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Figure 1: VisRing is a smartring integrated with sensors, a bendable display, and an accompanying firmware library.
(a) An exploded view of the smartring. (b) VisRing integrates sensors and a bendable display into a compact ring
form factor, enabling nano visualizations such as message delivery, time display, and health monitoring.

Abstract
“Contributed equally. We introduce VisRing, .the first smartring' in(forpora‘['in'g a
Project page: https://www.cse.psu.edu/~mkg31/projects/visring bendable 160 X 32 4-bit grayscale organic light-emitting

diode display. VisRing stands out by displaying nano visual-
izations while maintaining a compact design and minimal

@@@@ weight of 6.6 g, with an overall cost of around $35. We exploit

opportunities for a system-on-a-chip architecture to tightly

This work is licensed under a Creative Commons Attribution-

NonCommercial-ShareAlike 4.0 International License. integrate an inertial measurement unit, a photoplethysmo-
UIST ’25, Busan, Republic of Korea graph sensor, a temperature sensor, Bluetooth, a microcon-
© 2025 Copyright held by the owner/author(s). troller, and a display unit that spans 270° to 360°, depending
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on nger size. Our contributions include the hardware de- health metrics, text-based noti cations, or interactive in-
sign and implementation of VisRing, along with a software terfaces. This limitation exists because they rely on light-
library that supports visualizing various data types. A quali- emitting diodes (LEDs) or multi-segment liquid-crystal dis-
tative study with 12 participants demonstrated the comfort, plays (LCDs) that can only represent simple digits or basic
likability, and social acceptance of VisRing's hardware and icons [9, 35 43. Darbar et al [16] developed a smartring
software. The participants liked the visualizations and found featuring an organic light-emitting diode (OLED) display,
the ring lightweight, but also pointed out possible improve- but they did not use a bendable display, resulting in an in-
ments. All materials are shared under an open-source license crease in size, compromising the smartring's wearability. In
to enable the community to extend and improve VisRing. addition, most smartrings lack the functionality to depict
visualizations. Most of the smartrings in academia focus on
CCS Concepts nger motion tracking (e.g., L0 72 87,92 95) as well as
health and tness monitoring (e. g.. 4L 53 58 67, 71, 95).

" Hardware ! PCB design and layout; ~ Human- U q : : hat bendabl
centered computing ! Visualization toolkits ; Mobile P to date, no smartnng e>_<|stst at '”CorPorat?Sa_ endable
computing . display capable of depicting common visualizations (e.g.,
bar charts, line charts, or progress charts). To address this
Keywords research gap, we explore the design and fabrication of a

_ _ o ~ smartring extended with an OLED display that enables the
Visualization, Nano Visualization, Usability Study We identi ed three key challenges when designing such
a smartring platform that integrates an OLED display:

Taiting Lu, Christian Krauter, Runze Liu, Mara Schulte, Alexan- () The.C|rCUItS of the Sma””.”g must acpommodgte a hlgh-
der Achberger, Tanja Blascheck, Michael Sedimair, and Mahanth resolution benda'lble OLED d'Sp!aY’ multiple sensing units, a
Gowda. 2025. VisRing: A Display-Extended Smartring for Nano battery, and a microcontroller within an extremely compact
Visualizations. InThe 38th Annual ACM Symposium on User Inter- form factor. (i) Assembling a bendable OLED display, a exi-
face Software and Technology (UIST '25), September 28 October ¢e printed circuit board (FPCB), and a battery into a curved,
2025, Busan, Republic of Kors@M, New York, NY, USA, 18 pages. miniaturized enclosure demands a precise and cost-e ective
https://doi.org/10.1145/3746059.3747806 fabrication process. (iii) Making the smartring customizable
and extensible requires a programmable interface and e -

