 5c and 5d, a linear relationship exists
between mechanical displacement and speckle shift, with
higher sensitivity to tilt motion. For tilt micro-motion, the
displacement of the observation point can be approximated
as Δ𝑥 ≈ 𝑙𝜃 , where 𝑙 is the distance from the observation
point to the rotation axis, and 𝜃 is the angle displacement
in radians. For instance, a 1 𝜇𝑚 displacement at 𝑙 = 5.73mm
corresponds to a 0.01◦ angular change, resulting in speckle
shifts of 3.33 pixels. By substituting Δ𝑥 into Eq. 1, we fur-
ther establish the relationship between speckle shift and the
actual displacement, given by Δ𝑥 =

𝑠𝑙𝐿2𝑑
𝑡𝑖𝑙𝑡

𝑓 𝐿1
(where 𝑠 is the

pixel size). In summary, the preliminary results show that
it is promising to capture micron-level motion using the
iPhone’s LiDAR and the rolling shutter camera.
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Figure 5: (a) Captured unstable speckle patterns (the numbers in the frames represent the frame index); (b) Speckle
diameter and intensity at distances of 5–400 cm under two focus settings (0.0, 1.0); (c) (d) Motion sensitivity of
defocused speckle patterns at 𝑑 = 20 cm for tilt and transverse motion, respectively.

3.2 Challenges
While our feasibility study shows promising results formicro-
motion sensing, several limitations hinder the application of
these two sensors for kHz-frequencymicro-vibration sensing.
There exist three technical challenges.

First, the observed speckle patterns in the feasibility study
are significantly unstable. The speckle images in Fig. 5a show
three types of unstable speckle patterns caused by two fac-
tors. The first is rolling shutter distortions. The row-wise
exposure mechanism of rolling shutter cameras introduces
spatial artifacts (see frames 56, 66, 76 in Fig. 5a). Sensor rows
exposed during the laser’s “on” phases capture bright bands,
while those exposed during the “off” phases record dark
bands. These dark bands cause incomplete speckle patterns
by obscuring the vibration-induced speckle information. The
second is temporal misalignment. The mismatch between
the laser emission cycle and the camera frame rate causes
two distinct artifacts across frames: flickering speckle pat-
terns (see frames 26∼27 in Fig. 5a) and “scrolling” bright-dark
bands (see frames 56∼76 in Fig. 5a).
Second, in our feasibility study, the maximum diameter

of defocused speckles is approximately 300 pixels, which is
much smaller than the 2160 pixel rows of the rolling shutter
sensor. This limitation mainly arises from the restricted opti-
cal characteristics of smartphone cameras [12, 19]. With a
row scanning speed of 10𝜇s, this speckle size corresponds to
only 300 rows per frame, yielding a duty cycle of merely 9.1%
(far below the device’s maximum of 65.4%). Such a low-duty
cycle significantly limits the accurate vibration analysis.
Third, speckle-based vibration analysis requires an ad-

ditional reference frame to allow differential comparison
with the current frame for vibration extraction. Existing
approaches capture this frame when the object is station-
ary [63], which is not always available. Other methods em-
ploy an additional high-end camera to obtain the reference [43],
which is impractical with our single-smartphone setup.
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Figure 6: System overview of PocketVib.

4 Design of PocketVib
4.1 System Overview
In this paper, we propose PocketVib, the first smartphone-
based laser speckle vibrometry (LSV) system that enables
multi-point, kHz-frequency micro-vibration sensing using a
spot ToF depth camera and a rolling-shutter camera. Fig. 6
illustrates the system design. First, we develop an emitter-
imager synchronization module that can synchronize the
rolling shutter imager with the ToF emitter to capture con-
tinuous and stable vibration-related speckle images. Second,
we design a dual-lens enhanced imager that stretches defo-
cused speckle patterns along the rolling shutter direction,
increasing their coverage across sensor rows. This enables
the camera to sample more data per frame, supporting ac-
curate vibration analysis. Last, we adopt a reference-free
method to extract micro-vibration information by exploit-
ing the temporal relationship across rolling shutter rows,
eliminating the need for additional reference frames.
Application Scenarios. PocketVib aims to enable contact-
less, multi-point kHz-frequency micro-vibration sensing on
mobile devices like smartphones. In rotating machinery,
faults such as imbalance, misalignment, and bearing defects
typically produce sub-kHz fault frequencies. However, they
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can generate impulses that excite structural resonances at
1–2 kHz [20]. PocketVib’s kHz-level sensing capability is
highly effective for this diagnosis. For practical use, users or
automated guided vehicles (AGVs) can simply hold a smart-
phone to access the testing object at sub-meter ranges, which
is sufficient for routine inspection tasks in most industrial
environments.

