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Abstract: In this paper, we present a bolt preload monitoring system, including the system archi-
tecture and algorithms. We show how Finite Element Method (FEM) simulations aided the design
and how we processed signals to achieve experimental validation. The preload is measured using a
Piezoelectric Micromachined Ultrasonic Transducer (PMUT) in pulse-echo mode, by detecting the
Change in Time-of-Flight (CTOF) of the acoustic wave generated by the PMUT, between no-load and
load conditions. We performed FEM simulations to analyze the wave propagation inside the bolt
and understand the effect of different configurations and parameters, such as transducer bandwidth,
transducer position (head/tip), presence or absence of threads, as well as the frequency of the acoustic
waves. In order to couple the PMUT to the bolt, a novel assembly process involving the deposition of
an elastomeric acoustic impedance matching layer was developed. We achieved, for the first time
with PMUTSs, an experimental measure of bolt preload from the CTOF, with a good signal-to-noise
ratio. Due to its low cost and small size, this system has great potential for use in the field for
continuous monitoring throughout the operative life of the bolt.

Keywords: piezoelectric micromachined ultrasonic transducer; PMUT; MEMS; ultrasound; non-
destructive testing; structural health monitoring; bolted joint; bolt preload; finite elements method

1. Introduction

Bolted joints are a fundamental element in engineering applications, providing a
secure yet detachable means for assembling components [1]. The performance of these
joints critically depends on the clamping force exerted by the bolt, which, if improperly
applied or maintained, can lead to mechanical failure through loosening or fatigue of the
joint components [2]. Therefore, ensuring the proper clamping force throughout the joint’s
operative life is essential for structural integrity in various mechanical systems.

Several methods have been proposed and used to apply and measure the preload of
bolts. The most common methods include torque control, angle control, bolt elongation
measurement, direct tension indicators, strain gauges, and Ultrasonic Testing (UT). Torque
control involves measuring the torque during the application of tension and stopping
when a certain value is reached. Although torque can be easily measured with a torque
wrench, preload accuracy may be low due to difficulties in accurately determining friction
coefficients [3-5]. Moreover, torque control is unsuitable for preload monitoring. Angle
control consists in turning the nut to a specific angle that corresponds to a known elongation
and, therefore, to a certain preload. However, this method also has low accuracy, as the turn
angle depends on many parameters and may need to be determined empirically [3]. Bolt
elongation measurement requires access to both ends of the bolt with a micrometer before
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and after tension is applied [3]. This requirement makes the method impractical in real-
world scenarios where such access is often restricted or entirely unavailable. Direct tension
indicators, typically washers with bumps designed to flatten at a certain load, have the
disadvantage of being specific to a particular joint and are unsuitable for monitoring the bolt
during its operative life [6]. The strain gauge method requires an electronic or piezoelectric
component specifically placed to change electrical impedance proportionally to the applied
preload. This can occur through compression (washer-like) or attachment parallel to the
bolt axis [6]. Ultrasonic Testing, particularly the method based on the acousto-elastic effect,
leverages the fact that internal stress changes both the sound propagation speed and the
bolt length. Both these phenomena lead to an increase in sound propagation time along the
axis, with respect to the no-load condition, thereby causing a change in the time-of-flight
(CTOF) proportional to the internal stress [7]. The CTOF can be measured by an ultrasonic
transducer attached to one end of the bolt, thus operating in pulse-echo mode. Ultrasonic
Testing is recognized as a high-accuracy mean for monitoring the clamping force in bolted
joints [3,8,9]. UT is typically performed temporarily during the joint inspection, even if
the transducer itself may be a very low-cost disposable component. That is because the
equipment needed to operate the transducers is expensive and requires a skilled operator.
Recently, inspired by the Internet of Things (IoT) paradigm, researchers have explored the
possibility of equipping bolts with an embedded system for continuous preload monitoring.
This advancement has been facilitated by adopting technological solutions that ensure a
high degree of integration, very low power consumption, and significantly reduced costs.
One such system, described in [10,11], employs traditional ultrasonic transducers—namely,
piezoelectric ceramics; however, these suffer from limited integration potential.

In recent decades, Piezoelectric Micromachined Ultrasonic Transducers (PMUTs) have
gained attention because of their potential for low cost and miniaturization due to their com-
pact dimensions and possibility of integration with CMOS electronics [12]. Despite these
advantages, challenges arise in effectively coupling PMUTs to solid materials. While effec-
tive operation through air-coupling [13,14] and liquid-coupling [15] has been demonstrated,
solid coupling presents difficulties due to the acoustic impedance mismatch between the
transducer and medium. PMUT coupling to solid material has been experimentally demon-
strated using an interposed liquid medium [16], but a fully solid (“dry”) coupling would
be preferable for industrial applications.