) cient wireless communication, all while keeping the form
1 Introduction factor minimal.
Wearable devices, such as smartwatches and smartbands, To validateVisRingin the context of displaying real-time
are increasing in popularity due to their size and unobtru- health data as visualizations, we explore the design chal-
siveness. Even smaller smart devices are possible with the lenges of visualizing data on such small displays. Researchers
evolution of chips, exible electronics, and displays. Unlike have explored micro visualizations for smartwatches and
smartwatches, smartrings o er a more discreet and seamless tness bands, providing insights into the miniaturization
experience. Adding a display to a smartring enables con- and glanceability of information visualizations[ 40, 55.
venient visual access to information, while maintaining a However, the OLED display on the smartring allows us to
discreet and compact form factor compared to larger devices visualize data in a discreet, unobtrusive, and compact way.
like smartwatches or smartphones. Recent industry reports For this, we have to consider the bendable nature and elon-
indicate that rings are emerging as the next natural wear- gated shape of the display, the even smaller display size, and
able device to be enhanced with smart capabilities, as robust the potential of displaying data on the inside of the hand
market forecasts39 84 and innovations from major tech  for privacy considerations. Therefore, we introduce the term
players such as Samsung]] and Oura (g evidence. How- nano visualizationso explore the speci cs of visualizations
ever, the majority of smartrings are designed for sensing on smartrings. In summary, our work makes the following
applications, such as personal health and tness data, which contributions:
have to send data (e. g., heart-rate data, oxygen saturation,

ACM Reference Format:

blood pressure, sleep daté)d 47, 48 71] to a smartphone We designed and fabricatedisRing(Figure 1), the rst

for visualization. In contrast, smartrings featuring integrated display extended smartring , integrating a 160 32

displays are still rare [9, 16, 50, 67]. 4-bit grayscale OLED display, multiple sensing units
The few currently available commercial smartrings with including IMU, PPG, and temperature sensors, and

displays are proprietary and o er only basic feedback that wireless communication. Depending on the nger size,

cannot visualize complex information, such as detailed the display ranges between 27t 360.
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VisRing: A Display-Extended Smartring for Nano Visualizations

We de ne nano visualizations and demonstrate the
feasibility and readability of visualizations of real-time
data on smartrings by extending the display's rmware
and developing a visualization library.

We conducted gualitative study to validate comfort,
likability, and acceptance ofisRing as well as the use
of nano visualization for health data while walking.
We open-source the hardware and software of Vis-
Ringfor the community to extend it with additional
hardware capabilities and further nano visualization
for diverse applications.

2 Related Work

This work is inspired by and builds upon prior work on
smartrings and information visualizations on smartwatches
called micro visualizations. The following sections embed
our work in existing research and commercial products. First,
we discuss previous smartrings and their input and output
possibilities. We used two review papersd 8§ as a refer-
ence, which identi ed in total over 356 publications related to
smartrings, and further investigated commercial smartrings.
Table 1 shows an overview of academic and commercial
smartrings most related to ouvisRing Additionally, we in-
troduce the current state of Organic User Interfaces (OUIs)
and micro visualizations on smartwatches.

2.1 Input Modalities of Smartrings

One of the earliest developments of a ring used as input
modality was by Fukumoto and Tonomur@4]. They at-
tached ring-shaped sensors to each nger, enabling the input
of commands or characters through nger-typing actions.
Meanwhile, subsequent advancements in rings' input modal-
ities have led to their use for a variety of applications, such
as gesture recognition42 97, activity tracking [21, 5§,
contactless transactionsf], control of other (smart) de-
vices [L6 45, (thermal) imaging B5 93, touch-based in-
teractions {, 16 31, 47, and more related to our work
measuring health and tness dat&[l, 30,48 48 53 58 65
67,71, 82, 94, 95].

Health and tness data measurement encompasses a wide
range of applications, including detection (e. g., fatigue, falls,
disease, peri-menopausal depressid2g BQ 83, prediction
(e.g., labor onset, sleep quality)d 49, and feedback (e. g.,
quality of chest compressions}f], as well as rings as assis-
tive devices (e. g., for the elderly8(}, and monitoring (e. g.,
blood pressure, sleep, physical activity) [49, 71, 95].