4.2 Emitter-Imager Synchronization
To enable continuous and stable acquisition of vibration-
related speckle images, we first profile the emission mecha-
nism of the iPhone’s LiDAR systems. This step is crucial for
understanding the causes of unstable speckle patterns and en-
abling precise synchronization between the spot ToF emitter
and the rolling shutter imager. Specifically, we use a high-
speed global shutter infrared camera1 to observe the speckle
patterns generated by two Apple smartphone LiDAR systems
(spot ToF, see § 2.2). These LiDAR systems are activated us-
ing two APIs: ARKit [6] and AVFoundation [10]. Fig. 7 shows
the distinct speckle patterns generated by the two LiDAR
systems. By analyzing the intensity of each speckle over
time, we observed that the speckle patterns follow a group
activation mechanism, where only one group is active at
any given moment, and each group has its own activation
cycle. Furthermore, the activation cycle varies depending on

1The Intel RealSense D435i [11] was used, operating at 300 fps with an
exposure time of 2.95 ms.

the API used: ARKit limits each group to operate at 15 Hz,
whereas AVFoundation supports group operation at 30 Hz.
Prior work [4] notes that each cycle contains tens of thou-
sands of laser pulses, emitted in two phases (Fig. 8).

Now, we synchronize the rolling-shutter imager with the
LiDAR emitter. Let 𝑓𝑣 and 𝑓𝑙 represent the imager frame rate
and the LiDAR group activation cycle, respectively. If 𝑓𝑣 =
𝑓𝑙/𝑁 , where 𝑁 ∈ 𝑁 ∗, speckle patterns can be captured con-
tinuously without flickering due to the consistent energy har-
vesting across frames. Many smartphone cameras natively
support 30 fps, matching the AVFoundation-driven LiDAR
cycle. Then, we illustrate rolling-shutter sampling of these
speckle patterns under short exposure times (Fig. 8). The
row-wise exposure mechanism introduces rolling shutter
distortions, resulting in incomplete speckle patterns. Specifi-
cally, rows exposed during the laser’s “on” phases capture
bright bands, while those exposed during the “off” phases
record dark bands. There are two types of dark bands: the
first arises from the dead time between two emission phases,
and the second is caused by the idle state between activation
cycles. However, achieving perfect synchronization is non-
trivial. The slight frequency mismatches between the LiDAR
emitter (30 Hz) and the rolling shutter imager (29.9 Hz) cause
bright-dark bands to drift across frames. By eliminating flick-
ering patterns and analyzing the causes of incomplete and
scrolling patterns, we can identify continuous, stable speckle
regions for downstream processing.
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4.3 Dual-Lens Enhanced Imager
Since the defocusing capability of smartphone cameras is
limited [12, 19], the observed defocused speckle patterns
only occupy a few rolling shutter rows, resulting in a low-
duty cycle for vibration analysis. To address this limitation,
we design a dual-lens enhanced imager by introducing a
cylindrical lens in front of smartphone cameras to stretch
defocused speckle patterns. As illustrated in Fig. 9, for the
sake of discussion, we model the rolling shutter camera as a
system consisting of a convex lens (Lens 2, focal length 𝑓2)
and an imaging plane, where the distance between Lens 2
and the imaging plane is 𝑑2. Then we place a cylindrical
lens (Lens 1, focal length 𝑓1) at a distance 𝑑1 from Lens 2. To
quantify the stretching effect, we use ray tracing to study
the characteristics of the dual-lens optical system. Consider
a parallel ray originating from light source 𝑆1 (at distance
𝑢1 = ∞ from Lens 1) at height ℎ0. It maintains its height
(ℎ1 = ℎ0) at Lens 1. After refraction through Lens 1, the ray
passes through the focal point 𝑓1 (image distance 𝑣1 = 𝑓1)
and intersects Lens 2 at height ℎ2, which can be expressed
as ℎ2 = ℎ0 (1 − 𝑑1/𝑓1). Subsequent refraction through Lens 2
produces the image distance 𝑣2 and the final image height ℎ3.
The 𝑣2 and ℎ3 can be expressed as: 1/(𝑑1 − 𝑣1) + 1/𝑣2 = 1/𝑓2
and ℎ3 = ℎ2 (1 − 𝑑2/𝑣2). By substituting ℎ2 and 𝑣2, the final
expression for ℎ3 is derived as:

ℎ3 =
ℎ0

𝑓1 𝑓2
[−𝑑2 𝑓2 + (𝑑2 − 𝑓2) (𝑑1 − 𝑓1)] , (𝑑1 ≠ 𝑣1). (2)

Since Lens 1 only magnifies along one axis, we now consider
the other axis, where Lens 1 has no effect. The height ℎ4
is ℎ0 (1 − 𝑑2/𝑓2). The stretch ratio of the dual-lens imaging
system is quantified by:

ℎ3

ℎ4
=

𝑓 22
𝑓1𝑑2 − 𝑓1 𝑓2

+ (1 − 𝑑1

𝑓1
+ 𝑓2

𝑓1
). (3)

