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Abstract 
This paper addresses two incipient subjects with potential impact in the composites industry: 3D-printing of 
fiber-reinforced plastics and ultrasound testing of lay-ups with curved fiber. First, the advances made hitherto in 
the field of ultrasound propagation through solid media are reviewed, highlighting the attributes of the main 
typologies of wave. Then, results of a pulsed sine wave test performed on a 3D-printed CFRP specimen with 
curved fibers are obtained and studied. The data registered correspond to the measurement of the signal 
amplitude—wave energy—over a meshed region of the specimen under different configurations of the 
emitting/receiving transducers. In such a way it can be eventually demonstrated a moderate dependence between 
the curvature of the fibers and the trajectory followed by the ultrasound waves. These results open the doors 
towards further development that may enable the control of ultrasound propagation with such potential 
applications as the addressing of vibrations in sensitive components or the simulation of the operating principle 
of the electronic SAW devices.  
 
Keywords: Ultrasound addressing, 3D-printing, carbon fiber-reinforced plastic (CFRP), orthotropic materials, 
attenuation.  
 
 
1.  Introduction 
 

The progress made so far on the study of ultrasound propagation has been critical for the 
development of such fields as Non-Destructive Testing (NDT) and Structural Health 
Monitoring (SHM) [1, 2]. Isotropic elastic media were firstly characterised by means of 
testing, and simple analytic models were then formulated that matched accurately the 
experimental data based on the resolution of Navier equations [3] for an infinite medium. This 
resolution yields an uncoupling between the different modes of bulk wave [4] propagation 
(i.e. longitudinal, shear) such that each of them travels regardless of the other. It was later 
studied the problem of wave propagation through anisotropic media, which involves the need 
for a more complex formulation. The crucial factor is the non-uniformity of the elastic 
module, which is reflected in Hooke’s law for anisotropic media [5] and results in the wave 
velocity being a function of direction [6]. Besides bulk waves, which propagate as through an 
infinite media, they were also studied guided waves [7] which need for a series of boundary 
conditions and whose parameters (e.g. phase velocity, group velocity) are a function of 
frequency. Guided waves such as the so-called Rayleigh [8], Lamb [9], Stoneley [10] or Love 
[11] waves are of great interest in the diagnosis and damage detection of components with 
handicaps like wide areas, low accessibility, or coated surfaces, since unlike bulk waves they 
can travel through the whole material covering a long distance. 

Furthermore, due to their inherent heterogeneity composite materials pose a preferred 
anisotropic media for the study of ultrasound propagation. Fiber-reinforced plastics [12] 
consist of different constituents—resin matrix and fiber reinforcement—each of them 
featuring a set of mechanical properties. Although these materials can be manufactured in a 
standardised and precise way, the high variability (both microscopic and macroscopic) of their 
numerous parameters—fiber diameter, volume fraction, density of constituents, lay-up 
configuration, contact regions between constituents—tends to yield diverging results when 
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comparing analytical predictions and experimental data [13]. This deviation is increased as 
well by the many flaws that mean a source of dispersion (distortion of the pulse as it 
propagates) and attenuation (loss of energy) of the ultrasound waves. 

While a great deal of data is already available for conventional unidirectional composites, 
no studies have been made yet concerning the influence of the curvature of the fibers on 
ultrasound propagation. As a baseline, one could expect a certain dependence between the 
trajectory followed by the waves and the path described by the fibers, albeit this would need 
to be demonstrated. In order to prove the previous and allow for potential new applications of 
composite materials, the curvature of the fibers is studied in this paper as an additional degree 
of freedom.  

The technique chosen to implement the concept of curvature is the state-of-the-art 3D-
printing of fiber-reinforced plastics [14], an incipient method that enables a high extent of 
versatility and can be used to generate complex and flexible designs made out of multiple 
materials.  

Throughout the following sections it is briefly described the procedure of design and 
manufacturing of a monolithic 3D-printed specimen made out of Carbon Fiber-Reinforced 
Plastic (CFRP) with corner-shaped regions in which the fibers describe a half circumference 
shape. Thereupon, the test procedure is presented and the results are discussed followed by 
some conclusions.  
  
  
2.  Attenuation measurement test 
 

The objective of the test is to determine the amplitude distribution of the ultrasound waves 
travelling throughout the surface of a monolithic 3D-printed CFRP plate. The excitation 
signal is generated by an oscilloscope and emitted by a piezo-electric transducer—it is 
converted from electric to mechanical according to the piezo-electric effect [15]—located at a 
given point of the specimen. The mechanical waves are conveyed into the material by a 
coupling fluid and then propagate through the surface in all directions, undergoing a complex 
pattern of interactions with the constituents and flaws that distort and attenuate the signal. 

For a single emitting point, the results collected correspond to the peak amplitude 
registered repeatedly by the receiving transducer at each node (point) of the meshed analysis 
region. In such a way it can be measured the attenuation over the surface of the plate, while a 
study of the signal phase would grant wider information about the dispersive phenomena.  
 
  2.1. 3D-printed specimen 
 

The specimen used for the experiment (Figure 1) has been 3D-printed atop a hot bed at a 
temperature of 50-70 °C by direct deposition of CFRP continuous coil 0.37 mm in diameter—
MarkForged. The lay-up is built on top of a previously 3D-printed support plate made of 
Nylon.  