Sel et al [71] developed a smartring that introduces a
ring-based bio-impedance sensor to continuously monitor
cu -less blood pressure. Magno et.g#48] developed a smart-
ring that measures blood oxygen saturatiof»$ ») and can
charge itself through integrated solar panels. Another ring
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for healthcare is developed by Zhang et f84], which inte-
grates a uid sensor that detects a variety of hand-washing
agents such as tap water, soap, and sanitizers. OmniFRafg [
embeds IMU and PPG sensors for healthcare applications like
activity detection, sports analytics, heart rate monitoring,
blood pressure monitoring, and sleep sensing.

Overall, previous work on smartrings has mainly focused
on sensors for data collection and exploring input modalities
like gestures, while commercial smartrings like the Oura
Ring [6 and the Samsung Galaxy Rin@]] o er health
data monitoring.

2.2 Output Modalities of Smartrings

In contrast to input, smartring's output capabilities are
far more limited. Prior works explore using thermal feed-
back g, friction force [27), vibrotactile feedback]3 42 62,

and more related to our smartring visual feedback, like
LEDs 13 42 62 94, and non-bendable display4 § for out-
put. Regarding visual output, there exist some rings that use
LEDs to give the wearer feedback, such as Pradana §62]

and Choi et al[13], which use an LED with vibration for sim-
ple non-verbal communication accompanying text messages.
Ringly [63 66, a smart gemstone ring, can alert the wearer
about phone events, by vibrations and changes in the color
of the ring. Similar to that, Ketabdar et d42] present Pingu,

a ring that provides feedback for gestures through vibration
and a red-green-blue (RGB) LED. TWave for Worl{ 35
smartring uses a 9 5 LED matrix to provide feedback about
the made gesture used to control various applications, such
as adjusting the volume on Spotify.

In addition to smartrings with LEDs, there are also some
with segment LCD displays, such as the Casio CRW-001-
1ER P] with the look and features of a typical wristwatch or
the Rogbid SR08 Ultr&}] that features a 7-segment LCD
to display digits (e. g., time, step count, heart rate, and sleep
duration), and separate small displays for a heart and a step
count icon. However, based on their type of display, they are
limited to visualizing only simple information such as digits.

To visualize more complex data, displays with higher
pixel counts are required. NailDisplay'}] presents a nail-
mounted display, which can be used to reveal what is oc-
cluded under the nger while interacting with another de-
vice with a (small) screen. However, the NailDisplay is
not designed as a ring and therefore lacks the specic
requirements such as size and shape needed for use as
aring. RingloT [Lg mounts an infrared (IR) transmitter, an
IMU sensor, a capacitive touch sensor, and a rigid OLED
display to a nger-worn device with a connection to an Ar-
duino board on the wrist, enabling interaction with other
internet-of-things (IoT) devices. However, RingloT requires
larger electronics mounted on the wearer's wrist, which are
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Table 1: Summary of related work with output modalities and comparison to

Lu and Krauter et al.

VisRing . Legend: Inertial Measure-

ment Unit (IMU) with n degrees of freedom (n-IMU), Photoplethysmograph (PPG), Electrocardiography (ECG),
Temperature (TMP), n-Segment liquid-crystal display (n-Seg. LCD), open-source (OS) and Wireless (WLS).

System Year Sensors Application OS WLS Output

Ketabdar et al. [42] 2012  9-IMU, proximity Interaction, gestures 7 3 Vibration, LED
Pradana et al. [62] 2014  Pressure Interaction 7 3 Vibration, LED

Ringly [66] 2015 N/A Interaction, health 7 3 Vibration, colored light
Han et al. [27] 2017  Proximity, hall Interaction 7 7 Haptic feedback
Wave for Work [35] 2018  6-IMU, motion Interaction 7 3 9 5LEDs

Darbar et al. [16] 2019  6-IMU, touch loT interaction, gestures 7 7 Rigid OLED, Infrafred
Zhu et al. [96] 2019 N/A Present information 7 7 Thermal

Zhang et al. [94] 2019  Fluid Hand hygiene 7 3 LED

Rogbid SR08 [67] 2024 N/A Health 7 3 7-Seg. LCD

Casio Ring [9] 2024 N/A Timer 7 3 7-Seg. LCD

VisRing (ours) 2025 9-IMU, PPG, TMP  Visualization 3 3 Bendable 160 32 OLED

connected to the smartring. Therefore, it is still far from
being miniaturized into an actual smartring. This limita-
tion restricts natural hand and arm movements, whereas
our VisRingdemonstrates better performance. In contrast
to previous works, we propos¥isRing the rst fully self-
contained smartring equipped with a bendable OLED display
and multiple sensors that follow the curve of the ring.

