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Knowing the object grabbed by a hand can offer essential contextual information for interaction between the human and
the physical world. This paper presents a novel system, ViObject, for passive object recognition that uses accelerometer
and gyroscope sensor data from commodity smartwatches to identify untagged everyday objects. The system relies on the
vibrations caused by grabbing objects and does not require additional hardware or human effort. ViObject’s ability to recognize
objects passively can have important implications for a wide range of applications, from smart home automation to healthcare
and assistive technologies. In this paper, we present the design and implementation of ViObject, to address challenges such as
motion interference, different object-touching positions, different grasp speeds/pressure, and model customization to new
users and new objects. We evaluate the system’s performance using a dataset of 20 objects from 20 participants and show
that ViObject achieves an average accuracy of 86.4%. We also customize models for new users and new objects, achieving an
average accuracy of 90.1%. Overall, ViObject demonstrates a novel technology concept of passive object recognition using
commodity smartwatches and opens up new avenues for research and innovation in this area.
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Fig. 1. ViObject is a system that recognizes untagged everyday objects using accelerometer and gyroscope sensor data from
commodity smartwatches. Passive object recognition is accomplished by identifying the vibrations caused by grab-objects
without the need for additional hardware or human effort.

1 INTRODUCTION
Despite the massive advancements in technology today, there still remains a distinct divide between our physical
world and the technological world. While most of us interact with electronic devices on a daily basis, we exist in
two separate realms in a sort of symbiosis, where we benefit from the convenience of technology while technology
builds and improves with our use over time. However, it is still easy to point at an object and identify which
realm it belongs to, the technological world or our own. In this work, we explore a world heavily inspired by the
idea of changing the world itself into an interface [34].
Daily object recognition is one of the technologies to help bridge the divide between our world and the

technological world by using mundane objects as triggers for specific services. Attaching tags to objects has
been widely proposed, where tags are used to retrieve information about the objects. QR codes, RFID tags [55],
near-field communication (NFC) [22], and acoustic barcodes [29] have been utilized to recognize and automatically
select the target service from the mobile devices. Vision-based solutions utilize computer vision and machine
learning techniques to identify objects captured within the frame of the cameras [19, 35]. Capacitivo [58] and
Tessutivo [23] recognized objects placed on customized fabrics, using capacitive sensing. Electromagnetic (EM)
based sensing approaches require specialized EM sensors as well, and are applicable to only electrical appliances
that emit EM signals [40, 53]. Other approaches also require customized devices to emit active signals (e.g.,
vibrator [46], millimeter wave[64], etc) to identify objects. Despite these advantages, customized devices reduce
accessibility and thus their deployability is limited. Some acoustic-based approaches recognize objects through
different sounds by knocking on different objects [24, 43, 51]. However, these approaches require users to have
extra actions to indicate users’ intentions, which disrupts people’s daily activities and sets a boundary between
the technology world and the physical world.
This paper introduces ViObject, a system designed for tangible interactions that harnesses passive vibra-

tions—originating from the grasp of everyday objects—instead of active vibrations produced by vibrators, to
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enable object recognition. By capturing the unique passive vibrations that propagate through the hand when an
object is grabbed, ViObject can identify untagged everyday objects. Leveraging the accelerometer and gyroscope
sensors embedded in commodity smartwatches, ViObject can capture and process these grab-object-induced
vibrations, enabling seamless and intuitive object recognition without requiring additional hardware or user
effort.
One of the key advantages of ViObject is its focus on smooth integration with people’s daily lives. Unlike

other techniques that require users to take extra actions, such as attaching sensors or taking pictures, ViObject
reads data from users’ daily movements using a hand-worn smartwatch without disrupting their habits or daily
routines. This facilitates borderless and fluid interactions between the technological world and our daily lives.
Additionally, the popularity of commodity smartwatches and the development community surrounding them
makes ViObject a practical and accessible solution for a wide range of applications.
The development of ViObject poses several challenges that need to be addressed. Firstly, the vibration signal

generated by grabbing an object is relatively weak and can be overwhelmed by the hand’s movement signal,
particularly with a limited Inertial Measurement Unit (IMU) sampling rate. Moreover, unlike active sensing
approaches that use customized signals with specific frequencies as a signal source for sensing, the passive signals
captured from grabbing objects are unmodulated and have varying frequencies, which makes detection and
feature extraction more challenging. Additionally, the vibration signal induced when the user touches an object
can vary depending on applied pressure and speed. Objects vary in shape and size, so the induced vibration
signals also depend on object-touching positions. Lastly, new end users may need to identify new objects that are
unique to their homes.
To overcome these challenges, we propose several techniques in ViObject. Firstly, we eliminate interference

