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Fig. 1. Eight ear clip prototypes were created for nine notification channels to notify either the wearer of the ear clip or
people nearby. We evaluated the six private notification channels Electrotactile, Poke, Private Sound, Thermal Warm and
Thermal Cold, and Vibration as well as the three public notification channels Display, LED, and Public Sound in terms of
reaction times, error rates, and acceptability.

The earlobe is a well-known location for wearing jewelry, but might also be promising for electronic output, such as presenting
notifications. This work elaborates the pros and cons of different notification channels for the earlobe. Notifications on the
earlobe can be private (only noticeable by the wearer) as well as public (noticeable in the immediate vicinity in a given social
situation). A user study with 18 participants showed that the reaction times for the private channels (Poke, Vibration, Private
Sound, Electrotactile) were on average less than 1s with an error rate (missed notifications) of less than 1 %. Thermal Warm
and Cold took significantly longer and Cold was least reliable (26 % error rate). The participants preferred Electrotactile and
Vibration. Among the public channels the recognition time did not differ significantly between Sound (738 ms) and LED
(828 ms), but Display took much longer (3175 ms). At 22 % the error rate of Display was highest. The participants generally felt
comfortable wearing notification devices on their earlobe. The results show that the earlobe indeed is a suitable location for
wearable technology, if properly miniaturized, which is possible for Electrotactile and LED. We present application scenarios
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and discuss design considerations. A small field study in a fitness center demonstrates the suitability of the earlobe notification
concept in a sports context.

CCS Concepts: « Human-centered computing ¥ Ubiquitous and mobile devices; Interaction devices.
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1 INTRODUCTION

Notifications accompany us throughout the day on our smart devices, like the smartphone or the smartwatch,
to inform us about current events. It is possible to reach a person almost immediately by calling or writing a
message. By moving notifications from the smartphone in a user’s pocket to the smartwatch on a user’s wrist,
notifications can be delivered and perceived faster and more reliably, as they are less likely to be missed [29].
There are also other viable body locations for wearables but only a few are promising for social interactions.
Zeagler lists the following high potential locations: hand, wrist, forearm, upper arm, upper chest above the breast,
forehead, ear, and mid thigh [47].

In this work, we focus on the earlobe as it is a common location to wear jewelry, like earrings or ear clips. The
earlobe as a location for wearables not only offers the opportunity to inform the user about a notification, but,
as an exposed location, is also suited to present information to people nearby. The earlobe and its potential for
smart wearables has not yet been sufficiently explored. Only a few publications consider the earlobe as a location
for smart wearables (e.g., [22, 27]). The earlobe shares common benefits with other locations on or around the
ear, like the proximity to the auditory canal. It also shares design constraints, like the need to minimize power
consumption to keep the device small. In contrast to other ear locations the earlobe offers unique opportunities:
It is visible to others in a face-to-face conversation as well as if the person is seen from the side, it offers a
sufficiently large flat surface of about 2 2 cm for placing a wearable [1], and it is a socially accepted position to
wear jewelry [44]. Moreover, the traditional use of the earlobe as a place for jewelry demonstrates that the earlobe
is suitable for convenient long-term wearability. Other ear locations, like in the auditory canal, can be used by
in-ear devices to measure positional data, audio, and physiological parameters like the heart rate, blood pressure,
respiration rate, or to present well-designed audio feedback. However, a major disadvantage of in-ear devices is
that they interfere the auditory canal, preventing the wearer from fully hearing their surroundings. Moreover,
wearing earbuds may be perceived by others as rude or as if the person is not interested in a conversation [42]. A
location inside the ear that does not occupy the auditory canal needs a customized design for every user as the
shape of the ear is strongly individual. The ear has been explored for authentication, because of having distinctive
structural features [16]. Devices that are placed at the back of the ear interfere with objects like glasses. Again,
creating a customized solution such as integrating the smart device into the temple of the glasses, would be
necessary. The space behind the ear is not suitable for public notifications as the line of sight is blocked by the ear.
As custom solutions are not suitable for everyone and require additional effort, the earlobe, as a natural location
without major restrictions for wearing jewelry, has a high potential for wearing smart devices.