2.3 Organic User Interfaces

As interest in Organic User Interfaces (OUIs) continues to
grow in the eld of Human-Computer Interaction (HCI)
[64, 76 85 86, recent advances in exible electronics have
made it increasingly feasible to create interfaces that are both
physically deformable and interactive. Strohmeier et[dl6]
presented how di erent display sizes on a cylindrical, wrap-
around smartwatch a ect user performance in scrolling tasks,
highlighting the impact of curved display dimensions on in-
teraction e ciency. Priyadarshana et a[64]introduced Mag-
icWand, a handheld cylindrical device composed of two exi-
ble OLED displays. They investigated how a curved physical
form factor in uences interaction compared to traditional
at smartphones. Among these advances, exible displays
play a central role in enabling intuitive, co-located input and
output on non-planar surfaces. In parallel, a rapidly growing

and body-integrated form factor, we preseviisRinga nger-
worn device that embeds a exible OLED display to explore
the feasibility of OUIs at the scale of a smart ring.

2.4 Micro Visualizations

Micro visualizations small-scale visualizations that are com-
monly used with wearable devices are part of a grow-
ing eld of research, especially in the context of smart-
watches b, 40 55. The goal of micro visualizations on
smartwatches is to be read at a glanc&][ which is about
5secondsy, 61]. The original de nition of micro visualiza-
tions by Isenberg4(Q explicitly states that [...] we apply the
word microprimarily to the perceived small display space
but not the number of dimensions or data points and expand
the application context beyond text.40, p. 2] and she fo-
cus[es] on small data representations that can be readye
span.[40 p. 2]. The author even gives examples of pixel-
sized indicators ( very small data displays, in the range of a
few to several millimeters £0, p. 3]) and smartwatches ( typ-
ically around 3 4 cm wide or high H|0, p. 4]). Researchers
have developed and evaluated such micro visualizations
for di erent data types (heart-rate dataZ6 54, 56, sleep
data [41], back pain dataT§g, stock prices 1], as well as
heel strikes and forefoot strikes while runningf) but also

for di erent visual representations (bar chart$[ 11, 26 41],

industry has emerged around shape-deformable displays, line charts b4, 56, donut charts f], radial bar charts §],

such as the Samsung Galaxy FoR{j] the triple-folding
phone Huawei Mate XT33, the rollable OLED TV by LG
[19, and stretchable technologied4], which are seen as

key enablers of the next generation of user interface designs.

However, prior research on OUIs has primarily focused on
wrist-worn or handheld devices, such as smartwatches and

hypnograms 1], and time spirals §9). Many of the works
visualize the respective data using most of the available
screen space (e.g§,[26 41, 56). However, some works
also use complications a term from horology that describes
graphical features on watches that represent information
other than time PQ which are even smaller (1cm 1cm,

smartphones. To extend this paradigm to a more compact 90 90 pixels) in sizeT]. Few visualizations (bar charts and
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Figure 2: Overview of the VisRing system architecture. The microcontroller unit is the central hub that communi-

cates with the sensors, actuators, and display.

hypnograms) were also tested on tness bands, which have
a smaller form factor than smartwatched]]. These works

are more relevant to our endeavor to create nano visualiza-
tions that can be read on a smartring because we only have

Choice of Display. When choosing a display fo¥is-
Ring we considered several factors, including size, resolution,
power consumption, viewability, and durability to ensure
optimal functionality and user experience. (i) Size and resolu-

about 32 pixels for one side of the visualizations. Blascheck tion must be carefully balanced. The display should be large

et al [7] tested bar and radial bar charts compared to text
representations as complications and found that both bar
and radial bar charts can be read faster than text if multi-
ple complications are shown. However, the complications
had a size of 90 pixels, leaving the question of whether even
smaller visualizations can be read at a glance.

