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SUMMARY

Biomolecular piezoelectric materials offer an inexpensive, non-
toxic, and renewable alternative to current commercial piezoelec-
trics, which rely on toxic heavy elements. Currently, there is a lack
of testing for real-world applications of these eco-friendly crystals.
Here, we validate an amino acid-based sensor capable of real-time
detection of pipe leakage, a global challenge for sustainable water
access. The polycrystalline device demonstrates data-driven deci-
sion making in identifying degraded pipelines, exploiting the rela-
tionship between leak-induced vibration and piezoelectric voltage.
The device has piezoelectric strain and voltage constants of
0.9 pC/N and 60 mV m/N. Peak voltage of �2 V is recorded in the
low-dielectric film at high flow rates and large leak size. The glycine
crystal sensors demonstratemuch higher sensitivity than PVDF poly-
mer patches. The sensors can operate over a range of test leak sizes,
with the energy content of the worst leak state being >10 times that
of a healthy pipe.

INTRODUCTION

In the past 10 years, biological piezoelectric materials have emerged as the potential

next generation of cost-effective, green electromechanical sensors.1–3 The piezo-

electric voltages produced under an applied force are inversely proportional to

the dielectric constant of the material, and so even ‘‘weak’’ organic piezoelectrics

(with modest piezoelectric constants compared to inorganic ceramics4,5) can

generate large voltages in response to strain. Amino acids are the simplest biolog-

ical units, are inexpensive and easy to crystallize,6–9 and demonstrate measurable

piezoelectricity in single crystal10–12 and polycrystalline forms.13,14 The g-glycine

polymorph in the present study is the only amino acid crystal with 3 finite longitudi-

nal piezoelectric constants in single crystal form,10 ranging from 1 to 10 pC/N. Its

electromechanical properties are highly stable at room temperature, and as we

demonstrate, the crystal solution is suitable for batch processing on flexible conduc-

tive substrates. g-glycine is a stable polymorph under high humidity, with meta-

stable polymorphs transforming into the g form as humidity increases.15

Leak detection in fluid-carrying pipes is crucial for sustainable water access, and vi-

bration-based techniques have proven to be effective at early detection of leak

onset.16–19 Current commercial solutions are either battery powered,20–22 or, if

piezoelectric, very costly.23,24 In addition, most commercial accelerometers have

rigid structures,25 making them unsuitable for bonding to curved pipes. Alternative

patch-type piezoelectric sensors have proven effective for pipe leak detection and

monitoring,26 fabricated from commercially procured polyvinylidene difluoride

(PVDF) films despite the complex high-temperature synthesis and electric poling re-

quirements.27,28 A central focus of this article is the growing of alternative organic
Cell Reports Physical Science 2, 100434, May 19, 2021 ª 2021 The Author(s).
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glycine crystals on a flexible substrate and the subsequent fabrication of the biomol-

ecular crystal assemblies into bio-based piezoelectric patches. This fabrication pro-

cess requires far less experimental and environmental resources when compared to

those of PVDF films.

Vibration-based techniques for pipe leak monitoring rely on both the fluid-structure

interaction (FSI) and the negative pressure wave propagation attenuation mecha-

nism (NPWPAM) phenomenon that propagates to the pipe surface and excites vibra-

tory oscillations.29–34 This works by bonding vibration sensors onto the outer pipe

surface and measuring their electrical output due to the consequent pipe surface

strain or acceleration due to this vibration.35–37 For the healthy pipe state, the

flow-induced vibration is due to FSI, and its magnitude is directly proportional to

the fluid flow rate.38,39 The onset of a pipe leak results in the generation of an addi-

tional NPW that decays away from the leak site equally in both directions,40,41

creating an increase in pipe surface vibration levels as it propagates along sections

of the pipe before dissipating. Baseline vibration signatures of a healthy pipe can be

established from the bonded sensors and leaks can then be detected from an in-

crease in signal amplitude over time. In a piezoelectric patch sensor, the generated

charge is directly proportional to the pipe strain; therefore, the increased pipe vibra-

tion levels due to a leak result in increased amplitude of the sensor output voltage

signal when compared to the baseline signal of the healthy pipe at the same flow

rate. Details regarding FSI and NPWPAM and a summary of the derivation of their

expressions is presented in Notes S1–S4, including Figures S1 and S2.

