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Figure 1: A conceptual illustration of SoundScroll system. (User action) A sliding finger on the surface creates the vibration
induced by friction. The vibration propagates on the skin and in the air. (Friction sound spectrogram) Wrist-worn acoustic
sensors capture the vibration. (Contact + motion estimation) With dual-channel audio measurements, our system estimates the
moving finger’s contact state and sliding speed. (User input) Finally, users can control user interfaces such as scrolling a list.

ABSTRACT
Smartwatches have firmly established themselves as a popular wear-
able form factor. The potential expansion of their interaction space
to nearby surfaces offers a promising avenue for enhancing input
accuracy and usability beyond the confines of a small screen. How-
ever, a key challenge is in detecting continuous contact states with
the surface to inform the start and end of stateful interactions. In
this paper, we introduce SoundScroll, enabling a rapid and precise
determination of contact state and fingertip speed of sliding finger.
We leverage vibrations from friction between a moving finger and
a surface. Our proof-of-concept wristband captures a dual-channel
vibration signal for robust sensing, considering both on-skin and in-
air components. Our software predicts a finger sliding state as fast
as 20 ms with an accuracy of 93.3%. Augmenting prior approaches
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detecting tap events, SoundScroll can be a robust, low-latency, and
precise contact and motion sensing technique.

CCS CONCEPTS
• Human-centered computing→ Ubiquitous and mobile comput-
ing systems and tools.
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1 INTRODUCTION
Smartwatches have become a popular form factor and are ubiqui-
tous in the consumer market. Despite their inherent advantages in
portability and wearability, their input space is confined to a small
screen. Over the last decade, researchers have expanded the inter-
actable surface area to near-hand surfaces [16, 34, 40, 59] enabling
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touchpad-like interactions. This has ergonomic advantages [3, 26],
helps precise selection with closed-loop touch feedback [23], and
provides contextually adaptive surfaces [41]. A plethora of sensing
approaches have been explored to enable this, ranging from camera-
based solutions [21, 32, 45, 54, 56], motion sensor [16, 34, 40, 59],
electric [17], to electromagnetic �eld [2, 35, 52] sensing.

Despite signi�cant advancements, accurately identifying the du-
ration of an interaction without instrumenting the environment
remains challenging. This identi�cation is crucial for enabling state-
ful touch-based input, which facilitates a range of dynamic inter-
actions such as list scrolling, drag-and-drop, and two-dimensional
pointing [1]. These interactions are essential for e�ective user inter-
faces in modern applications. Accurate detection requires knowing
whether a �ngertip is currently interacting with the surface (e.g.,
scrolling, dragging) or has stopped. Previous wristband technolo-
gies have primarily been limited to sensing tap events; however,
reliably identifying the end of interaction (stopping scroll or touch-
up events) has remained a considerable challenge [11]. Inaccurate or
delayed detection of touch events can lead to a phenomenon known
as the "serif e�ect" [37]. In the context of dragging interactions, this
e�ect can cause unintended backscrolling during repeated scrolling
gestures, leading to a frustrating user experience. This underscores
the need for a reliable, low-latency sensing source that detects
the continuous contact state of a �nger to ensure a complete and
compelling user experience.

In response, we propose SoundScroll, a wristband solution to
continuously detect contact states of sliding �ngers for supporting
stateful touch interaction. SoundScroll relies on the mechanical en-
ergy produced when a �nger slides over a surface to detect contact
and motion. This energy induces vibrations through the skin and air,
and SoundScroll captures these vibrations with two microphones�
skin-contact and in-air microphones. Note, as this vibration is key
in SoundScroll, it works while a �nger is in motion. We designed
a proof-of-concept wristband prototype and veri�ed its accuracy
across several common surface materials and two warm postures
along with various users and speed conditions. We designed a proof-
of-concept wristband prototype and veri�ed its accuracy across
several common surface materials and two warm postures along
with various users and speed conditions. We designed a proof-
of-concept wristband prototype and veri�ed its accuracy across
several common surface materials and two warm postures along
with various users and speed conditions. We summarize the main
contributions of this paper:

(1) A wristband sensing solution that continuously detects the
sliding �nger's contact state to inform the start and end of
stateful user inputs, especially for scrolling interaction.

(2) A fast estimation of �nger contact state in as little as 20 ms.
(3) A multi-task model that classi�es �nger contact while simul-

taneously regressing an instantaneous �ngertip speed.
(4) The evaluations that show the resilience of SoundScroll to

four surface types and two common arm postures compared
to a kinematics approach.

