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Figure 1: RotoWrist is a wristband that can track 2-DoF continuous relative angle of the wrist with respect to the arm. Left: A
user playing Beat Saber with anOculus Rift-S VR system. The left hand orientation is estimated using RotoWrist while a Rift-S
controller tracks the right hand. Middle: Visualization of wrist angle tracking in a Unity test application. Right: RotoWrist
tracking relies on eight time of flight IR modules embedded in a wristband.

ABSTRACT
We introduce RotoWrist, an infrared (IR) light based solution for
continuously and reliably tracking 2-degree-of-freedom (DoF) rela-
tive angle of the wrist with respect to the forearm using a wristband.
The tracking system consists of eight time-of-flight (ToF) IR light
modules distributed around a wristband. We developed a compu-
tationally simple tracking approach to reconstruct the orientation
of the wrist without any runtime training, ensuring user indepen-
dence. An evaluation study demonstrated that RotoWrist achieves
a cross-user median tracking error of 5.9° in flexion/extension and
6.8° in radial and ulnar deviation with no calibration required as
measured with optical ground truth. We further demonstrate the
performance of RotoWrist for a pointing task and compare it against
ground truth tracking.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.
VRST ’21, December 8–10, 2021, Osaka, Japan
© 2021 Copyright held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-9092-7/21/12. . . $15.00
https://doi.org/10.1145/3489849.3489886

CCS CONCEPTS
•Human-centered computing→Ubiquitous andmobile com-
puting; Pointing devices; Pointing.

KEYWORDS
wrist pose; time-of-flight sensor; virtual and augmented reality;
hand tracking; wearable device; wristband.

ACM Reference Format:
Farshid Salemi Parizi, Wolf Kienzle, EricWhitmire, Aakar Gupta, and Hrvoje
Benko. 2021. RotoWrist: Continuous Infrared Wrist Angle Tracking using a
Wristband. In 27th ACM Symposium on Virtual Reality Software and Tech-
nology (VRST ’21), December 8–10, 2021, Osaka, Japan. ACM, New York, NY,
USA, 11 pages. https://doi.org/10.1145/3489849.3489886

1 INTRODUCTION
Wearable devices have grown immensely popular and are enabling
computing in many areas of people’s lives across a wide range
of scenarios. Tracking the movement of the hand has long been
important in developing natural and intuitive interaction paradigms
for computing [32]. Specifically, the dexterity of human wrist joints
typically enables a broad range of motion [23], making the wrist a
promising modality to drive input for wearable computing.

Existing hand tracking methods most often rely on computer
vision [5, 24, 27, 29, 35, 39] with cameras in the environment or
on a head-mounted display (HMD). These approaches yield high
accuracy, but require line-of-sight and in some cases, infrastructure
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Figure 2: Diagram illustrating di�erent wrist motions. Ro-
toWrist continuously captures wrist �exion/extension and
radial/ulnar deviation. It does not attempt to capture prona-
tion/supination.

support, that limit mobility and versatility. The growing demand for
computing in ubiquitous contexts motivates researchers to consider
wrist-worn devices (e.g., smartwatches and smart bands), which
have become increasingly mainstream. However, most research
e�orts around wristband-based sensing focus on discrete, gesture
based interactions [6, 8, 9, 13, 14, 36, 43, 45]. Although discrete
gestures are useful, they are just one part of the interaction language
needed for mobile wearable computing. For common tasks like
pointing at targets, drawing, sliding, or swipe-based text input,
an input device that supports continuous tracking will be most
appropriate.

In this work, we present RotoWrist, an infrared (IR) light-based
device that performs continuous 2-degree-of-freedom (DoF) wrist
tracking from the wristband. RotoWrist works without requiring
any user training. The RotoWrist system consists of a wristband
that uses eight ToF IR modules to continuously estimate the 2-DoF
angle of the wrist with respect to the forearm in real-time. Each
low-power sensor measures the absolute distance from the hand.
As the user moves their wrist, the relative distance between the
hand and each sensor changes. RotoWrist combines these eight
measurements into a 2-DoF wrist orientation��exion/extension
and radial/ulnar deviation, as depicted in Figure 2.

