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ABSTRACT
This paper presents Wattom, a highly interactive ambient eco-
feedback smart plug that aims to support a more sustainable
use of electricity by being tightly coupled to users’ energy-
related activities. We describe three use cases of the system:
using Wattom to power connected appliances and understand
the environmental impact of their use in real time; scheduling
these power events; and presenting users with personal con-
sumption data desegregated by device. We conclude with a
user study in which the effectiveness of the plug’s novel in-
teractive capabilities is assessed (mid-air, hand-based motion
matching). The study explores the effectiveness of Wattom
and motion matching input in a realistic setup, where the user
is not always directly ahead of the interface, and not always
willing to point straight at the device (e.g., when the plug is
at an uncomfortable angle). Despite not using a graphical
display, our results demonstrate that our motion matching im-
plementation was effective in line with previous work, and
that participants’ pointing angle did not significantly affect
their performance. On the other hand, participants were more
effective while pointing straight at Wattom, but reported not to
finding this significantly more strenuating then when pointing
to a comfortable position of their choice.
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INTRODUCTION AND RELATED WORK
The rising energy consumption and its impact on the envi-
ronment is one of the biggest issues of our times; one that is
currently being tackled across several fields such as economics,
engineering or psychology. The end-user or energy consumer
is an important element of this widespread sustainability effort.
If we consider that 13% of the total energy consumption in
the world happens in a domestic environment, savings made
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here can have a big impact in our sustainability efforts, es-
pecially since this value is expected to continue to increase
[2]. Approaches that deal with the energy consumption of end-
users fall under the umbrella of eco-feedback technologies,
defined as technology that provides feedback on individual
or group behaviors with a goal of reducing their impact on
the environment[18]. In general, these technologies present
consumption information in terms of monetary cost or Watts,
either numerically, in charts [14]), or even using metaphors,
such as a digital fish tank whose representation improves un-
der the user’s sustainable behaviors [19]. However, some have
argued that this types of information are often disconnected
from the actual behavior driving the consumption, or from the
resources being consumed [11]. Pierce et al. [25] was one of
the first to address this issue by materializing energy through
a set of tangible artifacts.

This sub-field of eco-feedback has been described as tangi-
ble or ambient eco-feedback, and generally, work in this area
relies on physical artifacts that change their appearance to
inform users on their energy usage. One of the early examples
is the Power-Aware Cord [20], a power extension that displays
the electricity consumed through a colored animation on the
cord itself. Heller et al. [21, 22] explored a similar approach,
in which the consumption information was provided not on a
power cord, but on a wall socket (through colors and anima-
tion). Other examples describe ambient displays as bespoke
physical artifacts [1, 24, 26], or embedded into a home’s smart
lighting system [13]. And although tangible and ambient eco-
feedback displays have been shown to be very effective at
raising awareness of users’ energy consumption [6], these tend
to present one-dimensional data, support very little interaction,
and ultimately, limit how users act on their consumption [27].

We present Wattom, a smart plug that builds on the Power-
Socket [21] by supporting direct and mid-air interaction with
the device itself, and the consumption information it provides.
Interaction with Wattom is built around motion matching [17,
29, 31], a novel interaction paradigm where users interact
with the system by tracking its different animations with their
hands (tracked through the motion sensors embedded on most
wrist-worn wearable devices). Compared to other mid-air and
embodied interaction techniques [4, 12, 23], motion matching
does not require gesture discovery and memorization [10]; and
our implementation is not affected by the limitations of optical
tracking, such as a limited field-of-view (FOV), occlusion and
changing lighting conditions, and well-known privacy con-
cerns when used in the context of the home [7]. This paper
provides the following contributions. First, we describe the
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Figure 1. Wattom supports mid-air input through a motion matching approach, in which interface elements (a blue light) move in distinct trajectories,
and the user interacts with these by tracking their motion using their arms (e.g., to power the connected appliance). Wattom can also adjust its backdrop
color based on the amount of renewable energy present in the grid at the moment of interaction (red indicates a renewable quota close to 0%).

implementation and affordances of Wattom, a highly interac-
tive ambient eco-feedback device that is tightly coupled to
users’ energy-related activities. And second, we study the
effectiveness of motion matching in the context of a smart
home, where users not always perceive the moving stimulus
directly ahead of them (as in a traditional lab setting [8, 9,
30]), or are not able to comfortably track interface motions by
pointing directly at the device (e.g., while laying on the sofa).