In this paper, we introduce a PMUT-based bolt preload measuring system designed
for low-cost, low-power operation and intended for continuous monitoring during the
entire operational lifespan of the bolt. This system features an array of PMUTs that are
dry-coupled to the bolt surface using a novel assembly process. Previous studies [17,18]
have demonstrated the feasibility of this approach through simulation. In this work,
we propose an improved design of the PMUT array that operates at a higher frequency.
We experimentally implemented the entire system using a dedicated analog front-end
(AFE) transceiver application-specific integrated circuit (ASIC) for the PMUT transmit
(TX) and receive (RX) functions, paired with an analog-to-digital converter (ADC) and a
microcontroller unit (MCU) that manages the signal processing in a low-cost and low-power
configuration. Through experimental characterization, we show that custom-designed
signal processing algorithms can address some of the limitations associated with the use of
low-power electronics while requiring only minimal computational resources. As a result,
the proposed system offers high accuracy, minimal impact on the joint design, low cost,
and compact size. The design process of the measurement setup and operating conditions
was aided by Finite Element Method (FEM) simulations of wave propagation within the
bolt, which provided additional insights for future improvements.

The paper is organized as follows: Section 2 details the specific features of the PMUT
used in this work, including its assembly and coupling to the bolt, the architecture of the
measuring system, the experimental setup, and the simulation environment. Section 3
presents the simulation results and their role in the system design, along with the experi-
mental results. Section 4 discusses the results and offers final remarks.
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2. Materials and Methods
2.1. PMUT Design and Microfabrication

We designed a 12-element, 2D PMUT array to operate in immersion around 2 MHz
with broadband response [19]. The 12 array elements, each hexagonal in shape, are arranged
on a regular hexagonal grid with a pitch, p., of 862 pm, which is the center-to-center distance
between two adjacent elements. Each array element is composed of 27 circular PMUT cells
with a diameter of 145 pm, electrically connected in parallel, and arranged on a regular
hexagonal grid with a pitch of 166 pm between the centers of two adjacent cells. The PMUT
cell microstructure consists of a 4 um thick silicon flexural plate, on which a 2 pm thick
piezoelectric layer is deposited and patterned in a 108 pm diameter disk shape. The flexural
plate is suspended over a cylindrical cavity created by back-etching the 400 um thick silicon
microfabrication substrate.

The fabrication of the 2D PMUT array employed a sol-gel lead zirconate titanate (PZT)
thin-film-based MEMS technology developed by STMicroelectronics [20], with the main
process steps outlined in Figure 1. Initially, a 4 pm thick elastic plate layer comprising an
oxide-silicon—oxide stack was created on a silicon wafer, as shown in Figure 1a. This was
followed by the deposition and patterning of the bottom electrode, a 2 pm thick sol-gel
PZT layer, and the top electrode, depicted in Figure 1b. Subsequently, the structure was
insulated using SiO; and an AlCu routing metal was applied and patterned, as detailed
in Figures 1c and 1d, respectively. After having deposited a final SiN passivation layer
partially etched to open the interconnection pads, shown in Figure e, the thickness of the
wafer was reduced to 400 pm and cavities were formed by backside etching of the silicon,
as illustrated in Figure 1f.

Passivation (SiN)

Routing Metal (AlCu)

e
l | |

I Insulation (SiO»)
I Piezoelectric (PZT)

®) () I Electrodes

P
P

Insulation (SiO2)

Plate and Substrate (Si)
(© (£)

Figure 1. Description of the PMUT microfabrication process: creation of the silicon plate (a); deposi-
tion and patterning of the piezoelectric stack (b), isolation layer (c), and routing metal (d); device
passivation and interconnection pads opening (e); substrate thinning and etching of the cavities (f).

Figure 2a shows the layout of the 2D PMUT array, where the 12 hexagonal elements
and the arrangement of the cells within each element are visible. For each element, we
routed the top and bottom electrode contacts to the area surrounding the device using
routing metal, enabling individual electrical accessibility for each array element. This
organization allows the use of the entire array or only a subset of the array, accessing any
number of elements in either TX or receive RX, even independently. This flexibility allows
us to adjust the relative aperture sizes and, by changing the type of electrical connection,
i.e., parallel or series, to change the electrical impedance and sensitivity of the transducer
to better match the electrical characteristics of the analog front-end circuits. The result is
optimized performance in terms of TX efficiency and RX signal-to-noise ratio (SNR).