Among related work in sensor-based tracking of the wrist, Ro-
toWrist is most similar to WristWhirl[9]. In RotoWrist, we pri-
oritized robustness and accuracy and designed the system from
ground up to support continuous, absolute tracking without any
user calibration. While the WristWhirl system is capable of sensing
continuous wrist motion, it did not investigate tracking perfor-
mance and focused primarily on the accuracy of detecting 8 distinct
gestures. Not only does RotoWrist support real-time continuous
tracking that is benchmarked against a ground truth system, but we
further establish RotoWrist's ability to operate in a cross-session
and cross-user fashion.

RotoWrist o�ers a rich input source for a variety of wearable
devices, including smartwatches and HMDs. With RotoWrist, a user

can provide continuous input using their wrist, in eyes-away con-
texts where line-of-sight to a camera might be di�cult to maintain.
For example, user might point while keeping their arm motionless
at their side or with their hands beneath a table.

Our primary contributions are:

(1) A simple, low-power hardware architecture consisting of
eight time-of-�ight IR light modules embedded in a custom-
built wristband that enables continuous wrist angle tracking.

(2) A tracking algorithm that can reliably estimate 2-DoF orien-
tation of the wrist without user training.

(3) A system characterization and user evaluation demonstrat-
ing tracking accuracy of 5.9° in �exion/extension and 6.8° in
radial/ulnar deviation across users without any calibration,
compared to an optical motion capture system.

(4) A study comparing RotoWrist's pointing performance to a
high-precision wrist and forearm tracker.

2 RELATED WORK
Existing hand tracking methods are based on sensors that are either
outside-in (o�-body) or inside-out (on-body). Outside-in sensors
with cameras [5,24,27,29,35,39] or radio frequency[21,38] employ
external sensing infrastructure that limits users' mobility for daily
interaction and making these technologies less suited to mobile
and ubiquitous uses. In comparison, inside-out sensing approaches
provide much better mobility support. Therefore, in the rest of
this section we have focused on inside-out hand tracking and have
split the related work into two main categories: 1) tracking wrist
movement by leveraging the internal anatomy of the wrist and 2)
tracking using the external contours of the hand.

2.1 Inferring wrist angles from internal signals
A number of research projects explored electromyography (EMG)
where electrodes are placed below the elbow to detect hand ges-
tures [16, 31]. EMG systems are complex and require the user to
wear a bulky array of electrodes below the elbow. Although these
systems continuously track user wrist and �ngers, they require a
very exhaustive training and/or calibration. Other researchers have
leveraged electrical impedance tomography [45], bio-capacitive
sensing [28, 36], IR tomography [22], acoustic tomography [7, 11]
and more recently ultrasound [14] for discrete hand gesture recog-
nition from a wristband. These methods result in discrete, gesture-
based interactions like detecting a �st vs stretch, directional sweep,
�nger pinches, and not continuous tracking. Furthermore, these
systems are often very sensitive to the positioning and slippage of
the device and therefore often require per-session training.

2.2 Inferring wrist angles from external signals
Skin surface deformation due to wrist movement can be detected by
pressure/stretch sensors [6, 15, 34]. Other researchers have lever-
aged ultrasound beam forming [13] and acoustics [19, 25] to rec-
ognize discrete gestures. Other approaches to determining hand
pose on wearable devices employ vision sensors such as a camera
or optical sensor on the inner side of the arm or wrist [9, 18, 41, 44].
Digits [18] used infrared illumination from the wrist to track hand
pose. Opisthenar uses an embedded wrist camera to recognize static



RotoWrist: Continuous Infrared Wrist Angle Tracking using a Wristband VRST '21, December 8�10, 2021, Osaka, Japan

hand poses [44]. Although this method can enable full hand track-
ing, the form factor and power consumption limits practicality.
FingerTrak use 4 thermal cameras around the wrist to reconstruct
full hand pose though cannot reconstruct relative angle of the wrist
with respect to the forearm and consumes around 3 watts of power
which limits practicality in a mobile setting [12].

