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A B S T R A C T   

Measurement of transient pressure distribution on maritime structures is important for the 
assessment of the hydrodynamic loads applied. The commonly used pressure sensors are mostly 
bulky, need to be bolted to the structure, and/or only provide point-wise measurements. In this 
paper, an elastic matrix layer with a network of embedded piezoelectric sensors is proposed to 
address these issues. For experimental validation, a 400 × 400 × 5 mm epoxy layer is fabricated 
embedding 25 piezoelectric sensors on a square grid in accordance with Gauss-Lobatto-Legendre 
points. A finite element based inverse procedure is developed to reconstruct the pressure field 
from the electric potentials measured by the piezoelectric transducers. Feasibility of the concept is 
evaluated by measuring and reconstructing the pressure field generated by a travelling wave in a 
water tank. Sensitivity of the layer is also investigated through the experiments. The results 
indicate that the retrofit layer is capable of pressure field reconstruction, and that the presence of 
disturbances on the sensing surface does not affect the measurements in a notable way, while non- 
ideal conditions of the mounting can have a significant impact on the accuracy of the measure-
ments. The results highlight the potential of the concept in pressure distribution measurements.   

1. Introduction 

With the development of sensing systems and the growing interest in non-intrusive loading assessment techniques, interest in 
embedded sensor networks is growing as well. For maritime structures, embedded solutions enable the monitoring of the assets while 
protecting the sensors from the environmental conditions. In pressure field assessment and reconstruction, embedded systems 
represent an innovative and non-intrusive solution compared to the conventional techniques. Measurement of transient pressure 
distribution on maritime structures is important for assessment of the hydrodynamic loads applied. 

Commonly, in maritime applications, pressure measurements are achieved through a set of pressure transducers that are flush- 
mounted in the structure, e.g. Refs. [1–7]. Conventional pressure sensors often require considerable space to be installed [8], they 
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are bulky, need to be bolted [9], and/or only provide point-wise insights [10]. 
Typical pressure transducers have a wide application in the experimental investigation of hull pressure pulses induced by marine 

propeller [2,3], pressure distribution on the bottom of planing vessels [4,5], slamming pressure and/or loads [1,6,7,11–13], and 
sloshing events [14–21]. As reported by Garme et al. [4], because of the rapid change in hydrodynamic pressure distribution in regular 
and irregular waves on the bottom of planing vessels, a snapshot of the pressure transducer signals does not give a true picture of the 
instantaneous distribution unless the transducer matrix is unrealistically dense. Nevertheless, Swidan et al. [6] and Van Wijngaarden 
et al. [10] highlight the need for accurate pressure field reconstruction, pointing out that the integration of pressures can lead to 
inaccurate force predictions, unless complete pressure mapping is available. Accomplishing this experimentally on 3D complex hull 
models is deemed very challenging [6]. 

Other limitations of commonly used pressure transducers have been reported in literature, such as temperature dependency 
[22–25] and limited spatial resolution [10,20,26,27]. Furthermore, the use of pressure transducers for a thorough pressure field 
investigation on a maritime structure is often intrusive [28,29] and additionally, they are expensive to be used in large numbers [28]. 
Finally, in support of field measurement, extrapolation and interpolation numerical techniques are typically necessary for obtaining a 
complete description of the pressure field [30]. In other words, to obtain a complete picture of the pressure distribution, either a very 
large number of transducers or a method to further process the signals is required [8–10,30–34]. 

Various developments for pressure field reconstruction have been reported in literature, such as pressure mapping systems (PMS) to 
increase spatial resolution of pressure measurements [26,27], fish lateral-line-inspired pressure sensor arrays for distributed flow 
reconstruction [35–39], smart pressure transducers using artificial neural network (ANN) to compensate the effect of temperature 
[22–24], fiber bragg gratings for hull surface pressure measurements [25,40,41], tactile sensors for reconstruction of pressure dis-
tribution [29,42], and pressure reconstruction derived from particle image velocimetry (PIV) measurements [43–45]. 

In this work, we propose an alternative method based on the use of thin piezoelectric sensors embedded in an elastic matrix layer. 
Piezoelectric materials, at a low electric field intensity [46], provide a linear coupling between the mechanical field to the electrical 
field and vice versa [47]. Typically, the sensor voltage due to a certain imposed strain field to the structure or the induced strain field of 
the structure as a function of an imposed electric field are of interest. In these cases, either one-way coupling [48–50] or two-way 
coupling [46,51] is deployed. Depending on the external conditions, the one-way coupling may be evaluated analytically or 
numerically, whereas the two-way approach usually involves coupled-field finite element analysis. Often, analytical and numerical 
approaches are applied to define the sensor behaviour either for a piezoelectric bimorph [52] or an embedded solution [53]. Different 
authors have highlighted instability issues of the finite element model when considering the electro-mechanical coupling effect, and 
some studies propose algebraic condensation schemes and dimension-reduction methods as well [54–56]. Smart composite materials 
have been proposed with embedded piezoelectric transducers [32,50,57–59]. For the same-size piezoelectric sensor, embedded 
sensors can offer a greater electromechanical coupling than surface-mounted sensors because the sensor is directly influenced by the 
strain transfer between the host structure and the piezoelectric transducer [50]. Embedded sensors in fiber-reinforced composites [53, 
59,60] and 3D printed sensors in metallic structures [61] are examples of developments that prove the potential of this technique in the 
field of maritime structures. 

The aim of the present research is to develop a retrofit layer with an embedded array of piezoelectric sensors that can accurately 
evaluate the transient pressure field distribution. The approach adopted for development of the proposed retrofit layer starts from the 
mathematical framework of the concept. The spectral element method (SEM) [62–66] and the principles of piezoelectricity [67] are 
briefly discussed next to provide the mathematical basis for a finite element based inverse procedure. With the support of FE simu-
lations, the design of a flexible and implementable solution is subsequently finalised. An elastic matrix layer with a network of 25 
piezoelectric sensors embedded is fabricated. Experiments are designed and performed in order to evaluate the feasibility of the 
proposed layer and assess its accuracy and sensitivity. 

The paper has the following structure. The theoretical framework is presented in section 2. The specimen layout and the description 
of the manufacturing procedure are given in section 3. Design of the experiments and the related setup are described in section 4. 
Results are presented and discussed in section 5, followed by conclusions in section 6. 

2. Theoretical framework Equation section 2 

A multiphysics model for reconstruction of the pressure field from the voltage response of the network of embedded piezoelectric 
sensors inside a retrofit elastic layer is implemented. 

2.1. Description of the approach 

The focus is posed on the sensing application of piezoelectric transducers, referred to the direct piezoelectric effect [67]. For low 
field values, the piezoelectric effect is understood as the linear interaction between mechanical and electrical quantities [46,47]. As a 
brief background to the behaviour of piezoelectric materials, it is worth to note the two following properties.  