Figure 2b shows a photograph of the fabricated die, which is square with a side length
of 4.5 mm. Aluminum-copper (AlCu) metallization was used to connect the top and bottom
electrodes to the circular pads along the edges of the die.
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Figure 2. Layout of the 12-element 2D PMUT array (a) and fabricated die (b).

2.2. PMUT Assembly Process

The device assembly approach is schematically illustrated in Figure 3a. The PMUT
array was electrically and mechanically connected to a rigid-flex printed circuit board
(PCB), consisting of two 0.4 mm thick rigid FR4 sections, through a 0.1 mm thick flexible
polyimide section. One rigid section of circular shape houses the PMUT array die in
a square opening located at the center. The other rigid section accommodates a 24-pin
connector enabling electrical access to the top and bottom electrodes of the array elements.
Electrical interconnection between the die and the PCB was made by Au wire wedge
bonding, achieving wire bond heights below 100 pm thanks to the coplanar alignment
of die and PCB surfaces. Following wire bonding, a glob-top epoxy resin, Epotek 301
(Epoxy Technology Inc., Billerica, MA, USA) filled with Al,O3 powder was applied to
encapsulate and protect the bonds while also filling the gap between the die and the PCB,
thereby providing mechanical continuity. Figure 3b shows a photograph of the PMUT die
assembled on the PCB through wire bonding and glob-top encapsulation.

An acrylic adhesive layer was then applied to the back of the PCB to which a 200 pm
thick Mylar plastic sheet was attached to protect the back of the die and provide mechanical
support for the entire assembly.

It is important to note that the glob-top applied around the die provides mechanical
support but decouples it from the backside protection layer, effectively reducing the mass of
the PMUT mechanical support. This results in a higher Q response, which provides better
electro-acoustic matching [21]. Moreover, decoupling the die from the package makes it
less susceptible to potential mechanical instabilities of the package itself, such as those
caused by temperature variations.

A front encapsulation layer was then applied to the surface of the assembly for
mechanical and acoustic coupling of the PMUT to the propagation medium (steel in this
case). This was achieved by a thin layer of a soft solid material consisting of a polyurethane
elastomer with Shore A hardness of 20, a specific acoustic impedance of 1.44 MRayl, and a
bulk speed of sound of 1386 m/s. The thickness of this layer was conveniently selected
to control its acoustic resonant effect caused by multiple reflections at the PMUT surface
and at the interface between the front encapsulation and steel interface. Compatibly with
the minimum thickness of 300 um allowed by the proposed assembly technique, the front
encapsulation layer thickness was set to 650 um to achieve the first 3 thickness modes in
the PMUT frequency band.
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Figure 3. Schematic diagram of the PMUT packaging approach (a). PMUT array bonded to the

rigid flex PCB (b). PMUT assembly permanently attached (c) and magnetically pressed (d) onto a
steel block.

The mechanical and acoustic coupling between the front encapsulation layer and
steel was achieved using the polyurethane elastomer itself as an adhesive through direct
application and, alternatively, via pressure adhesion by placing a magnet on the back of the
packaged device. In this work, we successfully tested both approaches, by permanently
attaching (Figure 3c) and magnetically pressing (Figure 3d) the PMUT to a polished AISI
4340 steel block. Although the permanent attachment represents a more attractive solution
for industrialization, for practicality, we used magnetic pressing to couple the PMUT with
the bolt in the implementation of the measurement system setup.

Electrical impedance measurements of the PMUT were carried out to accurately
assess the resonance frequencies of the PMUT coupled to the front encapsulation layer,
which were employed to determine the optimal frequency of the TX driving signals used
for the characterization of the measurement system described later. Figure 4a,b show
the electrical impedance of the three central PMUT array elements connected in parallel
measured in the range 0.8-2.4 MHz. The impedance phase curves (Figure 4b) revealed
three peaks at 0.91 MHz, 1.56 MHz, and 2.20 MHz, corresponding to the first three resonant
coupled modes of the PMUT, vibrating in flexural mode, and the front encapsulation layer,
vibrating in thickness mode. These three coupled modes are identified by the three phase
resonant peaks. The second peak, in particular, had the smallest phase angle because it
was the closest to the fundamental PMUT resonant mode and, therefore, it was expected to
provide the highest coupling efficiency. Thus, the second mode was selected as the optimal
frequency for operation.
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Figure 4. (a,b) Electrical impedance measurements of the 3 central array elements connected in
parallel. The first 3 thickness modes resonance frequencies of the front encapsulation layer are
0.91 MHz, 1.56 MHz, and 2.20 MHz.