WATTOM
Inspired by tangible and ambient eco-feedback devices such
as the Power-Aware Cord [20] and the PowerSocket [21],
Wattom is a energy aware smart plug with direct and touchless
interactive capabilities. Wattom allows users to be informed
on the energy usage of any electrical device connected to it, to
control the power to said devices, and to be informed on the
amount of electricity being generated by renewable sources at
any given moment — which in turn can be used to facilitate or
hinder access to the plug’s control capabilities. In this section,
we describe Wattom’s implementation and functionality, and
three example uses of the system.

Implementation
Wattom employs a Schuko plug1, that for the sake of conve-
nience was housed in a 16.3 (w) × 12.5 (h) × 8.7cm wooden
case that connects to a standard wall socket. Surrounding
the Schuko plug are 12 RGB LEDs (24-bit color), equally
spaced around a 7cm circle (diameter). Wattom houses two
micro-controllers: an Arduino Nano2 responsible for control-
ling the LEDs; and an Intel Edison3 that manages the program
logic, server-side access, and energy measurement and control
(together with an ADC, 10A relay, and ASC712 current sen-
sor). In addition to energy measurement, the Intel Edison is
also responsible for two additional core features of Wattom.
It records power events, defined as sudden power changes,
and which are normally associated with an appliance being
turned on or off, or a change in state (e.g., a fridge door being
opened). Afterwards, it employs a non-intrusive load moni-
toring (NILM) algorithm [32], enabling Wattom to identify
which electrical appliance is being used simply by its power
event signature. Finally, the micro-controllers communicate
using the I2C protocol. Full details and diagrams can be found
at hidden for anonymous submission.
1https://en.wikipedia.org/wiki/Schuko
2https://store.arduino.cc/arduino-nano
3https://software.intel.com/en-us/iot/hardware/edison

Server-side
Wattom communicates wirelessly with a Node.js4 web server
that logs the state of every LED in real-time. The web server
also provides an API that enables third-party applications to
have full control over the LEDs, to power or disable the de-
vice(s) connected, and to issue any queries related to the energy
consumption of these devices. The server is also capable to ac-
cessing other service providers for relevant information, such
as real time data on the renewable energy quota. Finally, while
only one Wattom plug was built, the web server was designed
to handle multiple plugs at once with minimal configuration.

Interaction
Wattom supports mid-air interaction by implementing a mo-
tion matching approach. In motion matching [29], interface
elements move in continuous and distinct trajectories, and the
user interacts with these by tracking their motion as closely as
possible using any body movement (see Figure 1). In Wattom,
user input is captured using an approach similar to WaveTrace
[30], a motion matching implementation where user input
is captured through motion sensors embedded in most wrist-
worn devices such as smart watches, and represented as yaw
and pitch values. While visually inspired by [15], the lack of
a graphical displays means that Wattom employs a novel ap-
proach of displaying interface elements as moving lights using
the LEDs (the user perceives the moving lights as moving tar-
gets). Wattom can display up to six concurrent targets (so that
there is at least one LED turned off in-between targets), and
these can move in clockwise or counter-clockwise motions.
Targets share the same speed to minimize overlapping.

Target selection is supported as follows. A bespoke Android
Wear 1.0 application runs in both the user’s wrist-worn device
(wearable) and smart phone/tablet (mobile). As in WaveTrace,
the execution starts after the user performs a flick of the wrist
(a standard Android gesture), which triggers the target move-
ments. At the start of this process, and using the server’s
API, the mobile device receives all target positions (i.e., active
LEDs, a value from 0 to 11) and directions (0 or 1). The mo-
bile device is then responsible for simulating this movement in
a Cartesian plane (x- and y-positions) using a predefined target
speed, effectively increasing the resolution of the Wattom dis-
play. The mobile device is also responsible for receiving yaw
and pitch values from the user’s wearable device. These activi-
ties take place at 25Hz. At 300ms intervals, the mobile device
4https://nodejs.org/en/