through signal processing and augmentation techniques. Secondly, we use interpolation to enhance samples and
leverage attention-based residual networks to improve the system’s accuracy. Thirdly, we design an adversarial
training regularization with center loss to mitigate the impact of orientation changes. Finally, we employ
generalized few-shot learning with data synthesis for object customization, enabling the system to recognize
new objects and users with minimal training data. These techniques enable ViObject to effectively recognize
objects passively using smartwatches’ accelerometer and gyroscope sensor data, addressing new research and
innovation opportunities.
The performance of ViObject was evaluated using data collected from 20 participants interacting with 20

different daily objects while wearing a smartwatch. The collected data was analyzed to assess the system’s
basic performance, and the average recognition accuracy was found to be 86.4%. A subsequent experiment was
conducted with 10 additional participants to test ViObject’s ability to recognize new objects customized by users.
The results demonstrated excellent accuracy (90.1%) for new users and new objects, even when the objects were
grabbed from different angles with varying pressure and speed, and different parts of the object were grabbed.
The performance of ViObject was consistent across different smartwatches and over a week. An end-to-end
standalone app was implemented on an Android smartwatch for object recognition in real-time, which included
the Android TextToSpeech module to play the sound of the prediction. A user experience study was conducted to
evaluate the app, and the results showed positive user feedback. Furthermore, ViObject achieved low latency and
low power consumption (see section 5), making it a practical and efficient solution for everyday use.
This system has its inherent limitations. Numerous objects have yet to be tested in real-world scenarios,

especially when objects bear close resemblance to each other. As the variety of objects increases, distinguishing
between some may pose challenges. Nevertheless, ViObject strives to validate a new concept: recognizing objects
from daily grasp actions. Moreover, most applications only need to employ a selective and manageable set of
objects. For instance, recognizing a single pill bottle can facilitate medication reminders, while identifying a
singular dumbbell can support fitness tracking. A curated set of daily objects could be instrumental in assessing
Alzheimer’s disease progression. A few specified daily objects can also activate corresponding smart home
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services. In escape room scenarios, ViObject can detect when participants pick up a few particular objects,
subsequently triggering clues or furnishing additional insights via the smartwatch to aid puzzle-solving. By
identifying passive vibrations from daily object interactions, ViObject bridges the gap between our physical and
digital realities, transforming the physical world around us into an interactive interface.
To summarize, our main contributions are:

• To the best of our knowledge, we are the first to harness passive vibrations to recognize daily objects using
the IMU sensor found in many common smartwatches. We also conducted a series of feasibility studies to
understand the principle behind this new concept.

• We have designed a novel technical process to eliminate interference (e.g., hand movement, grasp speed, and
strength), extract fine-grained features from various object-touching positions using a transformer-based
network, and customize the model for new users and new objects.

• We have developed an end-to-end standalone system in commercial smartwatches, which can achieve real-
time object recognition. Extensive experiments have been conducted to demonstrate ViObject’s accuracy,
robustness, and user experience.

2 RELATED WORK
We first review prior sensing systems and methods that enable similar object recognition capabilities as ViObject.
We then cover work that more closely aligns with our technical approach of vibration sensing.

2.1 Vibration Based Object Recognition
A mechanical vibration that propagates through a medium leaves a unique signature. Vibration-based object
recognition follows two strategies: active vibration and passive vibration.
The former is to have a device generating modulated active vibrations, e.g., motor-powered vibrations. For

example, ViBand [39] measured a vibration transmitted through the human body to recognize the object which
attached a tag generating vibrations. VibSense [42] attached a vibrator on objects. VibEye [46] made devices
worn on fingers to generate vibrations. In this way, this system can recognize objects when users hold objects.
Unlike these existing works which only work with devices generating active vibrations, ViObject does not require
devices to make vibrations but uses passive vibrations induced by grabbing objects.

The other approaches [24, 43, 51] recognized objects through passive sounds by knocking on different objects.
However, these approaches require users to have extra actions to indicate users’ intentions, which disrupts
people’s daily activities and sets a boundary between the technology world and the physical world. For instance,
Knocker [24] introduced a method enabling users to tap their phone on a target for object identification, akin to
using a phone to capture an image for object recognition. However, both these approaches necessitate additional
user actions, potentially disrupting their ongoing activities. In contrast, ViObject identifies user’s hand grasp
without requiring extra actions to their daily activities. Moreover, while Knocker assumes users must tap on
a specific spot of an object, ViObject explores diverse object grasp variations, particularly different positions
of contact. To solve these challenges, ViObject first mitigates interference through adept signal processing and
augmentation techniques. Secondly, it employs interpolation to enrich sample data and leverages attention-based
residual networks to bolster the system’s accuracy. Thirdly, an adversarial training regularization combined with
center loss design is implemented to alleviate the impact of orientation changes.