2.3. Simulation of the Propagation of Acoustic Waves in the Bolt

Understanding how acoustic wave propagates inside the bolt is key to design a sound
CTOF measuring system. Performing experiments about this phenomena is hardly feasible
because of the loading effect. Therefore, Finite Element Method (FEM) simulations are
usually preferred. We have conducted FEM simulations using COMSOL Multiphysics®.
These simulations provide a visual representation of wave behavior under different operat-
ing conditions and geometries of the bolt, as well as by varying characteristic parameters
of the transducers. The performed finite element analyses are aimed at informing the
optimization of transducer placement and understanding which parameters have greater
influence on the quality of the output signal.

Considering the whole measuring system, we are interested in the behavior of the
transducers at the electrical port, i.e., to use the voltage signal generated by the AFE as
input for the simulation model, and the voltage signal at RX transducers terminals as
output, connected to RX AFE. To do so, the most accurate approach would be to model
both the transducers and the bolt with finite elements, as performed in [18]. This approach
leads to high-accuracy results but is time-consuming, both for modeling and for simulation
running time. Instead, we choose a simplified approach, with less accuracy but much
faster simulation time. The simulation procedure is the following. Firstly, a PMUT lumped
elements model is used to compute the average velocity at the surface from the applied
voltage; this is performed in Matlab and requires negligible computational resources. Then,
the computed velocity is given as input to the actual finite element model and the velocity
value at the RX transducers surface is taken as output. Finally, the same lumped elements
model used before may be used to convert received velocity into voltage at PMUT terminals.
This approach makes it possible to use single COMSOL physics, thereby requiring a short
simulation time.

The physics applied to the model is Acoustics — Ultrasound — Elastic Wave, Time
Explicit. The simulation was carried out on a 2D axisymmetric representation of the bolt.
Figure 5 shows the used geometry, representing an M12 bolt with a head diameter of 22 mm
and a total length of L = 58 mm, which is half the length of the one that was used for
experimental tests, to reduce simulation time. The transducer is modeled as a segment
placed on the head or the tip of the bolt.
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Figure 5. Mesh applied to the model and frames of the propagation of acoustic waves inside the bolt:
(a) mesh of the unthreaded case, (b) mesh of the threaded case, (c) velocity map at t = 3.20 ps , and
(d) velocity map at t = 11.0 ps.

Figure 5a,b show the mesh on a 2D axisymmetric representation, whose maximum
element size is A /2, while the element order is quartic [22].

A very popular model to represent a piezoelectric transducer with an electrical-
equivalent lumped elements model is the Butterworth—Van-Dyke model, which can be
conveniently adapted also to PMUTs [23]. By rearranging the electrical network equation
and normalizing, the Transfer Function (TF) from applied voltage to the velocity at the
surface of the transducer, which is proportional to the emitted pressure, can be boiled
down to a damped harmonic oscillator, which can be written in the Laplace domain as
Equation (1)

1
52 4 20wos + wi

U(s) V(s) ©)
where U(s) and V (s) are the velocity and voltage signals, respectively;  is the transducer
damping ratio; and wy is the transducer natural frequency, which is related to the undamped
resonance frequency fy by wo = 27 fy. The values of damping and resonance parameters of
fo = 1.6 MHz and { = 0.03 were estimated by fitting the electrical impedance measurement
of the PMUT attached to a stainless steel block. We use a normalized version of the
harmonic oscillator equation because our purpose is to show qualitative behavior of wave
propagation; therefore, the absolute gain of the TF is not relevant. For this reason, the
simulation outputs reported in the following sections of the article will have the velocity in
Arbitrary Units (A.U.).

The voltage input signal is processed through the sensor’s TF (Equation (1)) to produce
the time-domain velocity signal expected on the emitter’s surface. This velocity signal is
then imposed as a boundary condition on the emitters within the finite element model,
allowing us to execute a transient analysis. Therefore, the emitter is modeled as a baffled
piston. The same TF can be used dually for RX section, with incident velocity as the input
and voltage at electrodes as output.

The bolt material is Steel AISI 4340, with density p = 7850 kg/m?, sound propagation
speed ¢ = 5856 m/s, Young’s modulus E = 205 x 10° [Pa], and a Poisson’s ratio v = 0.28.
In a pulse-echo scenario, with no clamping force applied, the first echo (i.e., the first one
after the reflection from the opposite side) is expected after ¢t = 2L/c = 19.8 ps.

An example of the resulting propagation of acoustic waves inside the bolt is shown
in Figure 5. In particular, Figure 5c shows the emitted acoustic wave just after emission,
propagating upwards, and Figure 5d shows the reflection at the bolt head.