In the rest of the paper, we review relevant usability issues and
technical approaches. Then, we describe the principle of friction-
based sensing. Subsequently, we present the SoundScroll prototype
and the results of the associated user studies. Finally, we discuss

the future opportunity to integrate our technique into existing
technologies.

2 RELATED WORK
2.1 Non-Wristband Solutions
While a computer vision method with a head-mounted camera is
accurate for tracking the �nger's 2-dimensional position, it often
struggles to distinguish whether the �nger is touching a surface
or hovering just a few millimeters above it [12, 54]. Recent work
embedded an active illuminant to the wristband [21, 46] to improve
surface contact detection. However, occlusion and �eld-of-view lim-
itations persist as challenges. Other popular approaches instrument
parts of the user's �nger directly, including the �ngerpad [31, 56],
�ngernail [ 11, 40], or a ring [16, 17, 22, 34, 35, 49, 51]. Among them,
an electrical method [17,51,58,58] detects contact loops for contact
sensing but is limited to the body or surfaces with speci�c electrical
properties. One can also use a ring with a motion sensor, such as
an inertial measurement unit (IMU). This method adopts a kine-
matics approach, leveraging the �nger joints' physical structure to
gather crucial information [16, 39]. The methods, however, rely on
�nger-instrumented devices, which can encumber and restrict the
dexterity of the hand for manual activities [42] or reduce tactile
sensitivity.

2.2 Wristband Solutions
Smartwatches have been successfully established as a friendly form
factor in the consumer market. Sensing the �nger using sensors
embedded in the wristband becomes more desirable for users [55].
Although �nger-joint tracking with wrist-worn sensors has been
demonstrated [5, 14, 18, 19, 24, 53], knowing the �nger's contact
condition with the world remains a separate challenge. Optical
methods, such as employing an IR light and a camera positioned
under the wrist [32, 38, 50], o�er a means to detect �nger con-
tact by identifying illumination changes. However, this method is
sensitive to curved or uneven surfaces, varying illumination condi-
tions, and the camera's angle of attack, making this less suitable
for dynamic mobile environments. In contrast, acoustic and motion
sensors have well shown their promise as units to inform touch
for the wristband [8, 13, 26, 29, 32, 44]. However, the majority of
wristband solutions beyond on-skin interactions have focused on
detecting discrete events, particularly simple taps. Skinput [29] uses
an armband and bio-coustics transmission to enable on-skin tap
interaction. TapID [26] capture bio-acoustic signal created when
a user tap di�erent �ngers on the surface and identify a tapping
�nger.n Acustico [8] implemented a wrist-worn device that can
resting on the table during interaction and enables tap and swipe
detection. Similarly, Anywhere Surface Touch [32] detects left and
right swipes and taps acoustic waves propagating through a desk
along with camera data. In contrast, SoundScroll has several dis-
tinct advantages. Firstly, SoundScroll utilizes vibrations propagating
through skin and air, which allows for use without requiring the
user's wrist to remain stationary on a desk, thus supporting broader
mobile scenarios. Secondly, SoundScroll employs low-pro�le, non-
camera-based sensors, making it more suitable for integration into
wearable devices. Lastly, while Anywhere Surface Touch introduces
a delay in discrete gesture recognition (i.e., feedback comes after
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the gesture ends) that can negatively a�ect performance in tasks
such as scrolling, SoundScroll continuously updates �nger contact
state and speed every 20 ms, enabling more �uid and interactive
control. AO-Finger [55] also noted the signi�cance of �ne-grained
UI control by enabling continuous thumb swipe tracking using a
single hand. However, its focus is primarily on thumb-to-�nger
touch interactions, without considering interactions with external
surfaces. Moreover, AO-Finger relies solely on an on-skin micro-
phone (stethoscope) for detecting �nger contact. They noted that
motion artifacts, such as tendon movements when a �nger moves
without touching, a�ect the accuracy of contact recognition. In
contrast, SoundScroll incorporates an additional in-air microphone,
which potentially helps address motion artifacts related to �nger
movements that occur without actual contact. Furthermore, Sound-
Scroll not only detects contact but also predicts �ngertip motion
speed with a single model, enhancing interactions with features
like inertial scrolling.