• Law of Faraday: a vector quantity ℬ, referred as magnetic flux density, that changes in time t induces electric voltage in a 
conductive loop 

∇×E = −
∂ℬ
∂t

(2.1) 
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where E is the electric field intensity, and ℬ is the magnetic flux density.  

• Law of Gauss: electric charges are the source of the electric field. 

∇·D = qe (2.2)  

where D is the electric flux density, and qe is the volume charge density. 
In the static case, the relations above become: 

∇×E = 0 (2.3)  

∇·D = qe (2.4)  

Since the electric field vector is irrotational, it can be written in terms of gradient of the so-called electric scalar potential Ve: 

E= − ∇Ve (2.5) 

Considering small deformations in the continuum, the mechanical field is described by linear relations. Navier’s equation explains 
the dynamic behaviour of a solid deformable body of an infinitely small size. The governing equation is: 

BT σ+ fv = ρ0
∂2u
∂t2 (2.6)  

where ρ0 stands for the material density and u = {ux, uy, uz}
T denotes the displacement vector. BT is the differential operator 

(transposed) applied on the stress vector σ (in Voigt notation), and fv represents the prescribed volume forces. 
Using the same notation, the relation between the mechanical strain ε and the displacement u of an arbitrary point within the 

deformed solid body is as follows: 

ε=Bu (2.7)  

where B is the differential operator and ε is the strain vector containing the six independent components (Voigt notation) of the strain 
tensor. 

The constitutive equations of piezoelectricity relate stress σ and electric displacement D to strains ε and electric field intensity E, 
respectively. For small variations in the above parameters, these equations are considered linear [53], and in Voigt notation are 
expressed as: 

σ= cEε − eT E (2.8)  

D= eε + gεE (2.9)  

where cE is the elasticity matrix under constant electric field, e the piezoelectric constant matrix, and gε the dielectric constant matrix 
under constant strain. 

2.2. Spectral element method (SEM) for forward simulation 

Using high-order one-dimensional Lagrange polynomial and its tensor product, the displacement field in finite elements is 
approximated as follows: 

⎧
⎨

⎩

ue(ξ, η, ζ)
ve(ξ, η, ζ)
we(ξ, η, ζ)

⎫
⎬

⎭
=Ne ûe

=
∑n

k=0

∑n

j=0

∑n

i=0
Ne

i (ξ)N
e
j (η)Ne

k (ζ)I3

⎧
⎨

⎩

ûe( ξi, ηj, ζk
)

v̂e( ξi, ηj, ζk
)

ŵe( ξi, ηj, ζk
)

⎫
⎬

⎭
(2.10)  

where Ne
i is the one-dimensional shape function (nth-order Lagrange interpolation function at n + 1 Gauss-Lobatto-Legendre points) of 

the isoparametric element [68], and ûe represents the nodal degrees of freedom. 
Considering small deformation, the linear strains are approximated as: 

ε(ξ, η, ζ)=Be
u ûe (2.11)  

where Be
u is the strain-nodal displacement matrix: 

Be
u =LNe(ξ, η, ζ) (2.12)  
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L=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂
∂x

0 0 ∂
∂y 0 ∂

∂z

0 ∂
∂y 0 ∂

∂x
∂
∂z 0

0 0 ∂
∂z 0 ∂

∂y
∂
∂x

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

T⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂
∂x
∂
∂y
∂
∂z

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

= J− 1

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∂
∂ξ
∂
∂η
∂
∂ζ

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(2.13)  

where J is the Jacobi matrix. 
Using (2.5) and electric field approximation, the electric field vector can be related to the electric potential field φ̂ as follows: 

E= − Bφ φ̂ (2.14)  

where Bφ is the electric field potential matrix calculated as: 

Bφ =

{
∂
∂x

∂
∂y

∂
∂z

}T

Ne(ξ, η, ζ) (2.15) 

The governing equations of motion are achieved by means of the material law of piezoelectricity, (2.8) and (2.9). Inserting the 
material law into Navier’s equation (2.6) as well as into the Law of Gauss (2.4), the coupled partial differential equations, (2.18) and 
(2.19), for displacement u and electric potential Ve respectively are obtained: 

BT ( cEε − eT E
)
+ fv = ρ0ü (2.16)  

∇· (eε+ gεE)= qe (2.17)  

ρ0ü − BT ( cEBu+ eT∇Ve
)
= fv (2.18)  

∇· (eBu − gε∇Ve)= qe (2.19)  

where the relations (2.5) and (2.7) have been applied to eqs. (2.16) and (2).17). 
By applying a test function for the displacement and for the electric potential, the weak form of the above equations is derived, 

leading in few steps to the algebraic system of equations in matrix form: 

Me ̂̈u
e
+Ke

uu ûe
− Ke

uφ φ̂e
= fe (2.20)  

Ke
φu ûe

− Ke
φφ φ̂e

= qe (2.21)  

where Me denotes the element mass matrix, Ke
uu the element stiffness matrix, Ke

uφ and Ke
φu the piezoelectric coupling matrices, Ke

φφ the 
dielectric permittivity matrix, φ̂e the elementary potential vector, fe the nodal external force vector, and qe the nodal externally applied 
charge vector. 

The matrices and vectors in (2.20), (2.21) are defined as: 

Me =

∫

Ve

NT
u ρ0NudVe (2.22)  

Ke
uu =

∫

Ve

BT
u cEBudVe (2.23)  

Ke
uφ = −

∫

Ve

BT
u eT BφdVe (2.24)  

Ke
φu =Ke

uφ (2.25)  

Ke
φφ =

∫

Ve

BT
φgBφdVe (2.26)  

fe =

∫

Ve

NT
u PbdVe +

∫

ΓS

NT
u PSdΓS + Pe (2.27)  
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qe =

∫

Γφ

NT
φq0dΓφ (2.28)  

where Nu and Nφ are the matrices of the shape functions, Pb and PS are the respective body and surface force vectors, Ve and ΓS are the 
finite element volume and surface respectively, and q0 is the vector of the externally applied charge over the boundary Γφ [65]. 

After the global matrices are assembled, the vector of unknown displacements and potentials can be directly solved. However, for 
the piezoelectric materials, typical element values of Ke

uu are of the order 108, while typical element values of Ke
φφ are the order 10− 11 

[55]. This relevant difference in magnitude would make the global matrices too ill-conditioned if the two governing equations of 
motion are taken as a whole. To overcome this problem, the general method of static condensation by matrix algebra is adopted. In the 
present study, the unknown potentials are sacrificed in favour of the unknown displacements. 