In this work, we experimentally validate flexible glycine-based sensors for pipe leak

detection and monitoring in real time for a variety of flow rates and leak sizes using a

custom fluid test rig developed for the validation of PVDF patches.26 This is the first

time that glycine crystals have been grown and characterized as a high-concentra-

tion, polycrystalline aggregate for piezoelectric sensing. We demonstrate that the

sensors can detect the presence of a leak, localize the leak, and estimate the leak

severity based on the voltage profile generated by the pipe vibration. The study

demonstrates that low-dielectric, non-centrosymmetric biomolecular crystal films

can work efficiently and sustainably as sensors for pipe structural health monitoring

(SHM) applications, highlighting their potential in extensive monitoring of built infra-

structure systems.
RESULTS AND DISCUSSION

Polycrystalline film growth and characterization

g-Glycine crystallizes in a trigonal space group, endowing it with unique piezoelec-

tric properties (Figure 1A). The orientation of the zwitterionic glycine molecules in

the unit cell results in a net polarization along the crystallographic c axis at equilib-

rium, corresponding to a dipole of 14 D. What is unique about g-glycine is that when

a force is applied parallel to any crystallographic axis, a net polarization results along

the same axis. When drop cast onto a flexible copper substrate at room tempera-

ture, the glycine solution evaporates to form a continuous polycrystalline film of

randomly oriented crystal clusters (Figure 1B). If evaporation occurs below 283 K,

glycine grows as sparse single crystals on the copper substrate, which are not suit-

able for device formation. Due to the random orientation of the crystals within the

film, the effective piezoelectric response is lower than that of single crystals, and

there is a higher standard deviation between films. Each crystal in the film will

have an induced dipole along any of the 3 longitudinal axes when a mechanical stim-

ulus is applied to that axis, with the bulk response of the device being the net surface
2 Cell Reports Physical Science 2, 100434, May 19, 2021



Figure 1. Characterization of bio-piezoelectric leak-detectors

(A) Crystal structure of g-glycine, which allows for 3 longitudinal piezoelectric constants. Molecular

dipoles are shown in yellow; the unit cell dipole is shown in green.

(B) Optical micrograph of the dense polycrystalline film.

(C) Device schematic showing randomly oriented g-glycine clusters between 2 electrodes during

piezoelectric characterization. The longitudinal piezoelectric surface charge generated during

piezoelectric testing is also shown.

(D) XRD spectrum for a polycrystalline g-glycine film with indexed peaks.

(E) A fully bent flexible glycine-based device.

(F) Graph of longitudinal d33 response for 3 devices over repeated bending and clamping cycles.

(G) Full-length view of the flexible polycrystalline active layer on copper tape.
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Table 1. Material properties of the glycine sensors

Parameter Value

Area, Ap 150 mm2

Capacitance, Cp 28 pF

Thickness, tp 80 mm

Modulus of elasticity, Y 28 GPa

Piezoelectric strain constant, d33 0.9 pC/N

Piezoelectric voltage constant, g33 60 mV m/N

Maximum longitudinal force 18 N

Maximum longitudinal pressure 57 kPa

Dimensions and physical properties of the polycrystalline device measured before fluid rig testing.
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charge from each individual crystal (Figure 1C). X-ray diffraction (XRD) analysis shows

excellent agreement in peak locations when compared to single crystal measure-

ments.6,42 For the polycrystalline films, the predominant peak corresponds to the

(102) plane, followed in relative intensity by the (200) plane and the (110) plane (Fig-

ure 1D). When measured using the Berlincourt method, the effective longitudinal

response d33 of the active crystal layer varied between 0.5 and 1.2 pC/N. To test

the repeatability of the piezoelectric response, the glycine/copper films were tested

after multiple cycles of bending the substrate (Figure 1E) and clamping under a 10-N

force for measurement. Only the sparse films grown below 283 K showed a decrease

in piezoelectric response (Figure 1F). The dense polycrystalline aggregates with a

crystallite size of �0.5 mm in diameter grown at 288 K showed a slight increase in

piezoelectric response after repeated bending and clamping. While the crystals

themselves are rigid, the individual crystallite size relative to the flexible substrate

allows for a large range of motion of the whole device (Figure 1G). Furthermore, a

piezoelectric material will only produce continuous sustained output to dynamic

loading (strain/stress). If bending does not affect the properties, as shown here,

then the initial bending-induced charge will decay quickly, and the output of the

sensor should be zero when bonded to the pipe with no flow excitation. This was

observed during the experiments as the sensors consistently recorded zero output

when connected to the measuring chain before the start of the tests. Hence, the

bonding of the sensor on the pipe does not affect the quality of the recorded signal

output.