3 METHODS
When a �nger slides over a surface, vibration is induced by the
friction interaction as the �nger traces grooves on textures. This
vibration will propagate through the skin, the touched surface,
and air. While capturing vibration by instrumenting the surface
is e�ective, it is not suitable for wearable applications. Thus, we
leverage the other two path's vibrations captured by on-skin or
in-air microphones. The past work has shown the relationship of
acoustic signatures to contact state or surface properties [33, 48].
SoundScroll employs passive acoustic sensing using two wrist-
worn microphones to capture this friction-induced vibration. The
captured friction sound pro�le shows di�erent powers, frequency
ranges, and resonance depending on �nger contact interactions as
shown in Figure 1. We take a data-driven approach to predict a
�ngertip sliding state using the sensors on the wrist.

3.1 Sensor Positions
To test the impact of on-skin microphone positions, we conducted a
pilot study with one of the authors. For ground-truth �nger contact
and sliding speed collection, we used the Sensel Morph touchpad.
We placed the Sonion Voice Pick-Up (VPU) contact microphone to
four candidate positions on the wrist: palmar, dorsal, radial, and
ulnar sides. For the palmar side, a microphone was located around
the �exor tendon, as reported in the literature for its e�ectiveness
to capture the vibration signal propagated from a �ngerpad [4, 55].
For the ulnar side, a sensor was placed on the bone to see vibration
properties propagating through the bone [13].

We evaluated the performance of each on-skin microphone posi-
tion with the same data collection procedures and metrics in the
main study but only on one texture (; a bare touchpad) and with
one of authors. In total, 480 sliding instances (4 directions� 10
trials � 2 speeds� 6 re-worn sessions containing two arm postures)
for each comparison condition were collected. We compared each
microphone position in a leave-one-session-out cross-validation
scheme trained on ExtraTreesClassi�er [20] with default parame-
ters of Python Scikit Learn. The result shows that a VPU on the
palmar side produces the highest accuracy among the four locations

Figure 2: Results comparing contact state estimation perfor-
mance on four sensor worn location (left) and frequency
range (right).

as shown in Figure 2 left. This result also aligns with prior literature
using a stethoscope microphone [4, 55].

3.2 Frequency Range
In this pilot study, we �nd the frequency range that largely con-
tributes to contact state estimation. For the in-air microphone, we
used the SPH8878LR5H-1 Analog MEMS Microphone. This micro-
phone is sensitive to the frequency range from 7 Hz to 36 kHz.
However, we could still observe the friction sound up to around
55 kHz and used the full range (up to 96 kHz) for analysis. For
reference purposes, we also set up an ultrasonic microphone that
can reliably capture sound up to 70 kHz. For the on-skin micro-
phone, our VPU exceeds the necessary range (up to 10 kHz) for
capturing vibrations transmitted through the human body (up to
around 5 kHz [47, 57]), thus we conducted this study only for an
in-air microphone.

We evaluated the performance of each on-skin microphone posi-
tion with the same procedures in the Sensor Position pilot study.
We conducted an ablation study with six frequency ranges, from
0 Hz to 3, 10, 20, 50, 70, and 96 kHz. Subsequently, we trained a
machine learning model (ExtraTreesClassi�er) using each of these
low-pass �ltered sound spectrograms. The result shows that fre-
quency ranges over 30 kHz yield a similar level of performance but
cutting o� lower than 30 kHz makes a large accuracy drop (Figure 2
right). This indicates that SPH8878LR5H-1 with sensitivity up to 36
kHz would be su�cient for our �nger contact sensing prototype.

3.3 Wristband Hardware
The SoundScroll prototype is shown in Figure 3. The Sonion Voice
Pick-Up (VPU) bone sensor [43] and SPH8878LR5H-1 breakout
is placed on the palmar wrist. The wristband additionally has an
Adafruit 9-DOF orientation IMU (BNO08) with Sparkfun Thing Plus
ESP32 Microcontroller. This is only used as a benchmark to compare
IMU's kinematics-based baseline with our friction-sound approach
later in our user study. This breakout provides the orientation of
the sensor and linear acceleration (without gravity), along with
acceleration and angular acceleration at 100 Hz of sampling rate.

Recognizing the vital importance of ensuring reliable contact
between the VPU sensor and the wrist, the VPU sensor is elevated
by a�xing a small rubber element. The Velcro enables adjustment
of the wristband to accommodate wrists of various radii and ensures
optimal contact conditions.
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