Considering the sensing application of piezoelectric transducers, the governing equations of motion (2.20) and (2.21) are 
condensed as: 

Me ̂̈u
e
+
(
Ke

uu +KS)ûe
= fe (2.29)  

where KS denotes the induced mechanical stiffness matrix due to the electromechanical coupling of the piezoelectric materials which 
depends on electric boundary condition (open circuit, closed circuit, actuator). 

The evaluation of the induced mechanical stiffness matrix KS is complicated because the elementary dielectric permittivity matrix 
Ke

φφ in (2.21) is not positive definite. To make static condensation possible, electric boundary conditions must be applied so that the 
reduced elementary dielectric permittivity matrix will be positive definite and the unknown potentials can be solved in terms of 
elementary displacements using (2.21). 

Since the piezoelectric materials can be used as sensors either in closed circuit or in open circuit and/or as actuators, three different 
electric boundary conditions can be considered. As suggested by Wang [55], KS can be written as: 

KS =Kc + Ko + Ka (2.30)  

where Kc, Ko and Ka are the corresponding induced stiffness of the piezoelectric transducers in closed circuit, in open circuit, and as 
actuator respectively. 

Considering the piezoelectric open circuit sensor, the electric potential at the bottom surface of the sensor is assumed zero 
(grounded). The electric potential vector consequently becomes φ̂e

= {0 φ̂o }
T , where φ̂o is the induced open-circuit sensor potential 

vector. Then, the charge equation (2.21) for the open circuit case can be written as: 

Fig. 1. (a) Bidimensional scheme of an elastic layer (green area) with a number of piezoelectric sensors (red squares) embedded, subject to a force 
distribution f (blue arrows). (b) Reduced discretisation scheme (red circular nodes) coinciding with the number (n PZTs) and locations of embedded 
piezoelectric sensors for pressure field on the bidimensional elastic layer surface. Note that the bidimensional elastic layer is discretized with n 
SEM nodes. 
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Ke
φu ûe

− Ke
φφ

{
0

φ̂o

}

=

{
q0
0

}

(2.31)  

where φ̂o can be obtained by solving the above equation: 

φ̂o =
(
Ko

φφ

)− 1Ko
φu ûe (2.32)  

in which Ko
φφ and Ko

φu are the corresponding sub-matrices of Ke
φφ and Ke

φu, respectively. Finally, the induced stiffness of the piezo-
electric sensor in open circuit assumption can be formulated as 

KS =Ko = −
(
Ko

φu

)T (Ko
φφ

)− 1(Ko
φu

)
(2.33) 

Based on eqs. (2.32) and (2).33), the inverse procedure to pressure field reconstruction is derived. 

2.3. Inverse procedure to pressure field reconstruction 

An inverse procedure is proposed to reconstruct the pressure field applied on the layer from the electric potentials measured by the 
piezoelectric sensors. To explain the procedure and the mathematical formulation, it is convenient to start from the bidimensional case, 
considering an elastic layer with a number of arbitrary-positioned piezoelectric sensors inside (Fig. 1a). 

Considering the sensing equation (2.32), the relation between the nodal displacements and the electric potentials can be expressed 
as follows: 

Ωu= vmeasured (2.34)  

where u is the nodal displacements vector due to external forces, vmeasured is the measured voltages vector, and Ω is the combination of 
different operators that will be explained below. 

In the quasi-static case, the nodal displacements can be written in terms of external forces using the inverse of the SEM global 
stiffness matrix, then equation (2.34) becomes 

ΩK− 1f = vmeasured (2.35)  

where K− 1 is the inverse of global stiffness matrix and f is the external force vector (Fig. 1a). 
In order to perform an inverse operation, a reduced discretisation scheme for the pressure field at the surface is introduced (Fig. 1b). 
The reduced discretisation scheme allows obtaining a correspondence between the number of known electric potentials and the 

number of unknown external loads: there will be as many grid points as the number of sensors (Fig. 1b). 
The pressure distribution can be described on the reduced basis using the following equation: 

f (x′

) =NfR (2.36)  

where N is evaluated using nPZT − 1 order Lagrange polynomials, and fR is the reduced force vector (Fig. 1b). The above equation can 
be expanded as follows: 

fsurface =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

f
(

x
′

= −
L
2

)

⋮

f
(

x
′

=
L
2

)

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

=

⎡

⎢
⎢
⎢
⎢
⎢
⎣

N
(

x
′

= −
L
2

)

⋮

N
(

x
′

=
L
2

)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

fR (2.37)  

fsurface =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

N1

(

x′

= −
L
2

)

⋯ NnPZT

(

x′

= −
L
2

)

⋮ ⋱ ⋮

N1

(

x′

=
L
2

)

⋯ NnPZT

(

x′

=
L
2

)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

fR (2.38)  

fsurface =PsurfacefR (2.39)  

where L is the length of the reduced discretisation scheme (Fig. 1b). 
Then, the projection matrix P contains the evaluation of the reduced space on the coordinate x′ of each surface node of the global 

model, Psurface, and the Boolean matrix, IP: 

P= IPPsurface (2.40) 

Including the reduced force vector, equation (2.35) becomes: 
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ΩK− 1PfR = vmeasured (2.41) 

A Boolean operator Γ is defined to sub-select the piezoelectric element nodal displacements from the global nodal displacements 
vector: 

ΩΓK− 1PfR = vmeasured (2.42)  

where: 

K− 1PfR = uglobal (2.43)  

where uglobal is the global nodal displacements vector. 
The resulting vector from this selection contains the nodal displacements of each piezoelectric element ue

PZTn
, with n = nPZT 

components: 

ΓK− 1PfR =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ue
PZT1

ue
PZT2

⋮
ue

PZTn

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(2.44) 

Following the standard FEM procedure, mechanical boundary conditions are applied to evaluate the displacements from the 
external force vector. Then, the SEM global stiffness matrix is reduced accordingly as also the shape of the matrices Γ and P is 
influenced. 

A matrix operator is introduced to obtain the voltage values from the piezoelectric element nodal displacements. From the sensing 
equation (2.32), the sensing matrix is defined. 