Based on these considerations, we see the earlobe as location with high potential for presenting information.
Related work lacks a direct comparison of the suitability of different notification channels on the earlobe. We
believe that in the future earrings can be digitally augmented to notify the wearer on the earlobe. To assess
the suitability of different notification channels, we evaluated the noticeability and acceptability of vibration,
electrotactile, poke, auditory, and thermal feedback on the earlobe.
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As mentioned before, the earlobe is visible to people nearby and thus o ers the opportunity of serving as a
space for a wearable public display. As the earlobe is in the direct eld of view during a conversation, it provides
a suitable position for a public display to enhance the conversation with additional information. This led us to
evaluate the noticeability of a single LED, a rectangular OLED display, and auditory feedback for people nearby.
The opportunity to present information to the user and also to people nearby also enables various new interaction
scenarios beyond exclusively private or exclusively public noti cations.

In this paper, we contribute an evaluation of di erent private and public noti cation channels on the earlobe.
We consider the use of smart ear clips for notifying either the wearer or people who are in the near vicinity of
the wearer. Moreover, we present quantitative data like reaction times and error rates, qualitative feedback from
a preliminary online survey, as well as feedback from the participants of our user study to draw conclusions for
the future use of noti cation channels on the earlobe. In a small eld study, we evaluated our prototype in a
gym, in which a private and a public noti cation channel were combined to notify the wearer as well as a tness
instructor about the training intensity of the wearer. We present qualitative ndings based on two interviews of
the tness instructor and of the person exercising. We show the suitability of the earlobe as a promising new
location for miniaturized wearable noti cation devices.

2 RELATED WORK

In current research the earlobe is given relatively little attention as a location for wearat36s4[7]. With a

length of about 2 cm, which increases during life, the earlobe is either attached to the cheek (nonpendulous) or
not (pendulous) {]. Although the earlobe is notin one's eld of view, it is visible for others. Ni and Baudi§2f]

see the earlobe as potential location for future devices. They suggest that such devices could either be implanted
or mounted and could o er gesture input or audio input and output. Further, the earlobe can be considered as
a culturally accepted location for wearing jewelryi{]. An integration of technology in jewelry o ers a wide
range of possibilities for personalization and individualization and for presenting user-speci c feedback and
content [25. Several works investigated the other parts of the ear as a location for providing feedback or using it
as an additional input surface3f]. The explored prototypes target di erent locations like the auriculatZ, 22 26,

the area behind the ea[ 4, 23 46, the earlobe 9, 12, 27, and the auditory canal?, 6, 19 2(. Below, we rst
discuss related work on the noti cation channels that we propose for earlobe output. Then we present related
work on the di erent ear locations in terms of what has been evaluated on the input and output side of the ear.

2.1 Selection of Notification Channels

We propose the earlobe as a location for various types of noti cation output. Comparisons of di erent noti cation
channels have already been conducted for other body locations, with a focus on smartwatches and rings. Roumen
et al. [37] presentedNotiRing a set of ve interactive rings for the noti cation channels light, sound, vibration,
poke, and warmth. They evaluated the reaction times and error rates for di erent levels of physical activity
(laying, sitting, standing, walking, and running). The results show that the participants reacted most quickly
to vibration, which was also the most reliable noti cation channel. Physical activity did not a ect the reaction
times for vibration, sound, and poke. In contrast, the noticeability of light and thermal feedback was a ected by
the physical activity.