The thickness of the CFRP laminate is 2.95 mm, while the nylon support is 0.5 mm thick. 
This makes a total 3.45 mm thickness for the whole specimen. 
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Figure 1: 3D-printed CFRP specimen (test area highlighted in black). 
 

 

Two regions are to be characterised, namely R (round) and S (straight), in order to study 
the propagation of ultrasound waves through both of them and thus allowing for a comparison 
of the results. The regions are divided into a series of uniformly distributed cells so as to 
stablish nodes in which the transducer and receiver are to be placed. R-region is meshed using 
cylindrical coordinates with a step of 5 mm in the radial direction and 5° in tangential 
direction, while S-region is meshed by rectangular coordinates forming square cells 5 mm 
wide. 
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Figure 2: Meshed analysis regions. R-region (blue) and S-region (red). 
 
 
  2.2. Instruments and tooling 
 

It is employed a four-channel oscilloscope—PicoScope 4424, Pico Technology—together 
with its corresponding PC software, as well as a manually controlled pulser/receiver—
Panametrics 5072PR, Olympus. 

The transducers—Pico, Physical Acoustics—used for signal emission/reception are low-
diameter, high-sensitivity, contact sensors with a frequency band between 200 and 750 kHz. 
BS-400 glycerin paste is used as a couplant between the specimen and the transducers. 
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In order to ensure that every manual measurement is taken under similar conditions and so 
to reduce scattering, a dedicated tooling is employed that presses the receiver against the 
specimen with a force of approximately 0,3 N. For its part, the emitter is fixed to the 
specimen with duct tape. 

 
 

3.  Results  
 

A mapping of the R-region is performed for two different configurations that correspond to 
two positions of the emitting transducer along line 1 (Figure 2): radial position C (Figure 3) 
and radial position F (Figure 4). The values of amplitude are expressed relative to a maximum 
value of 3 V, which corresponds to the energy of the pulses emitted. A graphic representation 
of the collected data is shown hereafter—the red dot represents the position of the emitting 
transducer for each of the two configurations. 

 

   
Figure 3: Emitter at C. Isometric (left) and top (right) view of amplitude distribution at R-region. 

 
 

 

    
Figure 4: Emitter at F. Isometric (left) and top (right) view of amplitude distribution at R-region. 
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Additionally, it is performed a mapping of the S-region with the emitter located at F 
(Figure 5, 6). This allows to prove the behaviour of the ultrasound waves when travelling 
through unidirectional fiber and to contrast the results of both regions. 

 

 
Figure 5. Emitter at F. Isometric view of amplitude distribution at R and S region. 

 

 
Figure 6. Emitter at F. Top view of amplitude distribution at R and S region. 

 
 
 
5.  Conclusions 
 

Drawing from the results obtained it can be broadly deduced that the fibers within CFRP 
pose a preferred direction for the propagation of ultrasound waves.  Both configurations 
(emitter at C and at F) yield a curved distribution of amplitude according to the direction of 
the fibers at the R-region. Likewise, the results for the S-region show that the attenuation rate 
of the waves is lower along the direction of the fibers (y-axis). In this sense, the test provides 
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early indications that the curvature of fibers of 3D-printed CFRP could play a role on the 
addressing of ultrasound waves—as well as probably of other spectra of acoustic waves and a 
wider variety of fiber-reinforced plastics. 

One of the potential applications that the observed effect could have comprises the 
isolation of motion-sensitive regions in composite structures subjected to dynamic 
environments. By selecting an optimal configuration of the fibers, the vibrational waves 
transmitting through the material could be deviated away from points in which high stability 
is needed 

Besides, it could be reproduced the concept implemented by the SAW (Surface Acoustic 
Wave) devices, which control the delay of an electric signal making use of the piezo-electric 
effect and the fact that mechanical waves travel slower than electrical signals, performing an 
intermediate transformation from electric to mechanical signal and then reversing it again. To 
a similar end, once demonstrated a connection between the trajectory of the ultrasound waves 
and the path described by the fibers, intricate laminates could be printed that guided the waves 
from a point to another through different ways, hence controlling the total time of travel 
(TOF).  

As a secondary observation, it can be noted from the results above (Figure 5, 6) that the 
range of the ultrasound waves is lower in the S-region (3 cm), that is, the attenuation rate is 
higher. Reversely, the waves spread to a greater range along the S-region (>4 cm). This seems 
to give a hint that, as the curvature of the fibers increases, so does the attenuation rate of the 
transmitted waves. 

Moreover, the expansion rate of the waves turns to be more significant along the outbound 
direction of the specimen—higher radial values. Two possible reasons are proposed for this 
phenomenon: firstly, the specimen features a discontinuity in its thickness along the region 
between lines F and G (Figure 1) as a result of a printing defect—replacement of the CFRP 
coil at an intermediate moment of the printing process. This results in a higher thickness value 
in the outer region of the specimen than in the inner part and might provoke a non-uniform 
expansion of the ultrasound waves. Secondly, as mentioned above, growing values of the 
curvature of the fibers seem to cause a higher attenuation of the waves, thus, the inner region 
of the plate—more curved—may feature a high attenuation in comparison to the outer area. 

Further experiments performed on the topic may consider the aspects abovementioned. A 
finer resolution is proposed as a way to enhance the representativeness of the data. Similarly, 
the utilisation of automatic control systems may allay the imprecision characteristic of the 
manual nature of the procedure. Varying the lay-up pattern and the thickness of the test 
specimen would show the impact of these parameters as well. 
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