Given that the sensing mode for leak detection is vibration due to the leak-induced

NPW propagation (which is generally low level in nature), the sensor will undergo

neither extreme bending nor direct application of force during detection and mea-

surement. To highlight the versatility and strength of the sensor, however, we quan-

tify a fracturing force of 18 N, corresponding to an applied pressure of 57 kPa. When

sealed with insulating tape and left in water for 24 h, the crystals show no signs of

degradation and maintain their bulk piezo-response.

Three glycine sensors with identical longitudinal piezoelectric constants, d33, of 0.9

pC/N were chosen for testing in a flexible fluid test rig (Figure 1D). The physical

properties of the glycine device (i.e., the polycrystalline film and flexible copper

electrodes), are shown in Table 1, and the 3 glycine sensor patches are henceforth

referred to as GS1, GS2, and GS3. Of particular note is the piezoelectric voltage con-

stant, g33, of 60 mV m/N, which exceeds that of commercial piezoelectric lead zirco-

nium titanate (PZT).43 This is due to the low-dielectric constant of the active layer, a

property that has been engineered into piezoelectric ceramics such as barium tita-

nate (BaTiO3) via the introduction of a porous sandwich layer.44
4 Cell Reports Physical Science 2, 100434, May 19, 2021



Figure 2. Measurement system and detection mechanism

(A) Fluid test rig with 3 glycine sensors (GS1, GS2, and GS3) attached.

(B) Close-up image of a sealed glycine sensor attached to the pipe test rig.

(C) Schematic of the fluid test rig showing vibration sensor location and NPW propagation

parameters.
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The fluid test rig shown in Figure 2A contains a fixed piping network and a flexible

test pipe section. The test pipe is a 1-m galvanized steel pipe (see Table S1 for prop-

erties). The 3 glycine sensors were bonded to the outside of the test pipe (Figure 2B)

at distances of 20, 60, and 80 cm past the test pipe inlet. Leak holes of diameter from

2mm up to 10mmwere drilled at the 60-cmmark (the position of GS2). As such, GS1

is 40 cm upstream and GS3 is 20 cm downstream of the leak position (Figure 2C).

These positions were selected to see how the time series data produced by each

sensor reflects the attenuation of the leak-induced NPW to identify the location of

the leak. To obtain comparative profiles for damaged and healthy pipes, custom

fabricated leak plugs were used to seal the leak holes and restore the healthy state

(HS) of the pipe (Figure S3). The leak plugs are then pulled out to model real-time

introduction of the leaks.
Leak detection and monitoring

Figure 3 compares signals from the glycine patches for the healthy and damaged

pipe states at different water flow rates. It can be deduced from the plots that a

leak plug restores the non-leak state (LS) of the pipe, as the first half of the sensor

voltage signal output (when the leak hole was still plugged) is a close match to

that of the healthy pipe. Leak-induced additional pipe surface vibration gives a cor-

responding increase in the amplitudes of the voltage signals (at 150 s, data plotted in

blue in Figure 3) from all three sensors bonded at different distances from the leak.

This abrupt change in voltage is absent in the healthy pipe state (Figure 3, data in

red), indicating that the leak-induced NPW propagates to all three regions of the

pipe where the sensors are bonded before its complete decay. The fabricated

glycine patch sensors can locate and assess the magnitude of the leak in real time
Cell Reports Physical Science 2, 100434, May 19, 2021 5



Figure 3. Sensor detection of individual leaks

(A–C) Voltage time plots for several test scenarios showing an increase in magnitude for individual sensor outputs for leak pipe states (blue) when

compared to the corresponding healthy pipe states (red) at a common flow rate. Output is shown for a leak size of 2 mm at a flow rate of 26.50 L/min for

(A) GS1, (B) GS2, and (C) GS3.

(D–F) Next shown are data for a 5-mm leak size at a flow rate of 90.85 L/min for (D) GS1, (E) GS2, and (F) GS3.

(G–I) The voltage output over time for a 7-mm leak size at a flow rate of 45.42 L/min is shown for (G) GS1, (H) GS2, and (I) GS3.

The label D amp. in the plots marks the leak-induced jump in signal amplitude.
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by detecting the additional vibration caused by the leak. This is true for even the

smallest leak size (2 mm diameter) at the lowest flow rate (26.50 L/min), as shown

in Figures 3A–3C.

The magnitude of the NPW is directly proportional to the leak flow rate, which is in

turn dependent on the leak size (Note S1). Consequently, the larger the leak size, the

larger the leak-induced NPW and additional pipe surface vibration due to the leak.