Several simulations were carried out in order to assess the impact of the transducer’s
position and bandwidth, the relevance of the presence of threads, and the effect of oper-
ating frequency. In some of the simulations, we introduced simplified conditions, for
example, an unthreaded shank, a low reflecting boundary around the shank, and a wide
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bandwidth transducer, which are instrumental for a better understanding of the complex
wave propagation phenomena that take place inside the bolt. Specifically, the simulations
were performed as follows:

*  The transducer was moved from head to tip of the bolt to support the design of the
measurement setup by choosing the best transducer’s position in terms of output
signal quality;

*  The shank boundary was then set to reflective to investigate the different types of
waves propagating inside the bolt;

¢ The transducer bandwidth was narrowed to better represent the physical device and
evaluate the effect on the propagating waves;

*  The threads were introduced in the bolt model to evaluate to what extent their presence
affects the output signal;

*  The operating frequency was increased from 1.6 MHz to 7 MHz to investigate whether
increasing the frequency could yield appreciable improvements in signal reading
and processing.

2.4. System Architecture

The system is composed of two boards: the PMUT Board and Control Board. The Con-
trol board is a custom board designed by us and has the following parts: a monolithic AFE,
an ADC, an MCU, and a power management subsystem. The Control Board dimensions
are 60 x 60 mm.

The AFE is a monolithic ASIC [24,25], comprising a transmitter (TX) section with a
high-voltage pulser, a receiver (RX) section with a low noise amplifier and a voltage bulffer,
and a T/R switch to switch the connected transducer between the transmitter and the
receiver. This is the typical AFE architecture used in high-end ultrasound applications, e.g.,
in medical ultrasound [26]. This AFE+ADC architecture allows maximum flexibility for
signal processing, particularly the possibility to extract information from noisy signals. The
AFE is designed for analog signals with frequency up to 10 MHz; its digital lines to control
the TX transistors have a maximum refresh rate of 20 MSa/s.

The ADC is single-channel, operated at 20 MSa/s acquisition frequency.

The MCU belongs to the STM32U5 family, which allows both low-power operation
and capability to simultaneously drive the Transmitter digital input lines at 20 MHz and
read the ADC digital output at 20 MHz. We choose to use the 20 MHz time-base because it
allows having low cost and complexity while still being able to measure CTOF with good
accuracy. In fact, despite a sampling time of 50 ns, thanks to proper signal processing, we
can reach a CTOF resolution of a few nanoseconds (Section 3.2), which is compliant with
the requirements for this application [18,27].

2.5. Experimental Setup

Figure 6 shows the experimental setup. The PMUT board is kept in contact with
the bolt tip with a magnet. The measurement is performed in pulse-echo mode, i.e., the
transmitter and receiver transducers are on the same side of the bolt, and acoustic wave
is picked up by the receiver after a reflection on the opposite side of the bolt. The joint is
made with two steel blocks, each 20 mm thick. One of them is fixed to the base; the other
is free to move along the direction of the bolt axis. Between the two joint parts there is
a washer-shaped load cell, used as reference for the clamping force measure. The load
cell model is LCM901-13-130KN, manufactured by Omega Engineering Inc., Norwalk, CT,
USA. Its full scale is 130 kN. The bolt has hexagonal head and total length L = 108 mm,
accounting for the shank, the thread, and the head. The thread size is M12. A single nut
is tightened to create the preload. The clamped section length is Lc = 47 mm. The head
and the tip of the bolt were reworked with Electrical Discharge Machining to decrease the
roughness of the surface and improve acoustic signal reflection.
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Figure 6. (a) Experimental setup comprising Control board, PMUT board, reference load cell, and
bolted joint; (b) TX-RX connection of PMUT elements.

The typical connection of transducer elements to the AFE is with all elements in
parallel, used for both TX and RX [28]. We choose instead to connect the twelve PMUT
elements, as shown in Figure 6b, to minimize cross-talk effects: three external elements are
used as transmitters, to narrow the emitted beam as much as possible, and nine elements
are used as receivers.