Let us consider a special case, where 𝑑1 = 𝑓1. In this case,
the expression for ℎ3 needs to be modified, and we have the
following equation:

ℎ
′
3
ℎ4

=
ℎ0 (1 − (𝑑1 + 𝑑2)/𝑓1)

ℎ0 (1 − 𝑑2/𝑓2)
=

𝑓 22
𝑓1𝑑2 − 𝑓1 𝑓2

+ 𝑓2

𝑓1
. (4)

This result is consistent with substituting 𝑑1 = 𝑓1 into Eq. 3.
For smartphone cameras, 𝑑2 is typically constrained to

the range 𝑓2 < 𝑑2 < 2𝑓2 [52]. According to Eq. 3, the stretch
ratio ℎ3/ℎ4 decreases as 𝑑2 increases within this interval. To
achieve the stretching effect for all focus settings, it is suffi-
cient to guarantee that ℎ3/ℎ4 > 1 when 𝑑2 approaches 2𝑓2 (as
ℎ3/ℎ4 approaches positive infinity, when 𝑑2 approaches 𝑓2).
From this analysis, we have ℎ3/ℎ4 = 1+(2𝑓2−𝑑1)/𝑓1 > 1. For
a given smartphone camera (𝑓2 is fixed), we can ensure the
stretching effect by simply keeping 𝑑1 ≤ 2𝑓2. Additionally,

smaller values of𝑑1 and 𝑓1 can further enhance the stretching
effect while maintaining the system’s portability.

4.4 Reference-free Micro-vibration
Extraction

We begin by formulating the rationale for exploiting the
temporal relationship across rolling shutter rows to extract
micro-vibration information. Let 𝐼𝑦 (𝑥) denote the intensity
map of the 𝑦th row. Assuming a stationary reference frame
𝐼𝑟𝑒 𝑓 (𝑥), we have 𝐼𝑦 (𝑥 − 𝑑𝑦) = 𝐼𝑟𝑒 𝑓𝑦 (𝑥) and 𝐼𝑦+1(𝑥 − 𝑑𝑦+1) =
𝐼
𝑟𝑒 𝑓

𝑦+1(𝑥), where 𝑑𝑦 and 𝑑𝑦+1 represent the speckle shifts for
𝑦th and 𝑦 + 1th row, respectively. Since the start times of
two adjacent rows are very close and their spatial intensity
distributions are nearly identical, we can assume: 𝐼𝑟𝑒 𝑓𝑦 (𝑥) =
𝐼
𝑟𝑒 𝑓

𝑦+1(𝑥). Substituting this into the earlier equations, we obtain
the relationship 𝐼𝑦 (𝑥−𝑑𝑦) = 𝐼𝑦+1(𝑥−𝑑𝑦+1). Rearranging this
expression yields 𝐼𝑦 (𝑥) = 𝐼𝑦+1 (𝑥 − (𝑑𝑦+1 − 𝑑𝑦)). According
to Eq. 1, the speckle shifts (𝑑𝑦, 𝑑𝑦+1) are linearly related to
the motion of the object. Let Δ𝑥𝑦+1 = 𝑑𝑦+1 − 𝑑𝑦 . The term
Δ𝑥𝑦+1 is also linearly related to the motion of the object. The
final expression can be written as:

𝐼𝑦 (𝑥) = 𝐼𝑦+1 (𝑥 − Δ𝑥𝑦+1) (5)

This formulation enables the extraction of one-dimensional
vibration signals perpendicular to the rolling shutter direc-
tion and eliminates the need for an external reference. Prior
work [54] further shows that even when the vibration di-
rection is not perfectly perpendicular, the captured motion
component still retains valuable vibration information.

Consider a set of𝑁 frames, each containing𝐾 speckles. For
each frame, we develop a dynamic region filtering method
to extract vibration-related speckle regions. Specifically, we
compute the average intensity along both columns and rows,
followed by smoothing to reduce noise. For column-wise
processing, we use peak detection algorithms [1] to iden-
tify peaks and determine their intervals using full width
at half maximum. For row-wise processing, we use a sim-
pler statistical approach, with intervals defined by the mean
and standard deviation (i.e.,𝑚𝑒𝑎𝑛 + 0.5𝜎). The final speckle
regions are obtained by intersecting the column-wise and
row-wise intervals. An example is shown in Fig. 10. For each
identified speckle region, we estimate inter-row displace-
ment Δ𝑥𝑦+1 using sub-pixel normalized cross-correlation
(NCC) [45]. Specifically, we compute the NCC between adja-
cent rows and determine the sub-pixel peak location of the
correlation function via quadratic interpolation. The result-
ing peak index (Δ𝑥𝑦+1) is then converted to the time domain.
To address the small dark band observed between two bright
bands, we apply auto-regressive interpolation [32]. To ensure
temporal continuity, the rolling shutter dead-time intervals
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Figure 10: Dynamic speckle region detection. Red lines
in (b) and (c) indicate adaptive thresholds.
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Figure 11: An example of vibration signal extraction
and frequency analysis.

are padded with zeros before processing the next frame. Fi-
nally, the extracted time-domain signals are denoised using
a low-pass filter to enhance signal quality (i.e., 2000 Hz cut-
off, corresponding to the default 1/2000 s shutter speed).
To further analyze these signals, we apply the Fast Fourier
Transform (FFT) to obtain the frequency spectrum, which
is widely used in industrial applications for identifying key
vibration characteristics such as resonance, imbalance, and
structural faults. Fig. 11 shows an example of the process-
ing results2, including a representative speckle region, the
extracted waveform, and the corresponding frequency spec-
trum with a dominant vibration component at 964.08 Hz.