To validate this principle for real-time leak monitoring, we can examine the output

from all three sensors at test scenarios with a common flow rate but varying leak sizes

(Figure 4). The plots for GS1, GS2, and GS3 shown in Figures 4A–4C compare 3 sig-

nals from pipes with leak sizes of 2, 5, and 10 mm in diameter, all at a flow rate of

90.85 L/min (24 gpm [gallons per minute]). Larger voltage signals are recorded

with larger leaks for all patch sensors and flow rates, demonstrating the dependence

of the magnitude of the induced NPW on the leak size.

The output signal profiles in Figure 4 also show that the size of the NPW-induced

step change grows with increasing leak size. The additional pipe surface vibration

generated due to the introduction of a leak at a test flow rate of 45.42 L/min (Figures

4D–4F) scales with the diameter of the leak for all 3 sensors. This demonstrates that

the fabricated glycine patch sensor can monitor a worsening pipe leak condition

over time.
6 Cell Reports Physical Science 2, 100434, May 19, 2021



Figure 4. Identifying and distinguishing leak severity

Voltage time plots for several leak test scenarios showing consistent increase in individual sensor outputs for increasingly large leak states at same test

flow rates. Output is shown for various leak sizes created at 150 s in pipes, with flow rate of 90.85 L/min in (A)–(C), 45.42 L/min in (D)–(F), and 71.92 L/min,

in (G)–(I) for patch sensors GS1, GS2, and GS3, respectively.
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To quantify the sensitivity of the glycine sensors over the range of test condi-

tions (pipe states and flow rates), the increase in the energy content of the sen-

sors’ output due to the instantaneous introduction of a leak was quantified and

expressed in terms of a leak index. Here, the recorded signal for each test sce-

nario was divided into the healthy pipe section and the leak pipe section of the

signal by identifying the point of abrupt change in the signal (�2.5 min, i.e.,

midway into the experiment). The energy content, in the form of the root

mean square (RMS) voltage, of the sections was then calculated. The difference

between the RMS voltage values of the sections (i.e., HS and LS sections) of

each scenario quantifies the change in the sensor output due to the instanta-

neous introduction of leak midway through the experiment. The ratio of this dif-

ference and the HS RMS voltage value gives the deviation from the HS output

due to the leak, and it is expressed here as the leak index. Table 2 presents leak

index values for test scenarios involving the highest test flow rate and for all

three glycine sensors.

Table 2 shows that a non-zero value of leak index is calculated for all LSs at 90.85

L/min. Also, the leak index calculated for GS2 at all LSs is the highest, which is ex-

pected because it is the sensor bonded directly above the leak. The highest leak in-

dex in this case is that of the highest flow rate and the worse LS test scenario (i.e.,

10 mm LS and 90.85 L/min), which records an increase just over 10 times the voltage

RMS of the healthy pipe state at that flow rate.
Cell Reports Physical Science 2, 100434, May 19, 2021 7



Table 2. Sensitivity of the amino acid-based sensor

Pipe state

Leak index, 90.85 L/min

GS1 GS2 GS3

HS 0 0 0

2.0 mm LS 0.33 2.24 1.04

5.0 mm LS 0.84 5.64 2.45

7.0 mm LS 1.06 7.75 3.09

10.0 mm LS 1.35 10.13 3.92

Calculated leak index from GS1, GS2, and GS3 at 90.85 L/min showing the high sensitivity of the glycine

sensors. HS, healthy state; LS, leak state.
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Comparison of the performance of glycine and PVDF patch sensors

The experimental conditions (test rig, flow conditions, position of sensors, leak sizes,

and sampling conditions) of the glycine validationwas chosen to approximately repli-

cate those of our previous validation of PVDF patch sensors for the same applica-

tion,26 with the only difference being that the leak introduction was not in real time

in the case of the PVDF. This allows for a comparison between the performance of

both sensormaterials. Figure 5 shows a representative bar chart comparing the calcu-

lated leak index (explained in the preceding section) recorded by the sensors directly

above the leak (i.e., the 60-cmmark from inlet), GS2, and PS2 at the flow rate of 71.92

L/min. The data show that for a worsening LS, the leak index increases for both sen-

sors, but the leak index of the glycine sensor is consistently higher than that of the

PVDF sensor. This is the case for the other two sensors and for all leak test scenarios.