Ψ= −
(
Ko

φφ

)− 1Ko
φu (2.45) 

The sensing matrix is also rearranged accordingly, as follows: 

Φ=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ψ 0 0 0 0 0
0 Ψ 0 0 0 0
0 0 Ψ 0 0 0
0 0 0 Ψ 0 0
0 0 0 0 Ψ 0
0 0 0 0 0 Ψ

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(2.46) 

Hence, equation (2.42) becomes: 

ΦΓK− 1PfR = vmeasured (2.47) 

Fig. 2. Planar scheme of the elastic layer with a network of piezoelectric sensors embedded.  
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The final formulation of the inverse procedure in the bi-dimensional case is presented as: 

HfR = vmeasured (2.48)  

where H is the stiffness matrix. 
Solving the system of equations, the reduced force vector is obtained as: 

fR =H− 1vmeasured (2.49)  

and using the projection matrix, the external force vector is evaluated: 

f =PfR (2.50)  

which describes the force distribution on the SEM 2D grid on the surface. 
The solution of the inverse procedure is needily extended to the 3D case considering a planar scheme of the elastic layer with an 

embedded network of piezoelectric sensors (Fig. 2). 
Recalling eq. (2.48) and using the index notation, the inverse problem is written as follows: 

∑nsensors

j
Hij(d)fRj = vmeasuredi (2.51)  

where vmeasuredi is the voltage measured by the i-th piezoelectric sensor, fRj is the force applied on the j-th piezoelectric sensor, and Hij(d)
is the ‘influence coefficient’ as function of the distance d between i-th sensors and j-th sensor (Fig. 2). 

The matrix operator Hij is named ‘influence coefficients’ matrix. It expresses how much the force applied on the j-position sensor 
contributes to the voltage output of the i-position sensor. Solving the above system of equations, the full distribution of force over the 
network of sensors is obtained using the projection matrix. 

Knowing the force distribution, a conversion is necessary to obtain the pressure distribution. The relation between pressure and 
force is expressed using the scalar λ. 

p=

⎧
⎪⎪⎨

⎪⎪⎩

p1
p2
⋮
pn

⎫
⎪⎪⎬

⎪⎪⎭

= λ

⎧
⎪⎪⎨

⎪⎪⎩

f1
f2
⋮
fn

⎫
⎪⎪⎬

⎪⎪⎭

= λf (2.52) 

To retrieve the above coefficient, it can be stated that the integral of the pressure field evaluated over the surface of the elastic layer 
(Apatch) is equal to the total force that is expressed as the sum of all components of the force vector. 

∫

Apatch

p(x, y)dxdy=Ftot =
∑

fi (2.53) 

Using finite element formulation, the pressure field is written as product of shape functions and nodal values. 
∫

Apatch

p(x, y)dxdy=
∫

Apatch

Npdxdy (2.54) 

Then, substituting the initial assumption into eq. (2.54): 
∫

Apatch

Npdxdy= λ
∫

Apatch

Nfdxdy (2.55)  

which leads to the evaluation of the scalar: 

λ=
∑

fi∫

Apatch

Nfdxdy
=

∑
fi

(
∫

Apatch

Ndxdy

)

f
(2.56) 

Once the conversion scalar is evaluated, it can be applied during the processing of all the experimentally measured data. 

2.4. Evaluation of the influence coefficient matrix 

To calculate the components of the influence coefficient matrix for the elastic layer, the analytical formulation proposed by 
Gopalakrishnan et al. [49] is applied for retrieving the voltage generated by piezoelectric sensor of arbitrary shape from the strains 
components. 

Consider the constitutive equation for the piezoelectric domain in eq. (2.9) in sensing mode. 
The dimension of the problem is reduced by considering a number of assumptions. Polarization of the piezoelectric material is 

F. Riccioli et al.                                                                                                                                                                                                        



Marine Structures 89 (2023) 103395

9

assumed along its thickness direction x3 resulting in two zero components of the electric displacement vector (D1 = D2 = 0). Plain 
strain assumption is also considered for the piezoelectric sensor element. Equation (2.9) can be accordingly reduced and then rewritten 
considering the following strain-charge form of the piezoelectric constitutive equations: 

D3 =φ(x)bT
[
γ(x)dσcEε+

(
gσ − dσcEdσT

)
E
]
, x ∈ Θ (2.57)  

where b = [0,0, 1]T, while, dσ and gσ respectively denote the matrix of the piezoelectric strain constants and of the permittivity 
constants evaluated at constant stress. The two introduced functions, γ(x) and φ(x), depend on the location in the domain Θ and they 
present the following values: 

γ(x)= ± 1, x ∈ ΘPZT (2.58)  

depending on the polarization distribution in the domain of the piezoelectric sensor ΘPZT, and: 

φ(x)=
{

1, x ∈ ΘPZT
0, x ∈ Θ − ΘPZT

(2.59)  

which describes the shape of the piezoelectric patch. 
For further elaboration on derivation of eq. (2.57)-(2.59), Gopalakrishnan et al. [49] is recommended. 
Considering the sensing application, the total charge developed over the piezoelectric area is zero. Then, integration of both sides of 

eq. (2.57) gives: 

bT dσcE
∫

Θ

εφ(x)γ(x)dx= bT
(

dσcEdσT
− gσ

)∫

Θ

φ(x)Edx (2.60)  

where constant piezoelectric properties are considered over the piezoelectric domain. By imposing E1 = E2 = 0 and the linear dis-
tribution of voltage across the thickness of the piezo element, the electric field vector in equation (2.60) can be expressed as: 

E=
V
tP

b (2.61)  

Then, substituting in eq. (2.60) and solving for the measured voltage V results in: 

V =
tP

AP

[
bT
(

dσcEdσT
− gσ

)
b
]bT dσcE

∫

Θ

εφ(x)γ(x)dx (2.62)  

where AP =
∫

Θ
φ(x)dx is the area covered by the piezoelectric element [49]. The components of the influence coefficients matrix in eq. 

(2.51) can be calculated using eq. (2.62) as discussed in section 5.1. 
In summary, to reconstruct the transient pressure distribution from the measured voltages, firstly the reduced force vector is 

calculated using eq. (2.49). Secondly, the external force vector is evaluated using eq. (2.50). Finally, the pressure distribution results 
from a scalar conversion, as presented in eq. (2.52). 

3. Retrofit sensor layer 

3.1. Selection of transducers 

Disc-shaped piezoelectric sensors with wrap-around electrodes on the faces of the disc were used. The dimensions of the disc were 
10 mm in diameter and 0.2 mm in thickness. In total, 25 piezoelectric sensors were embedded in the host material. 

The piezoelectric material used is PIC255, a product of PI Ceramic. This is a “soft” PZT material, providing large piezoelectric 
charge coefficient, moderate permittivity and high coupling factors [69], with a Curie temperature and a recommended maximum 
operating temperature of 350 ◦C and 175 ◦C [70], both higher than the host material curing temperature. 

3.2. Design of sensors layout 

A 2D FE model of a representative specimen of resin with one piezoelectric sensor embedded has been developed in order to 

Table 1 
Electromechanical, mechanical and electrical material properties of PZ27 piezoceramic [72]. Permittivity εT

r is relative to the permittivity of vacuum 
and determined at zero stress T. Subscript 1 relates to both in-plane directions, while subscript 3 refers to the out-of-plane direction.  

