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ABSTRACT
The rising older adults population has led to an increased demand
for in-home health monitoring to support their well-being in daily
life. For instance, localization and tracking are essential applications
in elderly monitoring since they can provide various information on
health, mobility and can detect falls. The required power and com-
putational resources of traditional acoustic sensor-array solutions
make them unavailable on power- and computation- constrained
embedded devices. In this paper, we present LEVO, a single-point
directional acoustic sensing system that leverages simple LEGO®

bricks to build up a physical structure that can embed directional
information into a signal waveform. Our preliminary results veri-
fies the feasibility of adopting LEVO for signal direction recognition
from signal-point sensing data.
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1 INTRODUCTION
Older adults monitoring is essential for reducing the caregiver’s
burden and improving older adults’ quality of life. Multiple sensing
technologies have been explored, including wearable [6], vision [4],
radio frequency [3], and vibration [5]. However, they often have
limitations when deployed in real-world. For example, wearables re-
quire the user to wear them constantly, whichmay cause discomfort
for long-term usage. Vision and audio sensing directly record the
image/video or audio data of the user, which rise privacy concerns
especially in residential buildings. Radio frequency based methods
are non-intrusive solutions, however, they are often susceptible to
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Figure 1: LEVO overview. LEVO uses configurable bricks to
change the structural response function ℎ(𝑡), which embeds
a directional signature in the recorded vibration signal 𝑦 (𝑡).

interference and cluttered environments. Acoustic vibration based
methods have been explored to acquire fine grained information
(e.g., step-level localization, gait balance). However, they require
multiple sensor deployment [5] due to their omnidirectional sensing
properties.

In this work, we present LEVO, a single-point vibration sensing
system that leverages configurable LEGO® bricks to embed direc-
tional information in mechanical waves for direction sensing. The
physical structure of a wave-carrying medium strongly affects the
mechanical waves traveling through it, and impacts the frequency
distribution of such waves. In particular, the physical structure
properties, such as size, shape, and material [2] all affect the wave
frequency distribution. By surrounding a sensor with a medium
that is drastically different along different directions, the sensor will
record waves with different signatures when they come from differ-
ent directions. As shown in Figure 1, LEVO leverages this principle
to manipulate mechanical waves in a direction-dependent man-
ner – using low cost and re-configurable LEGO® bricks to create a
wave-carrying medium that leaves a unique directional signature
in the traveling mechanical waves [1]. By carefully designing the
structure, it is possible to recognize the wave direction from the
vibration data recorded by a single sensor.

2 LEVO DESIGN
For non-intrusive and privacy-preserving occupant tracking, we
use a vibration sensor [7, 8] deployed on the structure surface to
capture the occupant’s activity-induced mechanical waves. To de-
crease the amount of sensors and computational resources required

https://doi.org/10.1145/3625687.3628385
https://doi.org/10.1145/3625687.3628385
https://doi.org/10.1145/3625687.3628385


SenSys ’23, November 12–17, 2023, Istanbul, Turkiye Yue Zhang, Shikha Patel, Dong Yoon Lee, Paolo Celli, Amelie Bonde, and Shijia Pan

for directional sensing, we design a physical structure installed
between the vibration sensor and the structure surface to embed
the directional information into a mechanical wave.

𝑦 (𝑡) =
∫ 𝑡

0
ℎ(𝑡 − 𝜏)𝐹 (𝜏)𝑑𝜏 (1)

We can model the mechanical wave as a simplified SDOF system
as shown in Eq. 1 [2], where 𝐹 (𝑡) is the applied force (i.e., human
footstep), ℎ(𝑡) is the impulse response function for the structure,
and 𝑦 (𝑡) is the displacement of the structure. When the structure
impulse response ℎ changes, the displacement of the structure 𝑦
changes with it, even the excitation force 𝐹 is the same. By building
a structure which has a unique impulse response in each direction,
the sensor recorded mechanical wave from different directions
should be distinguishable. Inspired by this intuition, we designed a
physical structure between the sensor and the floor to embed the
direction information into a wave.

LEVO contains three parts as shown in Figure 1: supporting poles,
baseplate and metamaterial filter built with LEGO® bricks [1]. The
supporting poles are to separate the base plate from the floor to
control the wave propagation paths from the edge to the sensor.
The mechanical waves propagates through the designate path and
the metamaterial filter. By changing the LEGO® bricks’ shape and
pattern on the baseplate, we control the metamaterial filter proper-
ties [1]. By applying the metamaterial filter at different area of the
baseplate, we configure the different metamaterial filter properties
on different propagation paths, which embeds the directional infor-
mation into the mechanical waves before they are captured by the
sensor. With these patterns of bricks, LEVO represents a passive,
low-cost, and re-configurable solution to embedding the direction
information in the vibration waveform.

3 PRELIMINARY RESULT
Experiment Setup. To verify the design of LEVO, we use the

excitation from dropping a ball at a consistent location and height as
a standard signal. We investigate four directions (shown in Figure 1),
and collect 20 ball drops induced vibration signal in each direction,
which drops at same location from same height. We compare the
result of two configurations: with and without metamaterial filter
for embedding directional information.

Preliminary Result. Figure 1 shows the frequency domain (1
Hz to 80 Hz) of the acquired vibration signals of two configurations.
We observe that the frequency domain signals of the same excita-
tion propagating to the sensor from different directions showing
different level of homogeneity with and without LEGO® bricks
built metamaterial filters. Figure 1 (a) shows the frequency domain
signals without metamaterial filter, where two frequency bands
are excited at 22 and 40 Hz for signals from all four directions.
While Figure (b) depicts that the frequency domain signal pass-
ing metamaterial filter has frequency band excited at 14, 23, and
39 Hz differently over the four directions. This indicates that the
LEGO® bricks built metamaterial filter is capable of embedding
directional information into the mechanical waves. We plan
to conduct more studies to control the metamaterial filtering ef-
fects on human-induced structural vibration signals for effective
single-sensor occupant tracking.
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Figure 2: The average frequency response and the standard
deviation (width of the curve) of the vibration signal without
metamaterial filter (a) and with metamaterial filter (b).

4 CONCLUSION
In this paper, we introduce LEVO, a single-point direction sensing
system through a passive, low-cost, and re-configurable metamate-
rial structure. LEVO utilizes the metamaterial filter made of LEGO®

bricks to manipulate the frequency components of the mechanical
wave, which embeds the direction information into the waveform.
We report the preliminary results on direction information embed-
ding and discuss opportunities and future plans.
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