Although the PVDF patches have a higher piezoelectric strain constant (d33 = 18 pC/

N) than the glycine patches (d33 = 0.9 pC/N), the low-dielectric constant (permittivity)

of the glycine sensor means that it has a much lower capacitance (28 pF compared to

the 3.30 nF of PVDF), and from the established strain-voltage relationships for piezo-

electric patch sensors, the voltage output is inversely proportional to the capaci-

tance. The capacitance of the fabricated glycine patch is orders of magnitude less

than that of PVDF patches, so much so that the higher d33 of PVDF patches is negli-

gible, and the voltage output of glycine is higher under similar strain conditions.

The relationship between the strain acting on the piezoelectric patch and the result-

ing voltage is presented as37

Vp =
ε1Sq

CP
; (Equation 1)

where VP represents the voltage generated by the sensor, ε1 is the strain acting on

the sensor, CP is capacitance of the sensor, and Sq is a sensitivity parameter = dijYAp.

In addition, dij is the piezoelectric constant, Y is Young’s modulus of the piezoelectric

material, and Ap is the area of the sensor.

Leak localization based on attenuation mechanism of the NPW

After detection of the onset of a leak, the leak can be localized based on the mech-

anism of the leak-induced NPW decaying equally in both directions away from the

leak position, consequently resulting in decreasing pipe surface vibration levels as

one moves away from the leak. This localization can be achieved using amplitude

and time-based analysis of the signals from the three glycine patch sensors bonded

at varying distances from the leak.

Amplitude-based analysis

Figure 6 compares the recorded signals from all three glycine patch sensors, with

each row of panels comparing the voltage signal output for three leak test scenarios
8 Cell Reports Physical Science 2, 100434, May 19, 2021



Figure 5. Device performance versus piezoelectric polymer patches

Comparison of leak index calculated for g-glycine and PVDF sensors, GS2 and PS2 for the test

scenarios at 71.92 L/min (19 gpm).

ll
OPEN ACCESSArticle
all having the same flow rate. Figures 6A–6C and 6D–6F present 3 leak test scenarios

each at 71.92 L/min (19 gpm) and 26.50 L/min (7 gpm), respectively. The increase in

the voltage signal is largest fromGS2, while that of GS1 is the smallest for all leak test

scenarios recorded. This is because GS2 is bonded along the test pipe at the same

position as the leak (i.e., 60 cm from the pipe inlet) and records the maximum NPW-

induced additional vibration. GS1 being furthest from the leak recorded the smallest

additional vibration due to the continuous decay of the leak-inducedNPWas it prop-

agates away from the leak position.

These data demonstrate the potential of bio-piezoelectric sensors for real-world

monitoring applications in complex pipe networks in, for example, municipal water

supplies and underground oil transport. An array of piezoelectric patch sensors

bonded to an extensive length of pipe can identify the onset, size, and location of

a leak, opening the door to real-time monitoring using inexpensive, biocompatible

materials with large potential benefits in waste reduction and minimization of envi-

ronmental damage.

Time-based analysis

Amplitude-based analysis can localize the leak to a certain region, but it cannot

report the exact position of the leak along the pipe length; for long pipe networks,

a very dense coverage of sensors will raise the cost and complexity of the system.We

show here that time-based analysis using the output from bio-crystal sensors can

precisely pinpoint a leak position by triangulating the data from the spaced sensor

and measuring the velocity of propagation of the NPW relative to one sensor up-

stream of a leak and another downstream. For any pipe health monitoring operation

using vibration sensors, the sensor with the largest increase in the amplitude of its

signal output due to a leak can be considered the one closest to the leak. Conse-

quently, the nearest sensor upstream to that sensor will be a sensor upstream of

the leak and similarly one downstream to that sensor, downstream of the leak.

This can be used to identify the sensors whose output is to be considered in calcu-

lating the leak position.
Cell Reports Physical Science 2, 100434, May 19, 2021 9



Figure 6. Amplitude-based analysis to determine leak location

(A–F) Voltage time plots for several leak test scenarios comparing sensor GS1 (red), GS2 (green), and GS3 (blue) outputs for a flow rate of 71.92 L/min for

leak sizes of (A) 5 mm, (B) 7 mm, and (C) 10 mm leak size, and a flow rate of 26.50 L/min for leak sizes of (D) 2 mm, (E) 5 mm, and (F) 7 mm.
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Applying this logic in the time-based analysis of data from this experiment, it can

be seen from the recorded sensor output data that GS2 has the highest increase

voltage amplitude of all leak test scenarios. As such, it is decidedly the sensor

closest to the leak, and GS1 and GS3 are sensors upstream and downstream of

the leak, respectively. This is consistent with what we know about the experi-

mental setup. Hence, the leak can be localized by deducing the difference in

travel time of the NPW to the positions of the pipe where GS1 and GS3 are

bonded from the time series leak test scenarios’ data recorded by these sensors.