verifies the target positions on the web server, and updates
its simulation if necessary. Finally, the mobile device runs
various Pearson’s correlations [30] between the yaw and x data
points of all targets, and between the pitch and y data points.
If four consecutive correlation results between user input and
a target movement are over a developer-defined threshold in
both axis, the target is selected (and the user receives a hap-
tic confirmation on their wearable device. These correlations
take place every 60ms, using the latest 40 data points (rolling
window). Target movement is disabled after the user rests its
arm by its side (to minimize visual overload).

We now describe three use cases built as third-party applica-
tions to the Wattom’s web server API.

Powering devices and environmental awareness
The simplest functionality of Wattom enables users to remotely
power or disable a connected appliance. This is done by dis-
playing a moving blue target that triggers this functionality.
Inspired by [20, 22], the speed of this target and backdrop col-
ors (the other LEDs) change based on the amount of renewable
energy present in the grid at the moment of interaction. Our
implementation averaged the percentage of electricity from
renewable sources in the grid over the last three years in hid-
den for anonymous submission. This resulted in a value close
to 25%. As such, during normal operation, if the real time
renewable quota is close to this baseline, Wattom displays a
yellow color as backdrop to the blue target, which moves at
140°/s. On the other hand, if the real time renewable quota is
below or above this baseline (from 0 to 50%), Wattom shines
redder (see Figure 4) or greener, and has the target move faster
(max. 180°/s) or slower (min. 100°/s), respectively. This
not only informs the user of the impact of his activity at the
time of the interaction, but by having the target move at a
faster speed, actively makes it harder to power on a device that
will draw from electricity generated from a large amount of
non-renewable sources.

Simple improvements to this application could be easily im-
plemented. For example, the renewable quota baseline could
be averaged on a seasonal basis (e.g., there is more electricity
generated from solar panels in the Summer months). Other-
wise, instead of looking at renewable quotas, Wattom could
apply the same color/speed metaphor to the household’s or
neighbourhood’s average electrical consumption (if this data
is publicly available). This way, users could become more
aware of positive or negative behaviors compared to their own
past activities, or that of their neighbours.

Scheduling power events
Our second application directly expands on the application
above by enabling users to schedule when to power or disable
an appliance. This allows for a better control of their electrical
consumption; to plan certain activities when the electricity is
cheaper (e.g., night plans) [3]; or for when the user anticipates
a higher electrical output from their local photo-voltaic instal-
lation [28]. To achieve this, users start a bespoke Android
Wear application on their smart watches, and select a start and
end period for Wattom (see Figure 2). This trigger all plugs
connected to a web server (e.g., representing a household) to
sequentially display the start and end times using the 12 LEDs

Figure 2. Wattom allows users to schedule when to power or disable an
appliance through their smart watches (left). After confirming the sched-
ule on a plug (middle), each Wattom plug displays a target that enables
users to quickly assign their schedule to one or more plugs (right).

Figure 3. Wattom’s NILM capabilities enables the distinction between
various appliances connected simultaneously. Wattom displays a colored
target per appliance (left), which upon selection sends the energy con-
sumption of that device to the user’s smart watch (right).

as pointers on an analog clock. Afterwards, each Wattom
plug displays a single moving target, enabling users to quickly
assign this schedule to one or more plugs.

Disaggregating consumption
Our final example application relies on Wattom’s non-intrusive
load monitoring (NILM) capabilities to distinguish between
multiple appliances connected simultaneously to a single Wat-
tom plug. Wattom displays a individually-colored target per
appliance (up to six appliances), which upon selection sends
the latest energy consumption of that device directly to the
user’s smart watch (see Figure 3). Furthermore, this data
reflects only the consumption of that particular user, as the
data has been previously tagged with their smart watch in-
formation when used to power the appliance using our two
first applications. While not implemented, other forms of data
visualization could have been promptly explored, including
highlighting how much of the user-appliance’s consumption
was powered by renewable energy sources; or comparing con-
sumption data to an average of all other users of the system
— e.g., how much does the use of the electric kettle by a user
compares to its roommates.