Name d31d33, d15 [× 10− 9 C/m] sE
11, sE

12 , sE
13, sE

11, sE
33 , sE

44=55, sE
66[× 10− 12 m2/N] εT

11,r, εT
33,r [× 103] 

PZ27 − 17, 42.5, 50.6 17, − 6.6, − 8.61, 23.2, 43.5, 47.1 1.8, 1.8  
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identify the vertical position within the thickness of the layer that provides the highest voltage output from a reference load. The host 
material has a horizontal extension of 65 mm and a thickness of 5 mm, while the PZT element has a length of 5 mm and a thickness of 
0.5 mm, and is horizontally located at the centre of the specimen. Assumed material properties of the host material are: E = 3.5 GPa, ν 
= 0.33, ρ = 1540 kg/m3. Material properties of the considered piezoelectric material are given in Table 1. 

A compressional point force is applied on the upper surface of the host material right above the centre of the PZT element. The 
vertical position of the sensor is varied between 1.0 mm and 4.50 mm, being the distance measured from the bottom surface of the host 
material to the upper surface of the piezoelectric element (Fig. 3a–b). The elements size is 5 × 0.5 mm and 4th order polynomials are 
used to describe the field variable in the element domain (Fig. 3c). Plane stress assumption is made. 

The simulation has been performed with eight different vertical positions of the PZT sensor. This investigation implies that placing 
the sensors approximately embedded 0.5 mm below the upper surface of the layer provides the highest voltage output in this case 
(Fig. 3a–c). 

The final design of the layer, as given in Fig. 4, shows the 25 piezoelectric sensors placed on a square grid in accordance with Gauss- 
Lobatto-Legendre points. This design choice allowed implementing a slim numerical routine for evaluation of the transient pressure 
field distribution by using the SEM element interpolants. 

3.3. Fabrication of the layer 

For the realization of the layer, a 400 × 400 mm aluminium mould was assembled (Fig. 5). Guidelines for the sensors layout were 
scribed on the fabricated mould (Fig. 6). 

Before manufacture the layer, the piezoelectric sensors were prefabricated (Fig. 7). 
To obtain a waterproof link between the network of sensors and the data acquisition system, a combination of bifilar copper wiring 

and a network of flat ribbon cables has been used (Fig. 8). In this way, each sensor is linked to a copper wire that has been soldered to 
the ends of the ribbon cable. All these parts end up being embedded in the host material, while the other terms of the ribbon cable have 
been completed by applying appropriate pins to be connected to the data acquisition system. As a result, five rows of sensors have been 
obtained. To ease the installation of the embedded hardware, five cut-outs have been realized on one side of the mould corresponding 
to the positions of the rows of sensors. 

In the first stage of the manufacturing process, the setup was prepared by insulating the mould to prevent leakage of resin, installing 
the prefabricated sensors, and mixing the POLY-POX 500 Epoxy resin with the hardener (Fig. 9). 

In a second stage, a 4 mm thick layer of resin was poured and cured for 4 h at room temperature, i.e. 18◦ to 20 ◦C. In a third stage, 
the sensors were placed in the designed positions (Fig. 10) and a 1 mm thick layer of resin was poured. It has been noted that after 
pouring 1 mm thick layer of resin the piezoelectric sensors slightly moved upwards from their original position and eventually tilted. 

Fig. 3. (a) Electric potential output as function of the vertical position of the piezoelectric transducer. (b) Schematic illustration of the FE model 
varying the position of the piezoelectric element (red square) in the thickness direction of the host material (green area) with a compressional point 
force (blue arrow) applied on the upper surface of the host material. (c) Sample of the FE calculation model. The upper surface of the piezoelectric 
element (red square) is distant 0.5 mm from the upper surface of the host material (green area). Compressional point force (blue node) is applied on 
the upper surface of the host material. Fixed boundary conditions (red triangles) at the bottom surface of the host material are applied. 
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Once the epoxy resin was cured, the layer was pulled out of the mould for obtaining the final product (Figs. 11–12). All the flat 
ribbon cables were successfully embedded into the resin resulting in a solid watertight connection between the network of sensors and 
the data acquisition system (Fig. 12). After the curing process, the vertical position of the piezoelectric sensors was noted to be between 
0 and 1 mm from the upper surface of the host material due to the variations in position during the fabrication. 

The quality of the installation of the embedded sensors has been further assessed by visual inspection after fabrication. Condition of 
the sensors has been classified into three groups (Table 2), being correctly positioned (CP), tilted (T), not available (NA). 

For quality control, thickness of the layer has been quantified on various locations of it (Fig. 13) providing an indication of the 
flatness of the retrofit layer. Measurements have been performed using a calibrated SAUTER TN-EE Ultrasonic Thickness Gauge. 
Table 3 summarizes the thickness measurements for each location shown in Fig. 13. The mean, standard deviation, and maximum 
variation of the thickness measurements were 5.17 mm, 0.374 mm, and 0.140 mm, respectively. 

Fig. 4. Retrofit layer layout with 5 × 5 nodes discretisation scheme.  

Fig. 5. Aluminium mould.  
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4. Experiments 

4.1. Experimental setup 

To evaluate the capabilities of the layer, experiments were performed involving measurement and reconstruction of a pressure field 

Fig. 6. Scribed guidelines for sensors layout.  

Fig. 7. Prefabricated sensors.  

Fig. 8. Bifilar copper wire and flat ribbon cable.  
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generated by a travelling wave in a water tank. The experiments also aimed to provide insights into the sensitivity of the concept and its 
possible calibration. 

The experiments were conducted in an 800 × 500 × 400 mm water tank provided by the Maritime Research Institute Netherlands 
(MARIN). Fig. 14 shows a schematic overview of the experimental setup. 

To replicate a recognizable pressure field, a travelling wave was created using a mechanical pressure pulse generator (Fig. 15). The 
layer with the embedded network of piezoelectric sensors was placed with the sensing surface facing the bottom of the tank where the 
pulse generator was located. Also, the position of the layer along the length of the tank (L = 800 mm, Fig. 14) was such that during the 
experiment, firstly a concentrated pressure could be created on the initial portion of the surface and, secondly, the excitation of the 
remaining portion of the layer could be done by the travelling wave. 

During the experiments, the layer was supported by a base frame in order to maintain the desired boundary conditions (Fig. 16). 
The layer was clamped at its borders and sustained by a support plate in order to avoid bending behaviour due to the pressure field. 
Although the support plate had finite stiffness, it is considered to be sufficient to support the layer and minimize the influence of the 
bending behaviour. The effect of bending on the measured voltages and the reconstructed pressure field is discussed in section 5.3. 