This time difference is Dt = (t1 � t2), where t1 is the time taken for the NPW to

travel to position of GS1 and t2 is the time taken to travel to GS3, respectively

(see Figure S1).

Substituting the pipe properties shown in Table S1 and the density of water into

Equation 11 in Note S3, the speed of travel of the NPW in the pipe was calculated

to be 1.383 km/s. Knowing the position of the leak in this case and the speed of

the NPW, the theoretical values of t1, t2, and (t1 � t2) was calculated from Equa-

tions 16 and 17 in Note S4. This provides a benchmark for what can be expected

as the experimental value of (t1 – t2) from analyzing recorded leak data from GS1

and GS3. The theoretical value of (t1 � t2) is calculated to be 1.46 3 10�4 s. In the

experiment, the data sampling frequency in all test scenarios was 2 kHz, giving a

period 1/f of 5 3 10�4 s. Although the NPW will travel to GS3 faster than to

GS1, 1 time step of recorded data, which is same as the period of sampling

(5 3 10�4 s), is greater than both the theoretical values of the travel times of the

NPW to both sensors (t1, and t2) and the difference in these travel times (t1 �
t2). As such, analysis of the recorded data is expected to show that the onset of

a leak influences the output of both sensors GS1 and GS3 just 1 time step after

leak introduction.

In analyzing the experimental data, the time series wavelet transform (WT) change-

point detection algorithm was used to determine the point in time when an abrupt
10 Cell Reports Physical Science 2, 100434, May 19, 2021



Figure 7. Time-based analysis to determine leak location

(A–C) Plots for 3 leak test scenarios, focusing in on the region of data at the time of leak introduction to show the abrupt change points for GS1, GS2, and

GS3 and their coincident times T1, T, and T2 for leak sizes of (A) 7 mm with a flow rate of 90.95 L/min, (B) 5 mm with a flow rate of 71.92 L/min, and (C) 2 mm

with a flow rate of 26.50 L/min, respectively.

Other figures present the full spectrum of data points sampled at 2,000 Hz/s for 5 min; for time-based analysis, only a handful of points just before and

after the abrupt increase in output due to leak is required and thus plotted here.
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increase in the time series signal output of the sensors was recorded. WT analysis is

the most suitable for detecting discontinuity, singularity, and abrupt transitions in

signals. It addresses transient variation detection by appropriately scaling up the

signal to find the instantaneous/sharp transition.45–50 Using this algorithm, T1, T2,

and T were determined for all three sensors and all leak scenarios, T1 being the

change point for GS1, T2 being the change point for GS3, and T being the change

point for GS2. Since GS2 is bonded at the same position along the test pipe length

as the leak, T was regarded as the time of instantaneous leak introduction and the

absolute zero time in terms of propagation of the NPW. T1 is the sum of the absolute

zero time and the time it takes for the NPW to travel to GS1 (i.e., (T + t1)). Similarly, T2
is the sum of the absolute zero time and the time it takes for the NPW to travel to GS3

(i.e., (T + t2)). Since

T1 � T2 = ðT + t1Þ -- ðT + t2Þ= ðt1-- t2Þ;
T1 � T2 can be used as the time difference for the NPW to travel to positions of the

pipe where GS1 and GS3 were bonded.

Figure 7 shows representative plots of all 3 sensor outputs in the leak data region, for

3 test case scenarios, identifying the change points T1, T and T2, recorded by GS1,

GS2, and GS3, respectively. In Figure 7A, T is 150.071 s. Theoretically, it is expected

that T1 = 150.0302914 s and T2 = 150.0301454 s, but since our sampling frequency is

only as small as 5 3 10�4 s, the values of T1 and T2 obtained from analysis of the
Cell Reports Physical Science 2, 100434, May 19, 2021 11
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experimental data is the same and equal to T plus 1 time step, which is equal to

150.0715 s. This trend is also observed in Figures 7B and 7C.