Although we have derived the relationship between pixel
displacement maps and physical vibration amplitude, given
by Δ𝑥 =

𝑠𝑙𝐿2𝑑
𝑡𝑖𝑙𝑡

𝑓 𝐿1
(see § 3), the key parameters (𝑙, 𝐿1) require

frequent manual measurement, making PocketVib impracti-
cal for amplitude measurement in mobile routine inspections.

2The speckle image used in this example is obtained from § 6 and corre-
sponds to a 964.90 Hz vibration.

5 Implementation of PocketVib
The implementation of PocketVib consists of a customized
hardware module, the PocketVib Kit, and a mobile app for
on-device vibration analysis.
The PocketVib Kit integrates a cylindrical lens, a slit, an
IR pass filter, and a mounting bracket. S1 in Fig. 12 shows
the prototype attached to the iPhone 12 Pro. As discussed
in § 4.3, a short-focal-length cylindrical lens mounted di-
rectly on the rolling shutter camera enables sufficient spatial
stretching. We use a 10 mm focal length cylindrical lens
(∼30 USD), placed in direct contact with the camera lens.
Since this stretching makes the spots along the rolling shut-
ter direction in the LiDAR laser dot matrix overlap with each
other, we use a small slit on the LiDAR emitter, allowing only
a single row of speckles to exist within the camera’s field of
view (FOV). Note that the number of speckles in the row cor-
responds to the number of simultaneous measurements. The
LiDAR system in the 12–14 Pro models supports multiple si-
multaneous spots per row, while the 15–16 Pro activates only
one spot per row. To capture the infrared-defocused speckle
images required by LSV systems, we manually remove the
IR-cut filter [49] of the smartphone’s camera with auto-focus
capability. This is a well-known operation for infrared pho-
tography, used in both professional and consumer-grade
imaging systems [9, 22]. In this paper, we modify the iPhone
12 Pro’s telephoto camera and the Samsung Galaxy S20 Ul-
tra’s wide-angle camera. Lastly, an IR-pass filter is attached
to the modified lens to block visible light interference. The
total cost of PocketVib Kit is ∼33USD.
The PocketVib App enables continuous, reliable acquisi-
tion of vibration-related speckle images and supports on-
device vibration analysis. We implement this app on the
iOS platform because the camera systems on the iPhone
12–16 Pro series already support our system, and Android
smartphones such as Samsung will support it in the fu-
ture (see § 2.2). In particular, the app builds on the AV-
Foundation API [10] and the AVCaptureMultiCamSession
API [3] to implement the emitter-imager synchronization
in § 4.2 by controlling the iPhone’s LiDAR and configuring
the rolling shutter camera parameters, including ISO, shutter
speed, focus, and frame rate (30 fps). Due to the AVCapture-
MultiCamSession API restrictions, direct raw image access
is unavailable [3], so we capture RGB frames and convert
them to grayscale (intensity) for subsequent processing. The
app’s data processing module builds on the BeeWare frame-
work [14] for the reference-free micro-vibration extraction
in § 4.4. Finally, the app outputs the time-displacement maps
and corresponding frequency spectra for multiple speckles.
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6 Evaluation
6.1 Experimental Setup
Hardware Setup. We implement PocketVib on both Ap-
ple (S1) and Samsung (S2) platforms. The S1 setup uses
the iPhone 12 Pro’s hardware for both laser projection and
speckle patterns capture. As discussed in § 2.2, Samsung’s
current smartphone camera system does not include the
spot ToF depth camera, but will include one in the future.
Therefore, for the S2 setup, we use the iPhone 12 Pro’s spot
ToF camera for laser projection and the Samsung S20 Ultra’s
wide-angle camera for speckle patterns capture.
Vibration Sources and Ground Truth. We use a series of
tuning forks with their vibration frequency ranging from
30 Hz to 965 Hz to generate precise single-frequency vi-
brations, covering the typical range found in industrial and
daily-life scenarios, which is also the range commonly mea-
sured by hand-held vibrometers [15]. The vibration direction
of the tuning forks is set to be orthogonal to the rolling shut-
ter direction. We use a professional laser displacement sensor
to collect the ground truth vibration. Its accuracy is 0.1 𝜇𝑚,
and the required measuring distance is 30 ± 4 mm.
Evaluation Metrics. To evaluate the performance of Pock-
etVib, we adopt frequency error as the primary metric to
assess the accuracy of micro-vibration reconstruction. We
will also include the vibration amplitude information mea-
sured by the laser displacement sensor to provide additional
context for micro-vibration measurements.
Camera Parameters. Both S1 and S2 operate with a default
shutter speed of 1/2000 s (corresponding to 2000 Hz effective
sampling rate [27, 43]) at 30 fps and maximum ISO values
(S1: 2203, S2: 3200) to compensate for underexposure caused
by fast shutter speed. The pixel size (𝑠) are approximately
1.0 𝜇𝑚 for S1 and 2.4 𝜇𝑚 for S2. A summary of the camera
parameters is provided in Table 2.
Working Distance. Due to the limited power of ToF emit-
ters (Class I [51]) and underexposure caused by fast shutter
speed, it is challenging to detect speckle patterns beyond
a certain range. Additionally, the target surface’s materials
and the camera’s optical characteristics further influence
the system’s ability to capture speckle patterns. In our feasi-
bility study, with the use of reflective patches, S2 is able to
sense speckle patterns in the range of 5∼200 cm. We repeat
this feasibility study on S1 by capturing speckle patterns
at distances of 5∼400 cm under two focus settings (0.0 and
1.0) and analyzing the resulting speckle diameter and inten-
sity. The results are shown in the Fig. 15. S1 could detect
speckle patterns only within a shorter range of 5∼100 cm. To
demonstrate the robustness of PocketVib, we evaluate the
system within the effective working ranges of both setups
(S1: 5∼100 cm, S2: 5∼200 cm). The default distances are set
to 5 cm for S1 and 20 cm for S2.