The structure was designed to be versatile and easy to assemble. The frame allowed to change the position of the layer, both in 
terms of immersion depth and in terms of longitudinal position along the length of the tank (Fig. 14). The upper part of the structure 
was realized using two 1400 mm wood beams supported by the sides of the tank, and four 1000 mm steel threaded rods to adjust the 
vertical asset of the setup. The submerged part of the frame, with the purpose of reproducing the desired boundary conditions, was 
assembled using a 400 × 400 mm composite flat plate and four aluminium U profiles (25 × 25 × 2 mm). For each U profile, three holes 

Fig. 9. Installation of network of sensors.  

Fig. 10. Placing of the PZT sensors.  
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were drilled on one side of it so that it could be possible to clamp the layer and the support plate by tightening bolts. 
The designed mechanical pressure pulse generator was based on the physical principle of a wave generation by sudden energy 

release underwater. The mechanical wave generator was created with an acrylic flexible plate and two PVC plates (600 × 190 × 10 mm 
and 60 × 190 × 10 mm, Fig. 15), all of them assembled using bolts. With the use of a small piece of PVC, the acrylic plate was bolted in 
correspondence with one end of the PVC base plate, while the other end of the flexible acrylic plate was held in place by screws wedged 
in the base plate. To generate the wave in each part of the experiment, the free end of the acrylic plate was mechanically unlocked from 
the constrain, releasing then energy at the bottom of the water volume. 

Fig. 11. Fully cured retrofit sensor layer.  

Fig. 12. Retrofit sensor layer.  

Table 2 
Results of visual inspection of the embedded piezoelectric sensors. Tilt of the sensors refers to less than 30◦ of inclination with respect to the horizontal 
plane. Non-working sensors have been classified as not available.  

Name Group Name Group Name Group Name Group Name Group 

PZT 1 T PZT 6 NA PZT 11 T PZT 16 CP PZT 21 CP 
PZT 2 CP PZT 7 CP PZT 12 CP PZT 17 CP PZT 22 CP 
PZT 3 T PZT 8 CP PZT 13 CP PZT 18 NA PZT 23 T 
PZT 4 CP PZT 9 T PZT 14 CP PZT 19 NA PZT 24 CP 
PZT 5 CP PZT 10 T PZT 15 T PZT 20 CP PZT 25 CP  
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Fig. 13. Schematic illustration of the piezoelectric sensors locations and numbering, and thickness measurements locations on the surface of 
the layer. 

Table 3 
Thickness measurements results.  

Name t [mm] Name t [mm] Name t [mm] Name t [mm] 

t1 5.05 t9 4.56 t17 5.59 t25 5.58 
t2 4.96 t10 4.49 t18 5.53 t26 5.41 
t3 4.80 t11 5.43 t19 5.30 t27 5.39 
t4 4.39 t12 5.33 t20 5.18 t28 5.23 
t5 5.20 t13 5.25 t21 5.05 t29 5.76 
t6 5.14 t14 4.95 t22 4.95 t30 5.64 
t7 4.99 t15 4.78 t23 5.76 t31 5.45 
t8 4.71 t16 4.70 t24 5.69 t32 5.20  

Fig. 14. Schematic overview of the experimental setup.  
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4.2. Data acquisition, management, quality control 

The setup described above was complemented by two NI USB-6211 data acquisition systems. One system managed fifteen 
piezoelectric sensors and the other one handled the remaining ten sensors. Both systems connected to a common ground. Electrical 
resistance of piezoelectric sensors and data acquisition system were in the range of 109-1010 and above 109 respectively [71]. The 
sampling frequency was set to 1000 Hz. Given the frequency range of interest between 2.5 and 20 Hz, a band-pass filter was applied on 
the response signals before using them for the evaluation of the pressure field distribution. 

Fig. 15. Mechanical pressure pulse generator.  

Fig. 16. Assembly of the supporting base frame (only two aluminium U profiles are shown. Four profiles in total have been used during the 
experiments). 

Fig. 17. XPM10 M10 flush pressure sensor.  
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To validate the performances of the designed layer in terms of pressure signals magnitude and phase, reference measurements have 
also been performed using miniature dynamic pressure sensors. XPM10 M10 flush sensors have been used for this purpose (Fig. 17) 
connected to a separate data acquisition system provided by MARIN (Fig. 18). 

The experiments setup described is section 4.1 has been modified accordingly to allow simultaneous pressure measurements with 
XPM10 and retrofit layer. Three holes have been drilled into the layer and an additional mounting plate in order to allocate the 
pressure gauges (Fig. 19). The set of XPM10 has been bolted to the mounting plate and flush mounted with the layer (Fig. 20). 

The locations of the three XPM10 with respect to the embedded piezoelectric sensors are depicted in Figs. 13 and 27. 
The updated configuration of the experiments setup allowed performing pressure measurements with the two systems in parallel 

during the experiment described in section 4.1 limiting the uncertainties due to the repeatability of the test. 
A sampling frequency equal to 1000 Hz for both the XPM10 and the layer has been used to sample the data during the experiment. 

The inverse procedure presented in section 2.3 has been applied to reconstruct the pressure field from the voltages measured by the 
piezoelectric sensors. The three localized pressure signals have been extrapolated from the pressure field reconstruction and compared 
to the measurements performed by the respective pressure sensors. 

A qualitative sensitivity study has been performed simulating the non-perfect conditions of the setup and evaluating the influence 
of disturbances that can be present in reality.  

• Debris on the layer (captured by adding extra interference on the sensing surface)  
• Mounting surface imperfections (captured by modification of the back of the layer) 

The first condition aims to simulate the behaviour of the layer with presence of hypothetical marine growth. The second case 
considers the chance of mounting the layer on a non-perfectly flat surface. 

The designed setup with no additional disturbance has been considered as the reference case, i.e. Base case. The sensing surface of 
the layer was cleaned and the layer was clamped to the intact support plate. To simulate debris on the layer, fabric sheets (Fig. 21) were 
interposed before the sensing surface, i.e. One ply of fabric, Two plies of fabric, Three plies of fabric. To replicate the behaviour of the layer 
mounted on a non-ideal wall, the intact support plate was substituted with three bands composite supports (Fig. 22), i.e. Three point 
support plate. Furthermore, the extreme condition was also tested by removing all the support plates from the setup, i.e. No support 
plate. This modifications implies that the results will be affected by the bending behaviour of the layer (which was not allowed in the 
original setup). 

5. Results and discussion 

5.1. Numerical simulations 

Following the modelling procedure, a numerical routine is implemented to process the data obtained from the experiments. First, 
evaluation of the influence coefficient matrix is performed by means of modelling the 3D layer and using the analytical formulation 
presented in section 2.4 to retrieve the voltage from the strain components. Secondly, based on the in-plane geometry of the layer, the 
projection matrix is computed. 