From these findings, we learn that to be able to use the output of the fabricated

glycine patch sensors and indeed any piezoelectric patch sensor for time-based

leak localization, the sampling frequency needs to be very high (much greater

than 2 kHz) and/or the pipe being monitored must have a very long length, such

that the sensors are bonded further away from one another. This will ensure that

the time it takes the NPW to propagate to the upstream and downstream sensors

is sufficiently larger than the sampling time. This is especially the case for metal

pipes—the speed of propagation of NPW in them is very high (on the order of ki-

lometers/second). Given that in practice for these applications, a sampling fre-

quency of 2 kHz is considered sufficient and going higher may not be sustainable,

it is safe to assert that time-based localization of leaks in metal pipes using the

fabricated g-glycine patch sensors and other piezoelectric patch sensors is only

feasible for monitoring pipes that travel long distances (i.e., extensive pipe

lengths).

These results demonstrate some key milestones in the field of piezoelectric sensing.

While glycine has been a common test case in the validation and engineering of bio-

logical piezoelectrics,11,12,51–53 up to now its device fabrication has consisted of

placing10,54 or printing crystals55 between rigid electrodes and polymers.56 This is

the first validation of a thick, flexible, polycrystalline amino acid device component

for real-time sensing with repeatable, reliable outputs that exceed the energy-har-

vesting properties of PVDF patches for such applications.

In this work, we demonstrate a simple fabrication method for the deposition of

organic piezoelectric g-glycine crystals on flexible conductive substrates for the

fabrication of bio-based patch sensors for effective real-time environmental moni-

toring. The sensors demonstrate vibration-based real-time leak detection, moni-

toring, and localization in water pipes based on the leak-induced NPW and its prop-

agation attenuation. The sensors are effective for leak detection in metal pipes and

for continuous monitoring of a worsening leak condition over time. Amplitude-

based signal analysis successfully locates the leak region, and time-based leak local-

ization analysis demonstrates that the fabricated glycine sensors can localize leaks in

metal pipes to an almost exact position along the pipe length. Time-based analysis is

suitable for monitoring pipes that travel long distances due to the high speed of

propagation of the NPW in metal pipes. This work represents the first demonstration

of a biomolecular crystal sensor for real-time monitoring and opens up an extensive

area of application. The work shows that the low permittivity property of glycine

patches makes them ideal sensors for the target application and other vibration-

based SHM applications. Future work includes developing isolation and packaging

procedures for the water-soluble active layer.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Dr. Sarah Guerin (sarah.guerin@ul.ie).

Materials availability

This study did not generate new unique reagents. The glycine powder is available

from Sigma-Aldrich.
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Data and code availability

All of the data associated with this study are included in the article and the Supple-

mental information. Additional information is available from the lead contact upon

reasonable request.

Formation of the crystals

Crystals of g-glycine were grown from a supersaturated aqueous solution. Glycine

and sodium chloride (NaCl) were dissolved in ultrapure water in the ratio of 3:1, as

recommended by Bhat and Dharmaprakash.6 Monovalent salts have been shown

to enhance g-glycine nucleation via salt-glycine ordering in solution,57 without crys-

tallizing themselves. The concentration of glycine used was doubled from our previ-

ous work,10 to 0.6 g/mL, to ensure a dense continuous polycrystalline film. The so-

lution was heated to 50�C while constantly stirring until all of the solids had

dissolved. The solution was then removed from the heat and immediately pipetted

onto flexible copper tape (�1 mL of solution per device). The solution was left to

evaporate for 24 h in ambient conditions.

Optical microscopy

Optical images were taken using an Olympus BX51 Light Microscope connected to

an Olympus SC50 Digital Camera.

XRD

XRD data were collected using a Panalytical Empyrean Diffractometer using Cu Ka

radiation l = 1.54060 Å. Diffraction patterns were collected in q-2q configuration

at room temperature in the range of 15�–65� using a step size of 0.02�. Transmission

XRD samples were prepared using Mylar polyester thin film sample supports.

Fabrication of sensor patches from the crystals

After growing crystals directly onto the bottom electrode of copper tape, a hard

mask that prevents shorting between electrodes was used to place the top electrode

(also adhesive copper tape from Radionics), similar to the method used by Hosseini

et al.56 Two wires were soldered onto each electrode on both sides of each glycine

crystal film for taking away the generated charge.

The 6 glycine sensors fabricated were visually identical and labeled sensors A to F.

The longitudinal piezoelectric constant, d33, of these sensors was measured using a

commercial d33 meter (Piezo Test), and the sensors were found to have piezoelectric

constants of 0.9, 1.1, 0.9, 0.9, 1.2, and 0.5 pC/N, respectively.

For experimental testing, it was required that all sensors have same properties, so

their outputs are comparable; hence, sensors A, C, and D were used in this work.

Using a digital multimeter, the capacitance of these sensors was determined to

be �28 pF.