ViObject aims to help remove these currently necessary extra actions and aims to create borderless and fluid
interactions between the technological world and our own. Thus, ViObject recognizes grab-object-induced
vibrations without affecting our daily activities.
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2.2 Other Object Recognition Methods
There are many technologies using di�erent sensors for sensing, such as cameras [19, 35], capacitive sensors
[48], RF sensors [20, 64], light sensors [27, 49, 65], EMG sensors [21]. Ohnishi et al. [47] captured images using a
wrist-worn camera to identify handheld objects. WristSense [44] recognized hand-held objects using wrist-worn
cameras. Magic Finger [63] embedded multiple image sensors to track and capture the surfaces of di�erent
materials touched by a �nger. However, vision-based systems are easily a�ected by the lighting condition of
the environment and the misalignment of the object in the line of sight or require special hardwares such as
RGB-Depth cameras. RadarCat [64] is a technique using millimeter-wave radar. It could classify various kinds of
objects such as body parts, transparent materials, and everyday objects placed on the sensing pad. TUIC [66]
identi�ed tagged objects through a touchscreen (i.e. mutual capacitive sensing) by recognizing the geometrical
pattern of the tag. With Capacitive NFCs [25], target objects were instrumented using an active tag. Zanzibar
[52] recognized objects by implementing NFC tags. TagScan [54] identi�ed di�erent types of liquids using RFID.
Another approach in recognizing and controlling appliances is sensing electromagnetic (EM) emissions [40, 59].
This approach exploits the uniqueness of EM signals emitted by electronic appliances for object recognition. The
EM-based approach is, however, limited to electronic appliances since non-electronic objects do not emit EM
signals. Most recently, Capacitivo [58] and Tessutivo [23] recognized objects placed on fabrics, using capacitive
sensing. These works either attached tags on objects or used customized hardware. Unlike these works, ViObject
recognizes untagged daily objects by passive grab-induced vibrations with a commodity smartwatch, which is
more practical and easily accessed than customized devices.

2.3 Vibration Based Sensing
Vibrations carry rich information of locations [8� 10, 12, 17], identi�cations [4, 26, 57, 57, 62], gestures [5� 7, 14�
16, 28, 67], activities [11, 13, 33], speech [26], materials [3, 46], weights [69] and so on for sensing technology.
Kunze et al. [37] and Cho et al. [18] �nd the location of a mobile phone by measuring acceleration (and also
sound [37]) using internal sensors after imposing a vibration. Such hand-transmitted vibrations are generated
and measured by surface transducers and contact microphones. Most recently, ViFin [5] harnesses passive
�nger movement vibration to recognize in-air micro �nger writing. There are some works [4, 8, 68] recognizing
locations of the human body where a �nger taps on it. These systems learned the unique pro�le of the �nger-tap-
induced vibrations on a speci�c body area. TouchPass [61] authenticated users by detecting touch vibrations on
smartphones. VibeBin [71] took advantage of resonance when the object was exposed to vibration. This system
learned the discrete �ll-levels of a waste bin and then classi�ed them using clustering. Some researchers used the
motor in smartphones to generate active vibrations. VibroScale [69] estimates the relative induced intensity of an
object placed on a smartphone. Vi-Liquid [32] identi�ed di�erent liquids in a container placed on a smartphone.
Vibrosight [70] remotely detected unique vibration patterns of activities with laser vibrometry.

Compared to these works, our work is the �rst to harness grab-object-induced passive vibrations to recognize
di�erent objects in daily life with a commodity smartwatch. ViBand [39] and the following works [38, 60]
recognized various gestures using smartwatches. However, our system involves the interaction between hands
and objects, which is more challenging than just hands. Sharma, etc. [50] classi�ed hand gestures while holding
an object. However, our work di�ers in approach and research objectives. Additionally, object recognition
has di�erent challenges from gesture recognition, such as di�erent object-touching positions and di�erent
interference.
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Fig. 2. Example signals of grab-induced vibrations from 10 daily objects (five examples of each) (max of accelerometer axes
shown). The grab-object-induced vibration features from the same object are similar, while di�erent from di�erent objects.
Photos of these objects are shown in Figure 10.