Starting from the measured voltages, the procedure adopted to reconstruct the pressure field involves two mathematical operators. 
The first one transforms the measured voltages into virtual point forces (2.49) while the second one projects the 25 virtual point forces 
to pressure distribution over the surface of the layer (2.50). 

Fig. 18. DAQs of XPM10 pressure sensors.  
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Fig. 19. Three XPM10 bolted to the mounting plate.  

Fig. 20. Sample of flush mounted pressure sensors.  

Fig. 21. Sample of fabric sheets.  
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To shape the matrix operator that converts the measured voltages to the external applied forces, it must be defined how much the 
force applied on the j-position sensor contributes to the voltage output of the i-position sensor. A 3D FE model of the layer has been 
realized. An external unit force has been applied to the node at x = y = 180 mm. A square element has been used to represent the 
piezoelectric sensor. The 400 × 400 × 5 mm geometry of the layer was discretized with 100 volumetric 3D elements. In the thickness 
direction only one element was used. The elements size was 40 × 40 × 5 mm and 4th order polynomials in the x-direction (width) and 
z-direction (length) were used to describe the field variable in the element domain. A convergence study has been performed to select 
the order of polynomials in y-direction (thickness). Polynomials up to 6th order were tested in the simulations. The 4th order poly-
nomials have been considered as a good compromise between the accuracy and the CPU memory usage. Assumed material properties 
were in accordance with the values listed in section 3.2. 

In Fig. 23 the top and side view of the elastic matrix layer is shown. The unit nodal force applied is represented by the red mark. The 
nodes of the element of interest are highlighted with blue circles. This element is representative of a piezoelectric transducer. The 
resulting displacements and strains of the selected element have been processed by means of the formulation presented in section 2.4. 

Varying the in-plane distance between the applied force and the transducer, the following result has been obtained (Fig. 24). The 
value of the influence coefficient is maximum at zero (force applied above the sensor) and it decreases when moving away from the 
application point. 

Based on the distance between the sensors that compose the network, the matrix operator has been shaped. The dimension of the H 
matrix operator is [25 × 25], since it relates the point force at the location of one sensor to the voltages measured by all the transducers. 
From Fig. 25 diagonal shape of the influence coefficients matrix is reported. 

The diagonal shape of the influence coefficients matrix suggests that only the point forces acting on the piezoelectric sensor location 
contribute to the voltage measured by the sensors itself. Limited influence between the point force and the voltages measured by the 

Fig. 22. Three bands composite support plate.  

Fig. 23. Top and side view of the elastic matrix layer FE model.  
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other transducers has been found. Based on the designed sensors layout and the result presented in Fig. 24, it appears that the influence 
coefficient drops to zero when reaching d = 0.05 m (minimum distance between two adjacent piezoelectric sensors). The result is 
considered valid for the specific host material in use. Materials softer than the deployed epoxy resin would allow to higher influence 
coefficients. It must be noted that eq. (2.51), presented in section 2.3, is proposed for the very general case and still remains valid in the 
presented case study. 

The projection operator has been shaped from the surface geometry of the layer. Two discretisation schemes have been applied. 
First, a 10 × 10 SEM elements (with 4th order polynomials in x- and y-directions) mesh has been used to model the layer surface. 
Secondly, a 5 × 5 grid of nodes has been used to discretize the pressure field. As discussed earlier, the location of the surface nodes is 
the same as the sensors (Fig. 4). 

The present model allows obtaining a matrix that can link the two discretisation models (of the surface and the body of the layer). 
Combining the polynomial shape functions of the two mesh schemes, the mathematical operator has been shaped. 

5.2. Pressure field measurement and reconstruction 

Two NI USB-6211 data acquisition systems have been used to collect the experimental data. Due to the bias of the two boards, the 
raw data have been lined up to the horizontal axis subtracting the mean of the entire time series. After this step, a windowing function 
has been applied in order to prepare the signals for band-pass filtering (2.5–20 Hz). 

An example of the 25 voltage signals measured by the embedded network of transducers is reported in Fig. 26b. The presented 

Fig. 24. Influence coefficient vs. distance from the punctual force.  

Fig. 25. Influence coefficient matrix.  
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signals are the results obtained from the data processing mentioned above. A first negative voltage peak is present in all the time series, 
typically followed by a second negative peak. The former is representative of the relevant travelling pressure wavefield, while the latter 
is more likely related to reflection of the pressure wavefield coming perpendicularly to the vertical side of the tank. It is notable that the 
amplitude of the second peak is dominant in the channels located on the layer side close to the flank of the water tank (two rows at the 
lower part of the sensors grid, see Fig. 26a), and it decreases when moving towards the top part of the layer, i.e. channels 5-10-15-20- 
25. 

It should be mentioned also that sensors 6, 18, and 19 were malfunctioning due to damage of the PZT electrodes during the 

Fig. 26. (a) Schematic overview of channels numbering. (b) Sample of 25 voltage signals measured by the embedded network of piezoelec-
tric sensors. 
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fabrication of the layer. Based on the observed symmetrical behaviour of the generated pressure wavefield, symmetry (with respect to 
y-axis) assumption has been applied to the damaged sensor locations, i.e. missing measuring points. Note that the rest of the sensors in 
the network also confirm the general symmetric behaviour of the induced pressure wave. 

Once the voltage signals have been pre-processed, the developed routine can be applied to the data for obtaining the final 
reconstruction of the pressure field. Firstly, the influence coefficient matrix is used, providing the external forces on the reduced grid of 
virtual points. Secondly, in order to transform the force into pressure, all the components of the reduced force vector are multiplied by 

Fig. 27. Sample of pressure wavefield reconstruction. Locations of the three pressure sensors (XPM10 M10 flush) used as reference measurements 
are indicated by red closed circles (x1 = x2 = x3 = 0.2 m, y1 = 0.05 m; y2 = 0.15 m, y3 = 0.25 m). 
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the scalar λ to convert them into pressure. Finally, the projection matrix is used to retrieve the distribution of pressure all over the 
surface of the layer. 

An example of the reconstructed pressure wavefield is illustrated in Fig. 27. The wave coming from the top of the layer firstly 
creates a localized pressure field in the middle top part of it and, secondly, it travels along the sides of the layer. This behaviour has 
been recognized in all the performed tests. The piezoelectric sensors are subsequently excited from the top to the bottom of the layer. 
Due to reflection of the wavefield mentioned earlier in this section, a concentration of pressure is captured at the lower end of the panel 
until the measurement starts being affected by the mechanical behaviour of the sensing plate, as can be recognized also in the tail of the 
voltage time series showed in Fig. 26b. 