Fabrication of leak plug

Leak plugs were used to introduce a pipe LS in real time. The leak was plugged and

data from the sensors recorded under various flow conditions. After a chosen period

of 150 s, the plugs were removed to initiate an instantaneous transition from a

healthy pipe state to a leak pipe state.

Due to the unique requirements of these experiments, the leak plugs were designed

in-house, with each leak plug tailored for a required leak size. The leak plugs have

two sections: the ring section for handling and the rubber section for plugging the
Cell Reports Physical Science 2, 100434, May 19, 2021 13
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leaks. A total of 4 leak plugs were fabricated with identical ring sections, printed from

clear resin using a Stereolithography (SLA) 3-dimensional (3D) printer from Form

Lab. After printing, the rings were washed in isopropanol and then cured using a

Form Cure machine that uses both heat and 405 nm light for a fast and effective

post-cure. Post-curing helps 3D-printed parts achieve successful burnout and results

in the highest possible strength and stability.58

The rubber section wasmade from silicone cast in molds. Themolds were 3D printed

from clear resin. Platinum-catalyzed silicone ‘‘dragon skin’’ was selected as the plug

rubber because of its flexibility and resilience.59

Dragon skin is a two-part silicone that requires mixing equal amounts of both parts.

After measuring, the silicone was mixed in a planetary mixer. Before pouring the sil-

icone into the molds, the molds were coated in a cure inhibition protection agent

Inhibit X using appropriate safety measures. This agent stops platinum-catalyzed sil-

icones from suffering from cure inhibition. A release agent was sprayed onto the

molds to allow for easy detachment of the silicone rubbers after curing. After mixing

and curing, the silicone was degassed under vacuum.

After curing, the silicone rubbers were removed from the molds. The silicone ad-

hesive silpoxy was used to bond the rings and the plug rubbers together, with

each leak plug having rubber sections to match the proposed pipe leak holes.

For the experiment, leak holes of 2, 5, 7, and 10 mm diameters were introduced,

and their corresponding leak plugs had rubber sections with 3, 6, 8, and 11 mm

diameters, respectively. The extra 1 mm of each plug rubber section in comparison

to the leak holes is to ensure they form an effective leak-proof seal when sand-

wiched into the leak hole to create a no-leak condition. The silicone rubber has

a height of 3 mm, which is 0.5 mm more than the 2.5-mm thickness of the test

pipe.

Test setup and procedure

With the fabricated glycine patches bonded on the test pipe section of the fluid test

rig, the validation tests were conducted at 4 different flow rates of 90.85 L/min

(24 gpm), 71.92 L/min (19 gpm), 45.42 L/min (12 gpm), and 26.50 L/min (7 gpm).

The highest flow rate of 90.85 L/min was obtained when the pump was turned on

with the test rig return valve completely shut. The other flow rates were achieved

by opening the return valve to varying degrees, with the minimum flow rate of

26.50 L/min being the smallest required to keep the pipe filled with water. Baseline

output from the sensors for the healthy pipe was first obtained from all 3 sensors by

recording their output for 5 min for all 4 test flow rates after the fluid rig test pump

was turned on and water was allowed to flow through the test pipe.

To validate the glycine patch sensors for real-time pipe leak detection and moni-

toring, a 2-mm diameter hole was introduced underneath GS2 at the 60-cm mark.

This hole was plugged using the appropriate leak plug to restore the non-LS of

the pipe. The test rig was turned on and data output from the sensors was recorded

for 300 s for each of the test flow rate conditions, with the leak plug being pulled out

each time after 150 s of data collection, initiating the transition from HS to LS.

The leak size was widened using the drill to make 5, 7, and 10 mm diameter leak

holes, and with the aid of the appropriate leak plug, the same protocol was repeated

for all leak conditions and test flow rates. The combination of the 5 pipe states

(healthy pipe state and 4 leak pipe states) and the 4 flow rate conditions meant
14 Cell Reports Physical Science 2, 100434, May 19, 2021
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that data from the glycine patch sensors were recorded for a total of 20 test scenarios

(Table S2), with a given combination of a pipe state and a flow rate constituting a test

scenario.

A three-channel charge amplifier was designed and fabricated for recording the

sensor output, similar to that used previously.36 The glycine patch sensors were con-

nected through each channel of the charge amplifier to an NI-USB 6002 DAQ pad

that records the sensor open circuit proportional voltage output signals. Using Lab-

VIEW, the experiments were customized such that data sampling was done at a rate

of 2 kHz for all of the test scenarios.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100434.
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