WristWhirl [ 9] is most relevant to RotoWrist. It uses an array
of proximity sensors that can detect gestures with high quality.
Our work advances upon WristWhirl in four signi�cant aspects:
1) RotoWrist investigates and reports real-time angular deviations
from the ground truth. WristWhirl did not investigate tracking per-
formance, focusing primarily on the accuracy of detecting 8 distinct
gestures including 4 directional marks, and 4 free-form shapes. 2)
For angular wrist pose estimation, we establish RotoWrist's cross-
session and cross-user performance. In contrast, WristWhirl only
reported within-session performance and required the user to cal-
ibrate every session. 3) In addition to raw sensing accuracy, we
further investigate RotoWrist on a pointing task and compare its
performance with ground truth. It's unclear how well WristWhirl
can be used for pointing tasks. 4) RotoWrist improves upon Wrist-
Whirl's hardware design by adopting optical ToF sensors which are
robust to di�erent skin tones, lighting conditions, and indoor vs.
outdoor use. WristWhirl's IR photo diode based approach is prone
to ambient IR noise, lighting changes, and skin tone dependencies
owing to variations in IR light re�ection from the skin.

There is also a line of work on using a ring in tandem with a wrist-
band for �nger tracking and gesture interaction. Magic Finger [42]
and Light Ring [17] enables users to interact with surfaces using
optical sensor embedded in a wearable ring form factor. WRIST [43]
explores combining IMU data from a smartwatch and smart ring
for distal pointing and gesture interaction. Researchers have also
used magnetic tracking for wrist and �nger tracking [3, 4, 26].

In addition, many commercial augmented and virtual reality
systems primarily use a handheld controller to continuously track
users' hand pose. While these solutions o�er great accuracy and
speci�c a�ordances, they are still limited by mobility constraints.
Tracking the hand without controllers and without line-of-sight
a�ords the potential to consider new freehand interactions. Ro-
toWrist is the �rst wrist-mounted device that can reconstruct wrist
angle continuously by using eight ToF IR modules sitting tightly on
the wrist. A key innovation of RotoWrist is that it does not require
users any training before using the system thus making it work out
of the box.

3 IMPLEMENTATION
The RotoWrist system consists of a sensing wristband that incorpo-
rates eight ToF IR modules and a controller arm band that handles
powering the sensing wristband and communicating the data back
to a host PC. The following sections provide details of the RotoWrist
hardware, capabilities and algorithm.

3.1 Sensing Wristband
One of the challenging aspects of designing a wristband is to manu-
facture one that can �t di�erent people and whose sensing is robust
to di�erent wrist sizes. In addition, the form-factor of the wristband
should be minimally invasive. We design the wristband as a top

Figure 3: RotoWrist consists of a controller arm band that
handles communicating the data back to host PC and eight
time-of-�ight modules embedded in a wristband.

and bottom part that connect together using a hinge mechanism.
All parts are made using a 3D printed Nylon material. The hinge
(Figure 1 right) on the side allows the band to open and close. On
the other side, we have leveraged an elastic band to securely fasten
the top and bottom parts. As shown in Figure 3 left, there are several
hooks on the top part that the elastic band can be connected to
based on the wrist size. To further support people with di�erent
wrist sizes, we built two sizes of the sensing wristband � one with
a diameter of120 mmand the other180 mm.

As shown in Figure 3 (bottom right), we built a custom �ex PCB
that incorporates eight time of �ight modules (VL6180X) and a 22-
pin SMD connector. These modules are equally spaced around the
wristband and they sit perpendicular to and at most8 mmfrom the
wristband's surface. Each individual sensor determines the distance
to the nearest object within a25°cone by emitting pulsed infrared
light and timing the returned re�ection. The eight TOF modules
consume only13:6 mA.

3.2 Controller Armband
The sensors on the wristband are connected to a custom made
daughterboard through a very thin 22 pin assembly cable1. Since
the recommended operating voltage for the ST ToF moudel is2:8 V,
the daughterboard also incorporates two bidirectional level-shifting
translators (TXB0106). As shown in Figure 3 (bottom left), the
daughter board sits on an Arduino Due. The sensors on the wrist-
band are connected to the microcontroller (Atmel SAM3X8E ARM
Cortex) on the Due board overI2C, which triggers measurement. A
timer-based algorithm is set to take measurement every20 msfrom
all the sensors resulting in a tracking frame rate of50 Hz. A Spark-
Fun Bluetooth Mate Silver module also sits on top of the daughter

1 A22XSR22XSR36R254B
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