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   (f) Our Solution: Self-Sensing Concrete via EcoCapsules
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Fig. 1: Sensing Solutions for SHM. (a) - (e) shows the traditional sensing solutions by using !ber optical or !ber grating sensors,
electrochemical sensors, piezoelectric sensors and wireless sensors; (f) shows our solution where EcoCapsules are mixed into concrete when
the walls are being built. Afterwards, the operator can intrusively attach the transmitting and receiving PZTs onto the wall to communicate
with the EcoCapsules implanted early, thereby acquiring the SHM-related data from the sensors integrated within the EcoCapsules.

highly expensive major infrastructures (e.g., bridges or skyscrap-
ers).

The RF-based wireless sensor network (WSN) was introduced
as a promising alternative solution [44] dissolving cable bonds.
However, the WSN is still rarely employed for SHM in practice
because of two main reasons. The battery-driven sensor node must
be updated regularly for battery replacement. Such behaviour may
either harm the building or constrain the deployment of sensors.
Second, the reinforced concrete is made by mixing sand, water, and
steel, which form a natural Faraday cage preventing from the inside
RF signals out or vice versa. Thus, WSN nodes are only attached
on the surface of a building, as shown in Fig. 1(e), thereby failing to
meet the demand of internal structure monitoring, which is more
valuable than the super!cial traits monitoring. In recent years,
architecture experts envision a type of self-sensing concrete by
mixing minor functional !llers into the conventional concrete. The
presence of these functional !llers provides the concrete to have
an interchangeable and sensible wireless network from outside.

In this work, we push this vision forward by introducing a
battery-free, computable, sensible and connectable !ller, called Eco-
Capsule. This pint-sized and cost-e"ective piezoelectric backscatter
sensor can be wirelessly charged and connected via elastic mechan-
ical waves. As part of the concrete, EcoCapsule nodes are mixed
with cement, sands, waters, and other rawmaterials during building
construction. They can be implanted permanently into a building
without follow-up maintenance, thereby ensuring the structural
intact of the target building during the running period. As shown
in Fig. 1 (f), when acquiring structural parameters of interests (e.g.,
strain, acceleration, etc), the operators attach the transmitting and
receiving piezoelectric transducers (PZTs) on the surface, which
exert well-designed elastic waves into the concrete to power up
EcoCapsules for sensing and communication. Afterward, EcoCap-
sules send back data by using the backscatter communication, i.e.,
re#ecting or not re#ecting elastic wave to modulate bit one or zero.

Piezoelectric backscatter systems (PBSs) have been successfully
applied to underwater communication [31, 36]. However, whether

they are applicable to a concrete environment (soli media) remains
unclear. In particular, applying a PBS for wireless communication
in solid materials entails three main challenges.

• First, the fundamental challenge is that the propagation of me-
chanical waves (i.e., elastic waves) in solid materials (e.g., concrete)
is much more complicated than that in liquid materials (e.g., air
or water). In particular, an elastic wave travels in liquid materials
with a single mode. On the contrary, !ve or above multiple modes
are activated, traveling in solid materials. In short, di"erent wave
modes can be regarded as multiple copies of the original elastic
wave, but they travel with di"erent physical forms and speeds. The
coexistence of these copies eventually results in severe intra-symbol
interference at the receiver side (i.e., EcoCapsule), degrading the
e$ciency of energy harvesting and symbol decoding. We !rst char-
acterize the signal propagation in concrete and then design a wave
prism to deal with the issue mentioned by eliminating redundant
modes but maintaining the S-wave as the single carrier.

• Second, the reader modulates bit one or zero through the PIE
encoded on/o" keying (OOK) in the downlink; that is, turning
on or o" the transmitting PZT. Nevertheless, a PZT still vibrates
even after the driving voltage is turned o" because of the inertia
(i.e., ring e"ect), resulting in serious bit tailing and further inter-
symbol interference. We take advantage of the resonance e"ect and
dual-frequency based FSK to achieve the OOK at the receiver side.
In particular, the PZT is vibrated at a resonant or non-resonant
frequency of the concrete (rather than turning it on or o"). The
concrete naturally suppresses the waves at non-resonant frequency
because of the o"-resonance. EcoCapsule nodes eventually receive
the high/low amplitude bits similar to the OOK encoded bits.

• Finally, the external pressure that an EcoCapsule receives from
the surrounding concrete is approximately 2.4× higher than that
from underwater in the same depth. We design spherical and stress-
less shells to overcome such harsh deployment environment for
protecting the internal circuity from being cracked or deformed.
We also add an array of Helmholtz resonators in the front of the re-
ceiving PZT at an EcoCapsule to amplify the arrived waves further.
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