Table 2: Camera parameters of S1 and S2.

Setup 𝑓 (mm) 𝑡𝑑 (𝜇s) Resolution Shutter Speed ISO 𝑠 (𝜇𝑚)

S1 52 11.4 1920 × 1080 1/2000 2203 1.0
S2 28 10.4 3920 × 2160 1/2000 3200 2.4

Figure 12: Experimental setup.

6.2 Evaluation on Vibration Measurement
6.2.1 Performance under Different Amplitudes. To evaluate
PocketVib’s vibration detection performance across varying
amplitudes, we use a 288.86 Hz tuning fork coupled to a bone-
conduction speaker, which allows for precise amplitude con-
trol through volume adjustment. Since attaching the speaker
alters the tuning fork’s natural frequency, we first measure
its actual frequency and average amplitude across different
volume levels (Fig. 13a). The results show that the frequency
remains stable at 288.00 Hz, while the vibration amplitude
is controllably varied between 0.2∼2 𝜇𝑚. This micron-level
range falls within the lower end of amplitudes observed in
real-world industrial monitoring scenarios [33, 39]. Larger
amplitudes (corresponding to greater speckle motion) are
inherently easier to detect. For each amplitude setting, we
repeat the vibration measurement 10 times. The results are
summarized in Fig. 13b. Except for S1, which fails to estimate
the frequency at the lowest average amplitude of 0.2 𝜇𝑚, all
other configurations achieve frequency errors within 0.2 Hz.

6.2.2 Performance under Different Frequencies. To evaluate
PocketVib’s vibration detection performance across a wide
frequency range, we conduct experiments using 13 tuning
forks with frequencies spanning from 30 Hz to 965 Hz. For
each tuning fork, we perform 10 repeated vibration mea-
surements. The vibrations are induced by manually striking
the tuning fork with a rubber rod. The detection results are
shown in Fig. 13c. The average frequency errors remain be-
low 0.6 Hz across the entire frequency range for both setups.
We also report the average vibration amplitudes for each
experiment, which consistently remain at the micron level.

6.2.3 Performance on Multi-point Vibration Measurements.
We evaluate the multi-point measurement capability of Pock-
etVib (S1) by projecting a row of laser spots onto different
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Figure 13: Performance under varying amplitudes (a, b), frequencies (c), and frame numbers (d).
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Figure 14: Multi-point vibration measurements.

positions of a 418.96 Hz tuning fork. The tuning fork is struck
manually, with an average vibration amplitude of 1.0 𝜇𝑚. As
shown in Fig. 14, S1’s rolling shutter camera simultaneously
captures up to seven distinct speckles within its FOV, and the
frequency spectra of speckles 1, 3, 5, and 7 are also displayed.
The average frequency error is 0.39 Hz, with a maximum
error of approximately 0.45 Hz. Notably, sidebands around
the dominant component are also visible in the frequency
spectra, which is a well-known artifact in camera-based vi-
bration measurement systems and will be further analyzed
in the following section.