USER STUDY
We designed a lab study to reflect the challenges of embodied,
mid-air interaction with smart environments, in which the user
is not always able to point at the interface comfortably (e.g.,



while laying down on the sofa), or more importantly, is not
always directly facing it. This was done with 20 participants
(10F) aged between 20 and 50 (M = 27.82, SD = 8.57), who
rated their experience with smart watches at 3.18 (SD = 2.26)
using a 7-point Likert scale (higher is better).

Experimental Setup and Design
The experiment was conducted in a quiet room, following a
within-subjects design with two independent variables (2 ×
6): pointing direction and angle. In the direction condition,
participants were asked to point towards and away from Wat-
tom; the latter in the most comfortable position they could find.
In the angle condition, participants interacted with the plug
from two meters away (2°s of visual angle), at 15° intervals
between 15 and 90°s (inclusive) — participants in the 90° con-
dition were directly facing the interface. The order in which
participants interacted with these conditions was balanced us-
ing a Latin Square (2 × 2): participants moved from 15 to
90°s or vice-versa, pointing towards or away from Wattom.
Participants completed 21 sequential trials in each condition,
with the first trial being regarded as practice and ignored from
analysis. 4800 trials were recorded in total: 2400 trials per
pointing direction (20 participants× 20 trials× 6 angles), and
800 trials per angle (20 participants× 20 trials× 2 directions).

In each trial, participants were instructed to select a red target
among five other white targets. The starting position and
direction of these were randomized at the start of each trial,
and all moved at a constant speed of 150°/sec. After a target
selection, Wattom would blink twice with red or white colors
to provide feedback user feedback. A timeout of seven seconds
was included to minimize fatigue and frustration, and logged
as a failed selection. Finally, Wattom’s web server ran on a
early version of a PINE645 from a local network.

Procedure and Metrics
Each session started with a brief explanation of the study,
and by capturing participants’ demographics. Afterwards,
participants were handed the smart watch (an LG G Watch,
placed on the wrist of their dominant hands), shown how the
Wattom works, and allowed to interact informally for a short
time. A chair was placed at the starting position (at either 15
or 90°s from the interface), and moved by the researcher after
the trials for each angle position were completed. Participants
were allowed to rest for four seconds between trials, and for
ten seconds while changing angle positions. This information
was displayed on an 10′′ tablet placed beneath Wattom, which
also produced auditory feedback after a target selection or
timeout. After completing the selection task in all angles in a
pointing condition (towards or away), participants were asked
to complete the Borg CR10 [5] scale of perceived exertion.
This captured participants’ perceived effort (shoulder, arms,
hands or fingers) in a scale of 0 to 10 (0.5 increments, higher
is harder). Finally, data on participants’ success rates and
selection times were recorded for further analysis.

5https://www.pine64.org/

Figure 4. The results from the user study, in which the success rates and
acquisition times were captured across two conditions: pointing direc-
tion (towards or away from Wattom) and angle (15 to 90°s).

Results
The results for participant performance can be seen in Fig-
ure 4. Both success rates and selection times were ana-
lyzed using a two-way repeated measures ANOVA. These
which incorporated Greenhouse-Geisser corrections when
Mauchly’s test showed sphericity violations, and were fol-
lowed by Bonferroni-corrected post-hoc t-tests. Regarding
success, no statistically significant two-way interaction was
found between pointing direction and angle, F(5, 95) = .210,
p = .958 — the assumption of sphericity was met, χ2(14) =
15.078, p = .378. There were also no statistically significant
differences between pointing angles, F(5, 95) = .677, p = .642
— the assumption of sphericity was met, χ2(14) = 21.030, p =
.104; but there was a significant effect of pointing direction on
participants’ success rates: F(1, 19) = 11.911, p = .003 — the
assumption of sphericity was violated, p < .001. Two outliers
were identified prior to analysis (studentized residual values
of -3.06 and -3.83), but were found to not affect these results.

