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Abstract. Ultrasonic waves, either bulk waves or guided waves, are commonly used for
non-destructive evaluation, for example in structural health monitoring. Traditional sensors for
detecting ultrasonic waves include metallic strain gauges and piezoelectric ceramics. Recently
piezoresistive nanocomposites have emerged as a promising sensor with high sensing range. In
this paper, a constriction-resistive based sensor made from a graphene reinforced PLA filament is
developed using a fused deposition modelling 3D printing approach as a novel type of ultrasonic
sensor for structural health monitoring purposes. The sensor is made of very low-cost and
recyclable thermoplastic material, which is lightweight and can be either directly printed onto the
surface of various engineering structures, or embedded into the interior of a structure via fused
filament fabrication 3D printing. These characteristics make this sensor a promising candidate
compared to the traditional sensors in detecting ultrasonic waves for structural health monitoring.
The printed sensors can detect ultrasonic signals with frequencies around 200 kHz, with good
signal-to-noise ratio and sensitivity. When deployed between two adjacent printed tracks , and
exploiting a novel kissing-bond mechanism, the sensor is capable of detecting ultrasonic waves.
Several confirmatory experiments were carried out on this printed sensor to validate the capability
of the printed sensor for structural health monitoring.
Introduction
Engineering structures can deteriorate to an unsafe or unrepairable level that can cause dramatic
consequences such as endangering human life. Structural Health Monitoring (SHM) has come to
prominence can detect defects in their early stage without risking the normal functionality of the
structure under inspection. Ultrasonic SHM is an emerging and promising subfield, owing to its
ability in monitoring multi-scale structures using both acoustic emission (AE) and guided
ultrasonic waves (GUWs) approaches in a broad frequency regime [1–4].
In ultrasonic SHM, it is critical to develop a network of sensors to quantify and locate structural
damage [5-7]. A broad range of sensors have been developed for this purpose, including lead
zirconate titanate (PZT) wafers [8], carbon nanotube sensors [9,10], optical fibres [11], zinc oxide
sensors [12], and graphene/polyvinylpyrrolidone (PVP) sensor [1]. Since a dense grid of sensors is
usually required, not only the cost of production is a critical matter, but also sensors’ weight and
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simplicity of fabrication becomes important. In this regard, a number of low-cost piezoresistive
sensors composed of nanocomposite, flexible and low-density materials have been developed
[13,14].
In this paper, based on the authors’ previous efforts on developing highly sensitive resistive
strain sensors [15], a novel approach to strain sensing, called Constriction-Resistive (CR) sensing
is applied for the detection of ultrasonic waves. The sensors are fabricated by a simple and
low-cost fused deposition modelling (FDM) 3D printing technique and are extremely light weight.
The morphology and electrical properties of the CR sensors are characterised. The CR sensor’s
response to ultrasonic wave is acquired and then validated by comparison with a commercial PZT
transducer’s response.
Fabrication and Characterization of CR Sensors
PLA-CNT serves as the sensing material. To fabricate the sensing material, PLA pellets and CNT
were dissolved in dichloromethane (CHCl2) solvent and then dried at room temperature to obtain
the PLA-CNT composite with CNT mass fraction of 12%. Then, the composite material was cut
into pieces and extruded using a twin-screw extruder (Fig. 1a) to make filaments, which were then
used to 3D print the sensor. The fabrication process for the sensors used in this work is fully
explained in our previous paper [15, 16] and the step-by-step process is shown in Fig. 1.

Fig. 1. Fabrication process of the CR sensors. (a) PLA pellets and CNT nanofillers are first
solution-mixed and then fed into a twin-screw extruder. A filament is extruded through a nozzle at
the end of the extruder. (b) The extruded filament is then used to 3D print the sensors on an
aluminum plate. (c) dimensions of the printed sensors. (d) Illustrative definition of (i) infill
density/ratio of 3D printed sensor layer as ratio between track width, b, and the track spacing, a.
(ii) raster angle (θ) of 3D printing. (e) An image of the 5 different printed sensors and two PZT
transducers on the aluminum plate; 1) a single horizontal line, 2) a single vertical line, 3) a 90%
infill density sensor, 4 and 5) two 95% infill density sensors.
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When two conducting materials come into contact, the true area of contact at the interface
determines the true cross-section through which the electronic flow occurs. The flow of electrons
or current bent together through these contact areas causes an increase in resistance beyond fully
conducting surfaces. This contact resistance is also known as constriction resistance [15, 17]. The
CR sensors were fabricated using an extremely simple FDM 3D printing technique. Three types of
CR sensors and two single-track sensors were fabricated as shown in Fig. 1e. In 3D printing, infill
ratio, which is defined as b/a, where b is the width of the printed tracks and a is the spacing
between two neighbouring tracks, is an important parameter (Fig. 1d). By changing the infill
density one can change the contact level of the printed neighbouring tracks, and therefore the level
of constriction resistance existing between them. Changing the infill ratio affects the strength of
the kissing bond existing between adjacent tracks. Utilising this parameter, CR sensors can be
designed to display significantly higher sensitivity to deformation or vibrations compared to the
solid sensors.
Optical images of the sensors with 85%, 90%, 95% and 100% infill densities are shown in Fig.
2. The SEM image of the fractured surface of the 3D printed PLA-CNT sensor (Fig. 2e) confirms
the existence of CNT in the polymer matrix.