3 VisRing

The prototype ofVisRing, featuring an OLED display, en-
ables wearers to visualize real-time health data in an unob-
trusive, wearable suitable for daily use without disrupting
regular activities. We identi ed six design goals for creating
such a display-extended smartring.

3.1 Design Goals

When developingV/isRing our main objective was to provide
an extensible OLED smatrtring platform for the research com-
munity that allows us to explore state-of-the-art sensing and
nano visualization capabilities on smartrings with a minimal
form factor. The following considerations guided us during
the design and development process.

IHardware library: https://github.com/TaitingLu/VisRing

enough to be functional while tting within the constrained
space of the smartring. (ii) The display must facilitate depic-
tion of nano visualizations while minimizing power usage.
(iii) Viewability under various lighting conditions, including
direct sunlight and wide viewing angles, is important for
readability. (iv) The display must be exible enough to be
bent into a ring shape without damage. TherefokésRing

is designed with a display for optimal performance, o ering
high resolution, viewability, and exibility.

Comfortable Wear. When designing a wearable smart-
ring with an integrated display, it is important to carefully
optimize its size, weight, and form factor to achieve the ideal
balance between functionality, user comfort, and aesthetic
appeal. The smartring must be su ciently compact to t
comfortably on a nger without feeling bulky, while the
display should deliver crisp information with a high reso-
lution within the limited space available. Using lightweight
materials such as thermoplastic polyurethane (TPU) is es-
sential to minimize weight, ensuring the smartring can be
worn comfortably for extended periods. Integrating all nec-
essary electronic components, including sensors, a battery,
and a display, demands careful planning to optimize weight
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Figure 3: (a) Explosion rendering of VisRing depicting an overview of the components. (b) The mechanical structure
of VisRing, illustrating the position and arrangement of various sensors (IMU, PPG, temperature), the OLED display,
and the curved battery. (c) The top of the FPCB board contains the computing, sensing, and display connector. (d)
The bottom of the FPCB board contains the PPG, temperature sensor, and SWD programming interface.

distribution and space usag¥isRings designed to be a light-
weight, comfortable smartring with a compact form factor,
while e ectively providing nano visualization.

Mobility. VisRingshould support wireless communica-
tion to enable real-time synchronization and seamless data
transfer between the smartring and a smartphone. This con-
nectivity could allow the smartring to display noti cations,
messages, and alerts from the smartphone directly on the
smartring's display, providing wearers with immediate ac-
cess to important information without needing to check their
smartphone. Bluetooth Low Energy (BLE) is particularly
suited for this purpose due to its low power consumption,
which is critical for maintaining battery life in the compact
form factor of a smartring.

Support a Wide Range of Functionalities. We want
to support a wide range of functionality (e.g. real-time
health data visualizations, noti cation delivery, and time
display), VisRingfeatures an OLED display and multiple
sensing units. While an OLED display provides opportu-
nities for nano visualizations, multiple sensing units not
only enable motion analytics applications like nger motion
tracking [43 6Q 72 95, but also a diverse range of health ap-
plications like heart-rate monitoring, activity tracking, and
sleep supervision [58, 67, 71].

Extensibility. VisRings hardware and software platform
should be extensible by the research communif§sRing

should have a Serial Wire Debug (SWD) programming in-
terface, allowing for straightforward connection to devel-
opment tools. Researchers can use standard programming
environments such as Arduindd or Segger Studio{( and
software development kits (SDKSs) to write and upload code.
Using familiar development platforms and interfaces ensures
that researchers can implement rmware updates as well as
debug and test new functionalities.

Manufacturability and Cost-E ectiveness. It is es-
sential to select materials that balance cost-e ciency and
durability to enhance the accessibility and a ordability of
VisRingfor the research community. For the housing cases,
we used 3D-printed materials to simplify the manufacturing
process. The platform incorporates commercial o -the-shelf
electronic components, known for their cost-e ectiveness
and wide availability. These components are integrated into
a custom-designed 4-layer PCB, strategically engineered to
minimize PCB manufacturing costs.