2.6. Measurement Process

Each CTOF measure consists of the following sequence of operations. Firstly, the
excitation signal is applied to the transmitter elements and, simultaneously, the voltage at
the receiving elements is acquired from the ADC output. The excitation signal is a 32 Vpp
3-cycle square wave at 1.6 MHz, which was the closest frequency to the 1.56 MHz resonance
of the PMUT that could be generated by the MCU with the current hardware and firmware
configuration. The acquired data are then band-pass filtered to remove the out-of-band
signals and noise. Then, the time delay between a pre-defined time-threshold and the
nearest following zero-crossing is measured. Finally, the corresponding no-load delay is
subtracted from the obtained delay—this is the CTOF measure, which is proportional to
the preload. In order to have a useful measure, the CTOF, which is a time, needs to then be
converted into preload (or stress) by multiplication with a factor, which is dependent on
joint geometry, bolt features, and acoustic parameters, according to Equation (2)

o— cE
T 2UL,

where ¢ is the axial stress, c is the propagation speed inside the bolt, E is the Young’s
modulus of bolt material, L. is the clamped length, and U is the ultrasonic constant (i.e.,
the ratio between the ultrasonic elongation and the actual elongation). If L. > D, where D
is the bolt diameter, U does not depend on joint geometry, only on bolt material [27]. The
use of Equation (2) requires that the joint parts, including the load cell, are much more rigid
than the bolt, i.e., the whole deformation induced by the clamping force happens in the
bolt, while the joint parts remain not deformed. Moreover, the condition L. > D allows to
approximate the value of L. with the actual clamped length by assuming that the stress
along the bolt axis is constant in the clamped length and zero everywhere else. Otherwise
(for example, see results in [18,27]), a correction factor shall be applied to either U or L.

CTOF @)

3. Results
3.1. Simulations

In this section, we show the results of the different transient analyses performed. In
particular, for each case considered, we report the time-domain average axial velocity, fil-
tered around the operating frequency, and the spatial distribution of the velocity magnitude
at a fixed time. As can be noticed, the signal emitted by the transducer during transmission
is also observed during reception, due to self-coupling of the transducer, in all the explored
conditions. However, the signal rings down before reception of the first echo; therefore, no
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issue is expected from this cross-talk phenomenon. The transducer’s position, bandwidth,

presence of threads, and operating frequency, set for each of the obtained images, are
reported in Table 1.

Table 1. Summary of parameters of the conditions reported in Section 3.1.

Figure 7 Figure 8 Figure 9 Figure 10 Figure 11 Figure 12
Positioning HEAD TIP TIP TIP TIP TIP
Shank boundary Low-reflecting  Low-reflecting Free Free Free Free
Transducer bandwidth Wide Wide Wide Narrow Wide Wide
Threads NO NO NO NO YES NO
Frequency 1.6 MHz 1.6 MHz 1.6 MHz 1.6 MHz 1.6 MHz 7 MHz
5 x10°
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Figure 7. Transducer positioned on the head of the bolt with low-reflecting boundary around the
shank: (a) velocity map a t = 6.7 ps; (b) time-domain velocity signal at the receiver.
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Figure 8. Transducer positioned on the tip of the bolt with low-reflecting boundary around the shank:
(a) velocity map a t = 6.7 ps; (b) time-domain velocity signal at the receiver.
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Figure 9. Transducer positioned on the bolt tip with reflecting boundary around the shank: (a) velocity
map a t = 3.1 ps; (b) velocity map a t = 8.4 ps; (c) time-domain velocity signal at the receiver.
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Figure 10. Transducer positioned on the tip and of the bolt, with reflecting boundary around the
shank and narrow transducer bandwidth: (a) velocity map a t = 6.7 ps; (b) time-domain velocity
signal at the receiver.
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Figure 11. Transducer positioned on the tip and of the bolt, with threads: (a) velocity map a t = 6.7 ps;
(b) time-domain velocity signal at the receiver.
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Figure 12. High -frequency transducer positioned on the tip of the bolt: (a) velocity map a t = 6.7 ps;
(b) time-domain velocity signal at the receiver.

3.1.1. Position of the Transducer

To evaluate the impact of transducer placement on the effectiveness of first echo
detection from the acquired signal, we used finite element analysis to determine the
optimal position of the PMUT by relocating the transducer along the bolt’s axis from head
to tip. The boundary type around the shank was set to “low-reflecting” in order to avoid
masking of the reflections that take place inside the bolt head by contributions from other
reflective boundaries. Figures 7b and 8b show the time-varying velocity signal received by
the transducer positioned on the bolt head and tip, respectively. The echo signal received
after reflection from the opposite side is clearer when the transducer is positioned on the
tip rather than on the head. In fact, as can be seen in Figure 7a, multiple reflections coming
from the outer borders of the bolt head superimpose before and after arrival of the first
echo, affecting its detectability. Therefore, it is preferable to locate the transducer on the
bolt tip to effectively measure the CTOFE.