6.2.4 Performance using Different Frame Numbers. In the
previous experiments, each frequency analysis is based on
three seconds of speckle images, from which time displace-
ment maps are extracted and analyzed via the FFT. Since
each frame captures a segment of the vibration signal, the
required number of frames for accurate vibration analysis
varies with frequency. To examine this relationship, we eval-
uate eight representative frequencies, with results shown
in Fig. 13d. High-frequency vibrations (e.g., 965 Hz) require
fewer frames for analysis, as each frame captures multiple
vibration cycles. In contrast, low-frequency vibrations (e.g.,
40 Hz) require more frames to ensure sufficient sampling

of complete cycles. Additionally, frequencies that are not
harmonically related to the camera’s frame rate (30 Hz) can
be reliably estimated with 10–20 frames due to significant
inter-frame differences. However, harmonic frequencies (e.g.,
60 Hz, 90 Hz) require more frames for accurate estimation
due to the small inter-frame differences. Notably, the period-
ically non-uniform sampling, where each frame captures a
segment of the vibration signal, introduces sidebands around
the dominant component in the frequency spectrum (see
Fig. 14). Mathematically, this sampling process is equivalent
to convolving the original signal’s spectrum with a peri-
odic impulse train corresponding to the camera’s frame rate.
Nonetheless, the original signal’s spectral features remain
preserved, ensuring the validity of the vibration analysis.

6.3 Impact of Practical Factors
We evaluate the impact of several practical factors that affect
the real-world applicability of PocketVib. In the following
experiments, we measure the vibration of a 288.86 Hz tuning
fork driven by a bone-conduction speaker at 100% volume
(average amplitude: 2 𝜇𝑚). Each measurement is repeated 10
times. The default hardware setup is S1.

6.3.1 Impact of Distances. The practical working distance
of PocketVib is influenced by the reflectivity of the target
surface. The selected tuning fork is made of aluminum al-
loy, a material commonly found in industrial applications,
and features a highly reflective surface [35]. This makes it
suitable for investigating PocketVib’s capability at various
distances (S1: 5∼100 cm, S2: 5∼200 cm). As shown in Fig. 16,
S1 successfully captures micro-vibration up to 70 cm, while
S2 achieves accurate measurements up to 200 cm, both with
near-zero frequency error. Beyond these ranges, measure-
ment fails due to insufficient speckle intensity, as evidenced
by the intensity variation curves in Figs. 15 and 5b. Notably,
S2 outperforms S1 across all distances. As shown in Figs. 15
and 5b, S2 exhibits a larger maximum speckle size at the
same distance and a larger physical pixel size (see Table 2).
Consequently, S2 achieves higher magnification of the same
speckle, thereby providing greater motion sensitivity.
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Figure 15: Feasibility
study on S1.
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Figure 17: Impact of surface materials.

6.3.2 Impact of Surface Materials. The performance of Pock-
etVib is significantly influenced by the optical properties of
the target surface. Fig. 17a shows the experimental setup.
We select four specular reflective materials, including alu-
minum alloy, aluminum foil, mirror, and glossy plastic, and
three diffuse reflective materials, including matte plastic,
wood, and fabric. The thin, uniform patches of these ma-
terials are attached to the tuning fork to be driven by its
vibrations during testing. The actual resonant frequency and
average amplitude are re-measured3. Although specular ma-
terials are typically considered smooth, they still generate
speckle patterns for sensing, as speckle formation depends
on optical roughness, which is determined by surface ir-
regularities on the scale of the wavelength (∼800 nm) [28].
To assess speckle quality, we adopted the speckle intensity
as the metric, which reflects surface reflectivity. Results in
Fig. 17b show that when the speckle intensity is too low (e.g.,
wood and fabric), no valid vibration signals can be extracted,
whereas the others succeed. Notably, many common indus-
trial equipment surfaces, including metal casings, machined
components, and coated parts, exhibit high reflectivity [35],
which supports the formation of strong speckle patterns.

6.3.3 Impact of Hand-held Motions. We evaluate the impact
of different hand-held shakes, including static, horizontal,
vertical, and random movements. For comparison, we also
test PocketVib under a tripod-mounted static setup. Fig. 18a
shows that the frequency errors under different types of
hand-held motion remain minimal. Compared to the static
condition, the average error only increases by 0.05 Hz, with a

3Measured frequency is consistently 288.00 Hz, and average amplitudes
(𝜇m) for these materials are: [2.0, 1.8, 1.5, 1.5, 1.45, 0.85, 1.53]

Table 3: System overhead of PocketVib (S1).
CPU
(%)

Memory
(MB)

Power
(mW)

Latency
(ms)

Collection 11.6 8 3.772 33.33
Data Analysis 14.4 0.178 4.355 172.47
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Figure 18: Impact of hand-held and illumination.

maximum observed increase of 0.2 Hz. This robustness stems
from two key factors. First, PocketVib employs a reference-
free vibration extraction algorithm that relies solely on tem-
poral relationships across rolling shutter rows. Second, mod-
ern smartphones equipped with optical image stabilization
(OIS) significantly mitigate the impact of hand-held shakes.