The results above were mirrored for selection times, in which
no statistically significant two-way interaction was found be-
tween our independent variables, F(5, 90) = .678, p = .641 —
the assumption of sphericity was met, χ2(14) = 12.638, p =
.560. There were also no statistically significant differences
between pointing angles, F(5, 90) = .612, p = .691 — the
assumption of sphericity was met, χ2(14) = 9.202, p = .820;
but there was a significant effect of pointing direction on par-
ticipants’ selection times: F(1, 18) = 4.542, p = .047 — the
assumption of sphericity was violated, p < .001. P10 was re-
moved from the selection times analysis, as it lacked a single
data point for the pointing away at a 15° angle condition (0%
success rate, and one of the outliers described above).

Finally, a Wilcoxon signed-rank test found no significant dif-
ferences between participants’ perceived effort while pointing
towards (M = 2.33, SD = 1.77) or away (M = 2.28, SD = 1.94)
from Wattom, z = -.267, p = .787.

Discussion
The results above are fairly positive, and provide novel insights
into the use of motion matching to interact with smart devices
and environments. First, participants were more effective
while pointing towards Wattom, which could potentially limit



its use in real-world scenarios when the user cannot point
comfortably at the plug (e.g., laying down on the sofa). That
being said, participants did not find the task of pointing straight
at the Wattom particularly more strenuous then pointing in
a comfortable position of their choice (e.g., pointing at the
floor). Furthermore, the average success rate of 84% (SD
= 1.25) while pointing towards Wattom was very much in
line with previous work based on motion sensors [16, 30],
particularly taking into account the small visual angle (2°) and
low resolution of the moving stimulus (12 LEDs/pixels). We
argue these results can be improved by implementing Wattom
with a higher resolution LED ring (e.g., 24 LEDs6).

Acquisition times were fairly consistent across conditions (ap-
prox. 3000ms), and in line with previous work using wrist-
worn motion sensors [30]. This value can be further explained
by our study design and hardware choice. That is, a target
selection could only take place after an initial 40 data points
(rolling window) had been collected, and this took place at a
very low rate of 25Hz — at the start of each new trial, it would
take Wattom at least 1600ms to be ready to respond to user
input again. That being said, this selection time did not seem
to aggravate participants’ physical fatigue, as they reported
an average Borg CR10 result indicating weak (light) physical
exertion across conditions. Finally, and more importantly, we
were able to demonstrate that participants could effectively in-
teract with Wattom from various angles. This further suggests
that the plug does not require a specific interaction ’sweet spot’,
potentially increasing and facilitating its real-world use. More
generally, these results suggests that participants were likely
able to mentally transform the visual stimulus at extreme an-
gles (ellipse) to the ideal trajectory (circle). This information
should be of value to other researchers exploring real-uses for
motion matching interfaces, but further work should explore
if this is the case when the target trajectory cannot be easily
anticipated (e.g., random or complex target trajectories [8]).

CONCLUSION AND FUTURE WORK
This paper presented Wattom, smart plug made interactive by
the use of motion matching input. This work was motivated by
a need to provide users with energy consumption information
that was tightly coupled with their energy use, and the energy
source. Furthermore, Wattom was designed to not only facili-
tate control over electric appliances for a-far, but also invite
users to further inquire about their energy use: either through
personal data visualizations, or by hindering their access to
the Wattom’s control functionality. Finally, we also demon-
strate that motion matching input can be provided effectively
from very extreme angles, which should further facilitate the
plug’s use in real-world settings. Because Wattom was built as
an open platform with a public API, many more applications
could be easily explored in the future, including its use as
a non-interactive ambient display, or outside of the scope of
sustainability (e.g., the LED ring could display a connected
device’s battery level). More importantly, the more pressing
work should look at studying Wattom in real-life deployments
over longer periods of time (e.g., home, office), with the aim
of assessing its effectiveness (from an awareness, interaction,

6https://www.adafruit.com/product/2863

and sustainable perspective), social acceptability in shared en-
vironments, and user satisfaction. We have provided three uses
cases and external resources that should inspire and simplify
the implementation of Wattom by other researchers, with the
aim of accelerating research in this area, and expanding the
uses cases of the platform.
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