5.3. Pressure measurements validation and sensitivity study 

Validation of pressure measurements has been performed comparing the performance of the XPM10 pressure sensors with the 
retrofit layer. The locations of the three pressure sensors used as reference measurements are depicted in Fig. 27 by the red closed 
circles. 

Fig. 28 shows the comparison of pressure signals measured by the two systems deployed. 
Pressure signals at XPM1 position (Fig. 28a) show an overestimation of the pressure field measured by the retrofit layer. The bias in 

signal amplitude is believed to be the effect of the applied boundary condition in the performed experiment, i.e. clamps at the borders 
of the layer. The compressional force applied by the clamps at the borders of the layer might act as pre-load with a consequential pre- 
charge of the piezoelectric sensors located at the borders of the layer. As regards the phase of the signals, an overall agreement between 
the pressure sensor and the extracted pressure signals at XPM1 position has been reported. Nonetheless, it appears that the retrofit 
layer is less sensitive to instantaneous local variations of the pressure field. This effect is shown in Fig. 28a, between 200 and 300 ms. 

Fig. 28b shows a slightly better agreement between the phases of the pressure signals. However, it appears that the retrofit layer 
detects the pressure field oscillations in advance with respect to the pressure sensor (e.g. between 200 and 300 ms). This effect might be 
due to the influence of the deformation of the host material (anticipating the local pressure measured by the pressure sensor) on the 
voltage measured by the piezoelectric sensors. As regards the amplitude of the pressure signals at XPM2 position, an overestimation 
can be noted in the pressure field measured by the retrofit layer. Also in this case, the deformation of the host material might have 
influenced the pressure field reconstruction performed by the retrofit layer. Note that XPM2 is located in the centre part of the layer. 
Considering the relatively higher difference in amplitude (e.g. around 200 ms, Fig. 28b) compared to the other locations, bending of 
the layer might have compromised the accuracy of the measurements even though the deployed support plate has been considered 
sufficiently stiff to limit the bending of the layer. 

The pressure measurements at XPM3 position (Fig. 28c) show the best agreement in terms of amplitude of the two signals even if a 
slight misalignment between the two pressure signals is still evident. Also, it can be noted (around 350 ms) how the pressure signal 
extracted by the pressure field reconstruction with retrofit layer lacks in sensitivity to local fluctuations of the pressure field whilst 
detected by the pressure sensor. 

A qualitative sensitivity study has been performed to evaluate the influence of disturbances that can be present in reality. 
In order to characterize the experimental results with sufficient statistical representation, a group of 9 sensors is considered (n. 

8–10; 13–15; 18–20) and the experiments have been repeated 25 times. Neglecting the non-working sensors (n. 18–19), the examined 
group is composed of seven piezoelectric transducers (Fig. 29). 

For every test case, the 25 runs have been considered and for each run (in different conditions), the relevant negative peak of every 
sensors time series has been collected (Fig. 30). The average of the negative peaks of the group of sensors has been calculated and used 
as the index. The results for the considered 6 clusters of points are shown in Fig. 31. 

For each cluster of points, the average of the plotted indices has been calculated. The average has been evaluated in terms of 
absolute value and plotted with the 95% confidence interval. 

Fig. 32 reports the results of the sensitivity study. The reference Base case presents an absolute value of the average level of the 
response equal to 1.393 V with the lowest standard deviation, i.e. 0.085 V, providing the basis for comparison with the modified 

Fig. 28. Comparison of pressure signals measured by XPM10 and retrofit layer.  
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condition tests. 
Regarding the interference on the sensing surface, one ply of fabric does not affect the measurements in a relevant way. For this 

case, 1.385 V average level of the response has been reached with a standard deviation of 0.17 V. Considering two or three plies of 
fabric, the mean output level decreases causing losses of 10.10% and 25.57% from the original response respectively. Concerning the 
modification on the back of the layer, the two tested conditions introduce relevant bias in the measurements. The mean response level 
reaches 1.735 V for the three bands support plate test with 0.14 V standard deviation. At this point, it must be noted that all the above 
mentioned test cases are characterized by a relatively low dispersion of values showing an average standard deviation of 0.143 V. This 
changes to some extent when the last test case is considered. For this condition, the response level jumps to 2.85 V showing a higher 
standard deviation, i.e. 0.217 V. These two values are in line with the expectation that the absence of the support plate involves 
bending of the layer, contributing to the higher voltage output from the piezoelectric sensor. Furthermore, the lack of proper boundary 
conditions on the back of the layer has repercussions on the dispersion of the results because of the less controllable mechanical 
behaviour of the layer. Finally, a decreasing trend of the response is evident when considering a larger disturbance on the sensing 
surface. In summary, in case of bending of the layer, the voltage response is higher as well as the uncertainty of the measurements. The 
layer exhibits desirably-low sensitivity to disturbances on the sensing surface (e.g. marine growth). While it shows relatively high 
sensitivity to bending caused by imperfections in the mounting surface, therefore it needs to be placed very carefully on-board. 

Fig. 29. Selected group of sensors.  

Fig. 30. Sample of relevant voltage peak.  
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6. Conclusions 

Development of a retrofit layer with an embedded array of piezoelectric sensors for evaluation of the transient pressure field 
distribution was reported in this paper. A finite element-based inverse procedure to reconstruct the pressure field from the measured 
voltages has been formulated. Feasibility of the concept and sensitivity of the layer were assessed through experiments. 

For the experimental validation, a 400 × 400 × 5 mm epoxy layer was fabricated embedding 25 piezoelectric sensors on a square 
grid in accordance with Gauss-Lobatto-Legendre points. Results from 2D FE simulations indicate that placing the embedded sensors 
0.5 mm below the sensing surface of the layer increases its overall sensitivity if compared to other locations within the thickness of the 
layer. 

To evaluate the capabilities of the layer, experiments were performed involving measurement and reconstruction of the pressure 
field generated by a travelling wave in a water tank. Starting from the measured voltages, the reconstruction of the pressure field was 
obtained using two mathematical operators (i.e. influence coefficients matrix and projection matrix). Additionally, a scalar conversion 
has been used to transform the external force into pressure. 

A qualitative sensitivity study has been performed simulating the non-perfect conditions of the setup and evaluating the influence 
of disturbances that can be present in reality, such as debris on the layer and mounting surface imperfections. 

Overall, the performed experiments served as proof of concept for the retrofit layer with embedded network of piezoelectric 

Fig. 31. Clusters of calculated indices.  

Fig. 32. Sensitivity study results.  
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sensors. The proposed concept demonstrated the capability to measure and reconstruct the transient pressure distribution despite the 
lack of sensitivity to very local pressure fluctuations when compared to the commercially available pressure sensors. In addition, the 
layer has shown relatively limited sensitivity to disturbances on the sensing surface while suffering from significant bias in the 
measurements when applied on non-flat surfaces. 
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