6.3.4 Impact of Light Conditions. We evaluate the impact
of various lighting conditions (Fig. 18b), including darkness,
increasing indoor light intensity, and outdoor sunlight. The
results show that PocketVib demonstrates robust perfor-
mance across all scenarios, with an average frequency error
increase of 0.02 Hz and a maximum error increase of 0.2 Hz
compared to dark conditions. This robustness can be attrib-
uted to two aspects. First, the spot ToF camera employs an
infrared laser (∼800 nm), enabling reliable operation under
a wide range of lighting conditions. Although sunlight in-
cludes near-infrared components, their lack of coherence
ensures they do not disrupt the speckle patterns generated
by the ToF camera. Second, the PocketVib Kit incorporates
an IR-pass filter to suppress visible light interference, while
the heat-induced infrared radiation (3∼15 𝜇𝑚) falls outside
the detection range of the CMOS sensor (350∼1100 nm).

6.3.5 System Overhead. We evaluate the system overhead
of the data collection and the on-device vibration analy-
sis. Specifically, we capture a one-minute video containing
1,800 frames, and each frame has seven speckles (S1’s maxi-
mum). Table 3 shows the measurement results of the power
consumption, memory usage, and CPU usage for data col-
lection and processing one frame on iPhone 12 Pro using
PerfDog software [7]. The results show that PocketVib occu-
pies modest resources on the smartphone, ensuring real-time
feasibility on mobile devices.
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(b) PocketVib reconstruction.
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(d) PocketVib reconstruction.

Figure 19: Impact of dynamic frequencies: (a, b) linear
chirp; (c, d) child’s singing.

6.4 Case Study
6.4.1 Dynamic Vibration Scenarios. In real-world environ-
ments, abnormal changes in vibration frequency often indi-
cate equipment failures. To evaluate PocketVib’s ability to
capture such dynamic changes, we simulate varying vibra-
tion frequencies by placing a chip bag near a speaker that
plays a chirp signal sweeping from 100 Hz to 1000 Hz over
30 seconds at 60% volume. The observed vibration ampli-
tude varies continuously (0∼50 𝜇𝑚), depending on both the
speaker volume and the object’s response to the acoustic ex-
citation. Figs. 19a and 19b show the spectrograms of ground
truth and PocketVib’s reconstruction results, respectively.
The black lines in both figures represent the ground truth and
estimated frequencies, which align closely. We further eval-
uate PocketVib’s dynamic reconstruction capability using a
child’s singing audio as input. As shown in the Figs. 19c and
19d, PocketVib can reconstruct audio features. This demon-
strates PocketVib’s ability to sense dynamic and complex
vibration patterns. However, since PocketVib captures only a
segment of the vibration signal per frame, reconstructing an
interpretable audio, comparable to microphone recordings,
remains a challenge, and we leave it as future work.

6.4.2 Real-world Vibration Sources. To evaluate the practi-
cality of PocketVib, we measure vibrations from various real-
world sources, including a tumble dryer, an industrial motor,
a smartphone, and two sonic motors placed side-by-side.
The ground truth vibration frequencies and average ampli-
tudes are measured using a laser displacement sensor. Fig. 20
shows the experimental setup, reconstructed time-series, and

Figure 20: Real-world experimental setups (left), recon-
structed time-displacement maps (middle), and corre-
sponding frequency spectra (right).

corresponding frequency spectra (red: PocketVib’s results,
blue: ground truth). For the first two sources (low vibration
frequencies), we collect 12 seconds of speckle images for
reliable frequency analysis; for the remaining three higher-
frequency sources, only three seconds suffice. The measured
frequency errors are within 0.25 Hz, with most below 0.1 Hz,
and the sidebands do not affect the main frequency compo-
nents analysis. Notably, the smartphone’s on–off vibration
states also exhibit clearly distinguishable signal patterns.