An evaluation of ten di erent channels (press, poke, pinch, heat, cool, blow, suck, vibrate, moisture, and brush)
at six di erent body locations (collar bone, shoulder, stomach, side of the torso, upper arm, lower back) under
clothes for delivering noti cations was conducted by Bhatia et f8]. The results show that the location a ects
the error rate, but the reaction time is only dependent of the channel. Further, Warnock. §43] evaluated
di erent modalities (visual, auditory, tactile, and olfactory) for presenting noti cations in a desktop environment.
Participants had to react to these during a card game as the primary task. The modality did not a ect the error
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rate of the primary task, but the olfactory and tactile modalities slowed down the performance of the primary
task. Roumen et a[37], Bhatia et al[3] and Warnock et al[45] explore various sets of noti cation channels,
while we focus on a smaller and more commonly used set of noti cations channels (poke, vibration, thermal
warm and cold, sound, visual for public scenarios) for our evaluation. For some more exotic noti cation channels
evaluated by Bhatia et aJ3] and Warnock et al[45], we see problems in miniaturizing them for daily use: blow
and suck need an additional air pump, brush needs an additional servo motor, olfactory, and moisture need some
re lling of liquids as well as some volume to store it. The noti cation channels press, pinch, and poke of Bhatia
et al. [3] could not be evaluated easily, as the ear clip always adds some pressure on the earlobe to fasten the
prototype. Further, when the solenoid is activated the pin compresses the earlobe between itself and the ear clip,
which could be perceived as increased pressure, poke, or a pinch on the earlobe.

Electrotactile feedback for wearables was evaluatet@iantileWeaf43. Di erent locations around the wrist and
ring nger were compared for electrotactile and vibration feedback. The results suggest that electrotactile feedback
is more localized than vibration feedback. The evaluation of di erent patterns showed that the participants
recognized the patterns more accurately with electrotactile feedback than with vibration feedback. However, the
participants preferred vibration feedback. We included electrotactile feedback in our set of noti cation channels
for ear clips, as it produces soundless tactile feedback and is fairly energy e cient [18].

2.2 The Ear as Location for User Input

On the input side, well-known earables, like tleSensplatform from Nokia Bell Labs19, enable playing and
measuring sound, sensing motion, and communicating via Bluetooth. Réddiger @ kvaluated the design
space and usability of an earable prototyping platform that is based oneBensplatform with a focus on
problem-oriented learning. Unlike theSensplatform, EartoucH 2(] adds photo-re ective sensors to an in-ear
headphone to measure shape deformations of the ear.Hdmtouclprototype recognizes ve ear-pulling gestures
with an average accuracy of 77.43BarBit[2] compares di erent sensor settings for recognizing chewing. Bedri

et al. places a proximity sensor near the auditory canal to measure the deformation of the auditory canal, an IMU
behind the ear, and a microphone around the neck. A comparison of the recognition rates of the di erent sensors
and their combinations showed that the IMU behind the ear as the sole sensor, achieved the best recognition rates
and was rated as the most comfortable variafiiracle[4] is a wearable earpiece with a contact microphone that

is worn behind the ear to detect chewing. Auracle achieves an accuracy of up to 92.8%.

Several works propose wearables that are not worn in the auditory caBatput[23 is an arc-shaped accessory
worn behind the ear, consisting of 12 distinct electrodes that can recognize single-touch or multi-touch events as
well as grasp interactions and mid-air gestures via capacitive sensing. Lissermanrpedvade an analysis of the
design space behind the ear for input purposes and report the results of an experiment that shows that di erent
regions behind the ear can be targeted reliab§kin[46 enables the production of custom touch sensitive and
exible skin stickers. For example, a sticker that is attached to the back of the ear o ers touch buttons to control
a music application. The recognition of face gestures is also possible with ear-worn devices. FutanjiL.é} al
present three di erent prototypes, located either on the earlobe, the auricular, or the tragus. Optical sensors
measure the deformations of the ear when performing a face gesture. Nine face gestures could be recognized
with high F-scores of above 94 %. While we are investigating the output capabilities of ear clips, the mentioned
works in this subsection did not in uence our work strongly. However, they show the high relevance of research
on wearables on or at the ear, as it is an excellent location to sense input and present information.

2.3 Presenting Information on the Ear
On the output side, di erent modalities have been evaluated. For example, Nasser[26ainvestigated thermal

feedback at the auricular area of the ear by presenting cold and hot stimuli with an earhook prototype with
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