3.1.2. Analysis of Wave Propagation

Once the optimal position of the transducer was set, we set the boundary type around
the shank as reflective to achieve a better understanding of waves propagation inside
the bolt during experiments. Figure 9 shows the velocity magnitude maps in the bolt
cross-section at different moments in time. When the pressure wave generated by the
transmitter interacts with the boundary, part of the energy is converted in a shear wave,
which travels towards the center of the bolt. When the shear wave reaches the opposite
side, another mode conversion happens such that part of the energy is converted into a
new pressure wave that travels in the same direction as the first one. This longitudinal
wave is called a trailing echo. After the first trailing echo, the shear wave is reflected again
and the process repeats, generating further trailing echoes, with each being less energetic
than the previous. The delay between trailing echoes corresponds to the ratio between
the bolt diameter and the shear wave velocity. This behavior is consistent with results
reported in previous works, both in simulation [29,30] and experiments [31,32]. In Figure
9a, another type of wave is distinguishable: these are radiated shear waves generated by
mode conversion on the bolt tip, at the boundaries of the transducer [30]. These additional
waves originating from mode conversions at the reflective boundaries take away energy
from the longitudinal wave, which generates the echo needed for the CTOF measurement.
Nevertheless, experiments confirm that, in the developed system, spurious waves do not
compromise the capability to distinguish the time of arrival of the signal of interest.

3.1.3. Transducer Bandwidth

PMUTs working in solid-coupled conditions have a narrow bandwidth. To assess the
effect of working with signals with limited bandwidth, we simulated the propagation of an
acoustic wave generated by a more narrowband pressure signal. Figure 10 shows results of
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the simulation conducted by applying a narrowband signal. Comparing Figure 10a with
Figure 9b, the different wave types are not clearly distinguishable anymore. While the wave
types are not distinct, they are still present, while superimposed; therefore, the validity of
measuring the CTOF at the time of the expected first echo still holds, as demonstrated with
experiments in Section 3.2.

3.1.4. Presence of Threads in the Bolt

The presence of threads in the bolt may, in principle, have an impact on wave propa-
gation and on the correct detection of the TOF. The most relevant figure that impacts how
the waves reflect is the ratio between the wavelength, A = 3.7 mm, and the dimension of
the boundary surface roughness. In this case, we can take the bolt pitch p = 1.75 mm as the
representative figure of the surface roughness. When the wavelength is much higher than
the roughness, the reflection is specular, and the behavior is the same as that of a smooth
surface; on the other hand, when the wavelength is of the same order of magnitude of the
roughness, phenomena of diffuse reflection arise [33]. As shown in Figure 11, the presence
of threads generates additional noise in the received signal. However, with respect to the
smooth shank case (Figure 9), the additional noise does not modify the fact that the first
longitudinal echo reaches the receiver before the other wave types; therefore, the validity
of the CTOF measure still holds.

3.1.5. High Frequency Transducers

Conventional bulk-piezoelectric transducers for UT are typically operated in thickness
mode in the 1-10 MHz frequency range [34,35]. The higher part of the frequency range is
preferred when directivity and resolution are to be maximized, at the expense of a wide
field of view [36], which is the case for bolt preload monitoring. Although manufacturing
PMUTs that operate efficiently in such a high frequency range can be challenging and
expensive, we performed a simulation in this frequency range (fo = 7.0 MHz) to evaluate
the possible advantages of increasing the operating frequency and, consequently, directivity.
The result of exciting the wide-aperture transducer placed at the bolt tip with a 7 MHz
input signal is shown in Figure 12. As can be noticed, the stronger directivity results in
clearer and more easily distinguishable echoes: the amplitude of the first and second echoes
is much greater than the amplitude of trailing echoes. Therefore, increasing the frequency
would enhance detection of the quantity of interest.

3.2. Experimental Measurements

We performed experimental measurements with the setup described in Section 2.5
and according to the procedure described in Section 2.6. Based on the simulation results
presented in Section 3.1, the transducer was positioned at the bolt tip, the selection of
transmitting elements was conducted with the aim of increasing the aperture size, and
the excitation was provided at low frequency (f = 1.6 MHz). The output of this process
is the CTOFE. We changed the bolt preload manually, reaching a stress value of up to
about ¢ = 250 MPa, in order to test the whole elastic region before yield. Figure 13a
shows the TOF, i.e., the time interval of the first zero crossing after a threshold set to
t = 36.9 ps, corresponding to the nominal time when the first echo is expected. To evaluate
the repeatability, we performed repeated measurements at constant preload—in particular,
for each point in Figure 13a, we performed 20 measures on the same bolt and without
repositioning the transducer between measures. The bars represent the standard deviation
of the repeated measurements. The average of the standard deviations is o)y = 1.18 ns.
Figure 13b shows the CTOF on the y-axis, obtained by subtracting the no-load TOF from
the measured TOF values; on the x-axis, there is the axial stress ¢ = F; /A, where F; is the
force measured by the reference load cell and A is the bolt cross-sectional area. Figure 13b
also shows the theoretical behavior of CTOF vs. stress, obtained by inverting Equation (2),
assuming the value U = 3.0 for the ultrasonic constant [27] and E = 200 GPa for Young’s
modulus. Therefore, there is very good agreement between the theoretical behavior and
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the measured one. Figure 13c shows the measured change in the speed of sound due to the
acousto-elastic effect, computed according to Equation (3):