7 Related Work
RF-based Vibrometry. RF-based vibrometry includes RFID-
based [36, 55, 58–60] and mmWave-based [33, 42, 47, 48, 61]
methods. While RFID-based approaches suffer from limited
precision due to their long wavelengths, mmWave-based
methods offermicron-level accuracy and supportmulti-object
vibration sensing. However, these systems typically require
costly setups and calibration, limiting their suitability for
mobile applications. In contrast, PocketVib achieves compa-
rable micron-level multi-point vibration sensing without the
need for dedicated hardware or calibration, and can be fully
implemented on a single smartphone.
Camera-based Vibrometry.Camera-based vibrometry cap-
tures vibrations by tracking pixel shifts in video frames [24,
26, 27]. These methods rely on high-frame-rate cameras, pro-
fessional lenses, and advanced image processing algorithms,
such as phase-based motion magnification [46], to enable
high-frequency, micro-vibration measurements. However,
this approach is costly and requires good lighting conditions
as well as rich surface textures. Recently, MoiréVib [39] pro-
posed a novel approach based on Moiré patterns, enabling
micron-level vibration detection without requiring strong
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assumptions about the object’s surface. However, MoiréVib
relies on pre-designed interference patterns and requires two
different frame rate videos to recover vibration signals up to
300 Hz. In contrast, PocketVib leverages the rolling shutter
mechanism, enabling the detection of vibration signals up
to 1 kHz even using only a single frame.
Speckle-based Vibrometry. Speckle-based vibrometry is
an active camera-based technique that utilizes speckle pat-
terns as textures to detect micro-vibrations [21, 30, 31, 43, 54,
63, 65]. UnlikeMoiré patterns, speckle patterns are formed by
illuminating optical rough surfaces with coherent light [28].
However, existing speckle-based vibrometry systems rely
on specialized and bulky hardware. A recent work leverages
smartphones’ ToF and camera systems for liquid classifica-
tion [22]. However, its sampling rate is only 30 Hz, and it
cannot reconstruct the object’s vibration frequency up to
1 kHz. In summary, PocketVib is the first to achieve multi-
point kHz-frequency micro-vibration sensing using smart-
phone camera systems, providing a cost-effective solution
for mobile high-precision vibration detection.

8 Limitation and Discussion
Detectable Frequency Range. PocketVib supports vibra-
tion sensing from 0 to 2000 Hz. The system can achieve
up to 2000 Hz (1/2000 s shutter speed), with the upper de-
tectable frequency limited by𝑚𝑖𝑛( 1

𝑡𝑑
, 1
𝑡𝑒𝑥𝑝

). However, higher-
frequency vibrations often have smaller amplitudes, making
them harder to detect. For instance, we successfully measure
a 965 Hz tuning fork with an average amplitude of 0.3 𝜇𝑚.
Amplitude Consideration.As discussed in § 4.4, PocketVib
does not support amplitude measurement, as it requires man-
ual calibration of key parameters: 𝑙 (the distance from the
observation point to the rotation axis) and 𝐿1 (the object-to-
focal-plane distance). While 𝐿1 can be directly measured by
the spot ToF camera, determining 𝑙 necessitates prior knowl-
edge of the rotation axis. Therefore, PocketVib is a portable,
calibration-free vibration sensing system for routine inspec-
tions, focusing on frequency features.
Extending Working Range. The working range of Pock-
etVib depends on the amount of light reflected from the
target surface. An intuitive approach is to increase the laser
power; however, this is impractical on mobile devices due to
power constraints and eye safety risks. As discussed in § 6.3.1,
two feasible alternatives exist: using high-end sensors with
larger apertures, or improving the reflectivity of the target
surface. Another option is to increase the exposure time of
rolling shutter cameras. For instance, increasing the expo-
sure from 1/2000 s to 1/500 s can theoretically double the
sensing range (the inverse-square law), but limits maximum
detectable frequency below 500 Hz.

Hardware Modification. The current PocketVib prototype
requires hardwaremodification to cameramodules. However,
we emphasize that this hardware modification is limited
solely to the camera module itself. No modifications were
made to the enclosure of the phone or the lens, so the device’s
seal and water resistance remain unchanged. Moreover, users
can directly attach an external IR-cut filter to the camera
lens to restore color imaging functionality.
Practical Deployment of PocketVib.We note that some
smartphones frommanufacturers like Huawei [2], Honor [5],
and Nokia [53] have included dedicated monochrome cam-
eras that can receive near-infrared (NIR) light emitted by ToF.
There are also emerging RGB-IR (Bayer-array) camera mod-
ules to capture both visible and infrared light simultaneously
for better imaging quality. These sensors can receive NIR
light without requiring additional hardware modification.
Therefore, in the future, companies can deploy PocketVib
along with other apps on pre-modified smartphones cus-
tomized for industrial vibration monitoring.
The Cylindrical Lens. The PocketVib kit includes a cylin-
drical lens to stretch the speckle patterns. We explore the
feasibility of eliminating this component in future designs.
First, certain smartphones support attachable lenses with ad-
vanced optics, which can provide sufficient defocusing. Sec-
ond, cameras with longer focal lengths are capable of achiev-
ing effective defocusing. However, current smartphones limit
focal length due to size constraints; future devices may over-
come this and eliminate the need for cylindrical lenses.

9 Conclusion
In this paper, we present PocketVib, the first mobile laser
speckle vibrometry system that enables multi-point, kHz-
frequency micro-vibration sensing by leveraging built-in
sensors in smartphones, i.e., a spot ToF depth camera and
a rolling shutter camera. PocketVib overcomes the limita-
tions of existing vibration measurement methods, such as the
need for physical attachment and complex setups, providing
a cost-effective and portable solution for industrial routine
inspections. Extensive experiments demonstrate that Pock-
etVib accurately estimates multi-point vibration frequencies
up to 1 kHz, with an average error of 0.6 Hz at 30 fps.
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