Fig. 2. Microstructure characterisation of the sensor materials. Microscopic images of the 3D
printed PLA-CNT sensors with different infill densities (a) 85, (b) 90, (c) 95 and (d)100%. The
scale bars are 500 µm. (e) SEM image of fractured cross-sectional view of the 3D printed sensor.
Sensor Performance in Detection of Ultrasonic Wave
To evaluate the performance of the sensors in the detection of ultrasonic waves, the sensors
were 3D printed on an aluminium plate and were tested to see if they can detect the strain induced
by a propagating wave in the plate generated by a lead zirconate titanate (PZT) piezoelectric
transducer. Strain generated by the wave motion induces a resistance change in the sensors which
is then transformed into voltage using a Wheatstone bridge and recorded through an oscilloscope.
The schematic of the experimental setup is shown in Fig. 3.
The sensors’ signals were recorded for a 3-cycles ultrasonic excitation wave with a frequency
of 200 kHz. The results are shown in Fig. 4. Sensors 1 and 2 were unable to detect the source
signal, whereas sensors 3, 4 and 5 were able to detect it. Since sensor 1 and 2 are just single tracks,
there is no constriction resistance and therefore they do not show any sensitivity to acoustic
excitation. On the other hand, sensor 3, 4 and 5 consist of weak contacts between printed tracks
which makes them sensitive to the strain induced by the acoustic wave.
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Fig. 3. Schematic of the experimental setup. The input signal is first generated in the desired form
and then the signal is amplified using the amplifier and then transmitted to PZT 1 to generate the
input ultrasonic wave. The sensors’ output signal, which is resistance, is transformed into voltage
using a Wheatstone bridge and then transmitted to oscilloscope for data acquisition and finally the
data is saved on a laptop for further processing.

Fig. 4. CR Sensors’ performance in detection of ultrasonic wave. Sensors 1 and 2 were unable to
detect the source signal, whereas sensors 3, 4 and 5 were able to detect it.
In order to verify the sensors’ response, a second PZT was attached to the plate near the location
of the sensors as a receiver. The strain generated by the wave motion from PZT 1 induces a voltage
change in PZT 2. The recorded signal for a 3-cycle 200 kHz tone burst for PZT 2 and CR sensor #4
are plotted in Fig. 5. As shown in this figure, the sensor’s response is verified. Although the
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received signal by the sensor is weaker than the one obtained with PZT 2, the sensor can detect the
input signal with a higher resolution and less noise compared to the PZT.

Fig. 5. Comparison of the CR sensor’s response with PZT 2. This verifies the sensor’s response
although the received signal by the sensor is weaker than the one obtained by PZT 2.
Conclusions
We presented a novel design for damage detection and SHM of component. Our 3D printed
constriction-resistive strain sensors are responsive to tiny deformations under acoustic vibration.
Infill ratio has been found to play a key role in the sensitivity of the sensors. As shown in Fig. 5, the
sensors were able to successfully predict the source signals with minimal error. The limitation of
the current sensors is their low sensitivity and we are currently conducting more experiments to
enhance the sensitivity of the CR sensors. Furthermore, a full study for better understanding of the
sensing mechanism is undergoing.
Considering the rapid development of 3D printing techniques, this research paves the way for
low cost and accessible techniques to enable in-situ and offline SHM of damaged components.
Summary
In this paper, a constriction-resistive ultrasonic wave sensor is presented that is fabricated through
simple FDM 3D printing and can be employed for structural health monitoring applications.
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