Acy = Z(LC +d)

= TOF,_ + CTOFy ®)

where d = % is the bolt elongation computed from the load cell measure, assuming
elastic deformation; TOF; . = 2L/ ¢ is the propagation time in the clamped section at no
load; CTOF) is the measured CTOF, i.e., the same reported in Figure 13b. Figure 13c also
shows the theoretical behavior of the change in the speed of sound vs. stress, computed as
a function of stress ¢ according to Equation (4):

2(Lc +dr)

Acy = -
T~ TOF,, + CTOFy

o (4)

where dr = oLc/E is theoretical bolt elongation computed as a function of stress, as-
suming elastic deformation, and CTOFr = 2dtU/cy is the theoretical CTOF computed
as a function of stress. Please note that CTOFr is expressed as a function of constant co,
while ¢(0) = ¢p + Act would be more correct instead; however, the use of ¢y streamlines
Equation (4), introducing a negligible error since ¢y + Act ~ cp.
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Figure 13. Experimental measurements; bars represent the standard deviation of repeated measure-
ments. (a) Raw data: measured TOF vs. reference force measured with the load cell. (b) Conversion
of raw data to CTOF vs. stress, and comparison with theoretical values. (c¢) Derived change in speed
of sound due to acousto-elastic effect.

4. Discussion

The research presented in this paper successfully demonstrated the feasibility of using
a PMUT-based system for bolt preload monitoring. The system, which operates in pulse-
echo mode, measures the Change in Time-of-Flight of acoustic waves to determine the
preload of a bolt. Finite Element Method simulations were instrumental in optimizing the
system design, considering factors such as transducer geometry, placement, and the pres-
ence of threads. The novel assembly process involving a polyurethane elastomer acoustic
matching layer proved essential for effective dry-coupling of PMUTs to the bolt surface.
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Experimental validation of the system showed good signal-to-noise ratio and repeatabil-
ity, with the experimental measurements aligning closely with theoretical predictions. In
particular, to understand the capability of the system to measure bolt preload in different
joint types and geometries, it is convenient to define a sensitivity figure by rearranging
Equation (2):

s_ CTOF 22U

_ 2 s1px10 ML
oL, cE 51210 [MPa][mm)]

(5)

where S represents how much CTOF is expected per unit axial stress and per unit clamped
length. Considering a typical joint with long tens of millimeters and designed to work
in the hundreds of MPa, the typical CTOF full scale is tens of nanoseconds. Since the
experimentally measured CTOF standard deviation is 0;; = 1.18 ns, which is much smaller
than the CTOF full scale, we can state that the system is suitable for accurate measurements
in most joints.

This work contributes to the field of structural health monitoring by introducing a
low-cost, low-power, and highly accurate method with great potential for continuous
bolt preload assessment. The PMUT-based system’s ability to be retrofitted onto existing
joints with minimal effort further enhances its practicality and potential for widespread
adoption. The research also advances the understanding of wave propagation in bolted
joints, providing valuable insights that can inform future designs and improvements in
ultrasonic testing technologies. By demonstrating the negligible impact of bolt threads
on signal integrity and the benefits of using a soft solid mechanical coupling and acoustic
matching layer, this study lays the groundwork for more robust and reliable monitoring
systems. To better address the full development of a monitoring system, future work
will include an investigation of aging effects during the whole lifetime of the bolt, data
management, and investigation of the impact of temperature and its compensation.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-Digital Converter

ASIC Application-Specific Integrated Circuit

AFE Analog Front-End

CMOS Complementary Metal-Oxide-Semiconductor
CTOF  Change in Time-of-Flight

FEM Finite Element Method

MCU  Microcontroller Unit

MEMS  Micro-Electro-Mechanical Systems
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NDT Non-Destructive Testing
PMUT Piezoelectric Micromachined Ultrasonic Transducer

RX Receiver

SNR Signal-to-Noise Ratio
TF Transfer Function
TOF Time of Flight

X Transmitter

uT Ultrasonic Testing
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