3.2 Platform Design

In this section, we discuss the selection of sensing modalities
used forVisRing covering aspects such as form factor and
circuit con guration, programming interface, how to assem-
ble VisRing as well as rmware and smartphone connection,
along with a comprehensive analysis of the manufacturing
costs associated witiisRing

Choice of Sensing Modality. As depicted in Figure 2,
we harness diverse sensors, including an IMU, a PPG sensor,
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Figure 4: Images of how to assemble VisRing : Soldering all electronic components (a) of the circuit using a mini hot
plate pre-heater (b), soldering the curved battery using a soldering iron (c), assembling the cable of the bendable
OLED display on the circuit (d), wrapping the bendable OLED display inside the outer case (e), assembling the
exible circuit board and battery to the outer case (f), using tweezers to align the inner case inside the housing (g),
and testing the nal prototype with the text Hello World! (h).

and a temperature sensor to provide wearers with real-time of VisRing We strategically arrange the PPG and tempera-
data through an OLED display and support a wide range of ture sensors in close contact with the wearer's digital nger
applications. The IMU module is an ICM20948[by TDK artery, optimizing data accuracy and comfort. (iii) We en-
InvenSense, which incorporates an accelerometer (3-axis), acase the hardware in a skin-friendly 3D printed housing
gyroscope (3-axis), and a magnetometer (3-axis). The PPGideal for prolonged wear as shown in Figure 4h. Speci cally,
module is a MAX301013[7] by Maxim Integrated, which inte- ~ we choose a transparent resin material crafted using Stere-
grates three-channel LEDs, including a green LED (527 nm), a olithography (SLA) 3D printing technology. This choice was
red LED (660 nm), and an infrared LED (880 nm). The temper- made to facilitate the visualization of data shown on the
ature sensor is a TMP113§ by Texas Instruments, which ~ OLED display, ensuring optimal clarity. The inner case of the
can provide digital temperature data. Incorporating various smartring is designed to conform to the dimensions of an in-
sensors improve¥isRingby delivering a comprehensive set  dividual wearer's nger.VisRings manufactured using fused
of health and tness data to the wearer, thereby enabling deposition modeling (FDM) technology, employing TPU ma-
personalized visualizations. terials selected for their inherent exibility and ability to
Form Factor Design. Our goal is to design a lightweight ~ enable comfortable contact with the skiWisRingweighs be-
and comfortable smartring, as described in Section 3.1, with tween 5.6 and 6.6 g, with the exact weight varying based on
a display that allows wearers to quickly access health and the ring's size, which is adjustable to accommodate di erent
tness data from their ngers while embedding various elec-  nger sizes. The ring has a thickness of 3.85 mm and a width
tronic components within a limited space. Figure 3a and Fig- of 18 mm.
ure 6 depict the form factor design afisRing We exploit Circuit Design. As depicted in Figure 3c and Figure 3d,
opportunities including circuit design, mechanical design, we design a 4-layer FPCB to integrate the following hard-
and 3D printing technology to minimize the form factor ware components to meet the design goals discussed in Sec-
while satisfying comfort and functionality for the wearer  tion 3.1. All electronic components are carefully assembled
to integrate various components within a limited space in into a single FPCB to t the limited form factor as shown in
a smartring. (i) We design a 4-layer FPCB to integrate a Figure 4. The hardware architecture is depicted in Figure 2.
high-resolution OLED display, multiple sensors (IMU, PPG, We designed a circuit for the microcontroller based on the
temperature), a battery, and a microcontroller within an NRF5283257] by Nordic Semiconductor as our microcon-
ultra-compact form factor. The arc-shaped battery is em- troller unit (MCU) which supports multiple interfaces includ-
bedded within the smartring to power the device (Figure 4a ing Serial Peripheral Interface (SPI), Inter-Integrated Circuit
and Figure 4f). (ii) Figure 3b shows the mechanical structure (12C), Universal Asynchronous Receiver/Transmitter (UART)
and embeds a 2.4 GHz radio frequency (RF) transceiver for
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BLE. The NRF52832 communicates with the IMU via SPI, the
PPG via I2C, the temperature sensor also via 12C, and the
OLED display via 3-wire SPI and transmits sending data to
a smartphone if needed. The OLED displdy[by Crystal-
fontz provides 160 32 4-bit grayscale with 88 dots-per-inch
(DPI). The display, measuring 14.94 mm in width and 50.6
mm in length, can be bentinto an arc to t inside the form
factor of a smartring. The MCU, IMU, PPG, and tempera-
ture sensor require 3.3V and 1.8V, while the OLED display
operates at 12V. To meet these power requirements, we de-
sign a power regulation circuit using the MIC53729 dual
low-dropout (LDO) voltage regulator from Microchip Tech-
nology to supply the MCU and sensing components, and the
AP3012KTRJ7] step-up DC-DC converter from Diodes In-
corporated to boost the battery voltage to 12V for the display.
Finally, we designed a battery management unit to protect
the PCB and battery from overcharging and discharging. We
employ a curved lithium battery with 60 mAh as the power
supply forVisRing When actively visualizing sensor data on
the OLED display and simultaneously streaming data to a
smartphone, the hardware's power consumption is approxi-
mately 29.5 mA at 3.7V, equivalent to 109 mW. This allows
for up to two hours of continuous display operation. We
extend the usage time by implementing a function to auto-
matically turn o the display after some time. The wearer
can then use the IMU as an input to wake up the display.