3 FEASIBILITY STUDY
In this study, we begin by explaining the theory of operations for our system. We then examine the uniqueness of
objects by analyzing their vibration signals. Next, we investigate the factors that contribute to an object's unique-
ness, including material di�erences, mass, size, and shape. Finally, we explore potential sources of interference
for object uniqueness, such as variations in object-touching position, grasp speed, and strength.

3.1 Theory of Operations
The proposed system for passive object recognition is based on the physical phenomenon of mechanical vibration.
When an untagged everyday object is grasped, the action of the �ngers and hand generates vibration waves that
propagate through the object and the hand, and are eventually detected by the IMU sensor in the smartwatch.
Mathematically, the vibration signal can be modeled as a mechanical wave with a certain frequency, amplitude,
and phase, which depends on the properties of the object, such as its mass, materials, and shape. The vibration
signal can be expressed as a function of time, position, and direction using the wave equation:

r 2®D�
1
22

m2®D
mC2

= ®0 (1)

where ®Dis the displacement vector,2 is the wave speed, andr 2 is the Laplace operator. The solution of this
equation gives the vibration waveform that can be measured by the IMU sensor. The physics behind this approach
is that the vibration signature of each object is unique and can be used as a �ngerprint for identi�cation. [24, 46]
Overall, the system leverages the physical properties of mechanical vibration and mathematical tools to achieve
passive object recognition using commodity smartwatches.

3.2 The Vibration Uniqueness of Objects
We conducted an experiment to observe the passive vibrations induced by grabbing objects. An experimenter
grabbed 10 di�erent daily objects (�ve times each) while wearing a commodity smartwatch. We plotted the
vibration signals of the max of the accelerometer axes. As shown in Fig. 2, the grab-object-induced vibration
features from the same object show similar patterns, while di�erent from di�erent objects. Photos of these
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objects are shown in Figure 10.Therefore, this experiment demonstrated that passive grab-object-induced
vibrations are unique for di�erent daily objects.

3.3 Mass, Material, Size, or Shape?
Although the passive vibrations induced by di�erent daily objects are unique, we investigated what enables
ViObject to distinguish between di�erent objects. Is it the material, weight, shape, or size of the object?

To answer this question, we conducted an experiment with four types of objects, as shown in Figure 4. Each
object type consisted of four objects with di�erent weights (Figure 4(1)): four plastic cubes containing di�erent
numbers of small hollow plastic cubes; materials (Figure 4(2)): aluminum, copper, wood, and iron; shapes (Figure
4(3)): four toy characters made of rubber with di�erent shapes; and sizes (Figure 4(4)): air balls with di�erent
sizes. For each group of four objects, one factor was varied while the other three factors were kept constant. For
example, air balls of di�erent sizes had similar weights, shapes, and materials because the air inside is very light.
We randomly grabbed each object 40 times.

To understand how vibration responses distinguish between objects, we used t-distributed Stochastic Neighbor
Embedding (t-SNE) to visualize the vibration responses of di�erent objects. t-SNE is a dimensionality reduction
technique that visualizes data from high-dimensional to low-dimensional space in a way that similar points are
plotted nearby. Figure 3 shows t-SNE for the four types of objects, with 40 samples per object (iteration=1K,
perplexity=30).

Figure 3(1) shows that four objects with di�erent weights are very close to each other, making it di�cult to
classify them. However, Figure 3(2) shows that four objects with di�erent materials are easier to separate from
each other, even though these four objects have the same shape and size. Therefore, we believe that material
contributes signi�cantly to the features of vibrations induced by grabbing objects. Figures 3(3) and 3(4) show
that four objects with di�erent shapes or sizes are well-separated with the most distinguishable distances, even
though they have the same materials. We believe that di�erent sizes and shapes of objects cause di�erent �nger
gestures when grabbing them, which leads to di�erent vibration pro�les.In conclusion, this experiment
demonstrated that di�erent masses could not di�erentiate between objects, while shape, size, and
material jointly contribute to the recognition of objects through vibrations induced by grabbing.

Fig. 3. T-SNE visualization of vibration responses for di�erent objects. (1) Four objects with di�erent weights. (2) di�erent
materials. (3) di�erent shapes. (4) di�erent sizes.

3.4 The Impact of Object-touching Position
In order to investigate the potential impact of touching di�erent parts of an object on the vibration responses, we
conducted a study using Pikachu (as shown in Fig. 4 (3)). Speci�cally, we conducted a total of 90 grabs of Pikachu,
with each position being grabbed 30 times while maintaining a �xed object position. The positions for grabbing
were changed three times during the study.
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