Programming Interface. To ful Il our goal of extensibil-
ity as described in Section 3.¥isRingneeds to incorporate
an SWD programming interface for ease of development.
However, given the limited form factor d¥isRing we exploit
the use of the board-to-board plug connector by Molé&Z],
as depicted in Figure 3d, to enable easy rmware program-
ming while minimizing the space of the interface.

Assembling. Figure 4 illustrates the step-by-step assem-
bly process ofVisRing It begins with preparing all com-
ponents, including the exible circuit, curved battery, and
OLED display (Figure 4a). The electronic components are sol-
dered (Figure 4b c), followed by attaching and wrapping the
bendable OLED display around the circuit (Figure 4d e). The
circuit and battery are then inserted into the outer case (Fig-
ure 4f), the inner case is aligned using tweezers (Figure 49)
and nally, the prototype is tested to con rm successful
assembly (Figure 4h).

Price Breakdown. Table 2 summarizes each hardware
component's retail and wholesale unit price. All rmware
packages and programs used during development are free.
The total cost to produce a singMisRingis as low as $35.62.

Lu and Krauter et al.

Table 2: Manufacturing cost breakdown of the VisRing
prototype. All prices are per unit and in USD.

Component Retalil Wholesale
MCU 5.03 2.39
PPG Sensor 11.21 6.43
IMU Sensor 8.32 4.61
OLED Display 37.52 16.94
Chip Antenna 0.59 0.23
Voltage Regulator ICs 1.94 0.94
Battery Protection ICs  0.32 0.18
Case 211 N/A
Arc Battery 4.90 3.90
Total 71.94 35.62
4 Implementation

We create theVisRinglibrary? with proof-of-concept nano
visualizations for various data types that can be used for
many scenarios (Figure 5). We base our implementation on
the open-source rmware of our hardware components [

2, 36, 74 to combine reading sensor data, using Bluetooth,
and visualizing data. We provide théisRinglibrary as open-
source software, and brie y describe its functionalities in
the following. More details can be found in the repository.

4.1 Display Firmware Extension

The open-source rmware by SparkFur?§ implements

the interface to control the display. It enables displaying
grayscale images, while text, lines, circles, and other geo-
metric primitives are limited to monochrome color. We
overcome the underlying limitation and add variants of all
functions that fully using the capability of the display to use
16 shades of gray. We release the updated rmware as a fork
under an open-source license that aligns with the original.

4.2 VisRing Library

Based on the updated rmware, we present thésRingC++
library for nano visualizations on smartrings. It provides
tight integration and extendability by inheriting all func-
tions from the display's rmware. It includes functions for
all sensors oisRing establishing a BLE connection, and
sending and receiving data over this connection via UART.
Further, a set of functions is available to automatically turn
o the display after some time and wake it up again through
a double-tap on the smartring that the IMU detects.
Regarding visualizationd/isRingincludes versatile func-
tions for common visualizations like bar charts, line charts,
progress charts, and text, but also to display noti cations and

2Software library: https:/github.com/ChristianKrauter/VisRing
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Figure 5: The visualizations provided in the VisRing library shown on a VisRing worn on the index nger: (a c)
horizontal, vertical, and small multiples bar charts, (d) a line chart, (e) a radial progress chart, number of noti cation
with (f) a message, and (g) an icon, (h) a text, (i) the heart rate with an icon, and (j) one of three decorative patterns.

decorative patterns (see Figure 5). With these common mi- 5 Nano Visualizations

cro visualizations f, 14, many data types can be visualized, Nang visualizationare ultra-compact data representations
resulting in a wide range of possible applications, although  rendered on miniature, often non-planar screens integrated
health, tness, time tracking, and noti cations are likely the  jnto wearable devices such as smartrings. Like micro visu-
most useful for wearers. alizations j40, nano visualizations are designed to convey
Bar charts can be drawn horizontally (Figure 5a), verti-  ggsential information at a glance and often support privacy-
cally (Figure 5b), and as small multipleB] (Figure 5¢) to  ware rendering strategies, for which sensitive or contextual
depict data from multiple days. These can be used to display gata can be dynamically hidden or selectively disclosed.
data such as step count and sleep with up to seven verti-  \ye jdentify four design considerations that distinguish
cal bar charts at once, each with a maximum of 16 values nano visualizations on smartrings from micro visualizations
because we have a width of 32 pixels. on smartwatches: (i) The small display of a smartring in our
For horizontalline charts (Figure 5d), the limitforthe  case having a width 32 pixels makes the visualizations even
value range is 160 (i. e., one pixel for each value). With such a gmaler than common micro visualizations (Google Pixel
chart, numerical data can be shown over time, such as heart \y;5tch 3: 456 pixels) or the complications found on smart-
rate or stock value. watch faces (around 90 pixelg]). Here, we have the option
Radial progress charts are popular on smartwatches to  of ysing small multiples instead of a full bar chart to use the
show progress, such as the minutes of daily activity, progress ayailable display space, or use arc or gauge charts that use
towards a step goal, or as a timer for a washing machine on|y a half-circle, which allows more space for this type of
or the Pomodoro techniquedl]. VisRingincludes an imple-  yjsyalization. (i) They span a larger width and often have
mentation with eight 12.5% steps and the option to show the 5 curved display. Our display has 160 pixels in height and
percentage inside the circle (Figure 5Se). is bent around the nger, covering about 27@0 360 de-
We further provide twonoti cation  displays (Figure 5f  nending on nger size. (iii) Part of the display of a smartring,
0), a clear usage scenario of smartrings, as well as a function \ynen placed on a nger, might be hidden from view. The
to displaytext (Figure 5h). ngers next to the nger wearing the smartring (e. g., when
For health and tness data, another popular usage scenario, \worn on the index or ring nger) cover a part of the display.
we implemented a basic visualization of theart-rate and Also, a part of the display might even be on the inside of the
heart-rate zone (Figure 5i). hand. In this case, a wearer can only see what is currently in
Finally, we present three di erentlecorative patterns the eld of view and would have to rotate the smartring to
(e.g., Figure 5j), showcasiMgsRings capability as a fashion  see the rest of the display. We suggest the use of one-handed
accessory. Th¥isRinglibrary further includes example Ar- jnteractions for easy access to all parts of the ring (cf. Fig-
duino sketches for all visualizations and functionalities, as ;e 8.4). (iv) The display of a smartring can support both
well as one that shows the wearer's live heart rate and heart- private and public viewing by leveraging its partial visibility.
rate zone, heart rate over time, the progress of a 2-minute Because part of the display is hidden from view on the inside
timer, realistic step data, and noti cation information. of the hand, this unique feature supports privacy-aware ren-
dering strategies, in which sensitive or contextual data (e. g.,
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