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(57) ABSTRACT

A synthetic phased array surface acoustic wave sensor to
quantify bolt tension and a method for determining or esti-
mating the tension in bolts using surface acoustic waves
(SAWs). The tension is determined or estimated by using the
reflection of SAWs created by the bolt head interference with
the underlying surface. Increments in the bolt tension raise
the points of interaction between the waves and the bolt head
(real area of contact), and hence the position of the reflective
boundaries. The variations are estimated using known tech-
niques (e.g., linear synthetic array imaging technique). A
singular transducer is actuated from predefined positions to
produce an array of signals that are subsequently arranged
and added to construct an acoustic image.
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1
ACTIVE ULTRASONIC METHOD OF
QUANTIFYING BOLT TIGHTENING AND
LOOSENING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This nonprovisional application is a continuation of and
claims priority to provisional application No. 61/696,685,
filed Sep. 4, 2012 by the same inventor, which is incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates, generally, to monitoring bolt ten-
sion. More specifically, it relates to a method of evaluating
clamping force using surface acoustic waves.

2. Brief Description of the Prior Art

Threaded fasteners are one of the most versatile methods
for assembly of structural components, ranging from small
toys to large-scale steel structures such as pipelines, bridges
and platforms. The standards of the threaded fasteners
employ specific terminology for the parameters that define
the general geometry of bolts. FIG. 1A shows the most impor-
tant parameters of a conventional bolt. The pitch is separation
between two contiguous threads. The nominal diameter is the
largest diameter of the screw thread. The bolt length is mea-
sured from the head to the base. The thread length is the
distance from the bolt end to the beginning of the screw thread
[1].

Even in an assembly of a single structure, a variety of bolts
may be actively used, with ranging sizes and material prop-
erties. For example, in steel building structures, two primary
types of threaded fasteners are used: critical fasteners and
non-critical fasteners. For example, in bridges, large high-
strength bolts are used to fix base columns, and small lower-
strength bolts are used to support access ladders. High-
strength fasteners require careful design and comprehensive
care for maintenance. The inspection techniques are used to
evaluate clamping force, internal stress and even the crack
development in the joint. These techniques are defined by
strict standards.

Naturally, not all bolts are critical for the operation of the
structure. Fasteners loaded with small forces and present in
large quantities do not receive the same treatment as the
critical bolts, as they have less importance in structural rigid-
ity. Typical maintenance operations, for example tension
measurements, internal stress checking and monitoring of
crack development, are not practical or regularly practiced
due to cost, time constraints, and the vast quantity of the
non-critical fasteners [1]. Although failure of a single non-
critical, low-strength fastener likely is not a significant threat
to the structure’s stability, massive malfunction can cause
structural problems, such as insufficient stiftness or excessive
vibrations, which may lead to structural failure.

A very common cause of structure failure is the self-loos-
ening ofthe bolted joints [2-5]. Itis explained as a “slip™ at the
thread-plate and head-plate interfaces [1, 3-7, 14]. The main
cause of the “slip” is direct and indirect shear loads applied to
the threaded joint [6, 7]. In addition to the shear loads, the
preload/tension also tends to loosen the bolt due to the gen-
eration of loosening moment related to the helical shape of the
thread. Another factor that contributes significantly to the
loosening process is the elastic deformation of the fasteners
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2

and clamped members; member deformation causes “slip” in
the fastener heads and increases the loosening moment in the
threads [6].

The health or effectiveness of bolted joints can be defined
by one primary parameter: the clamping force (CF). The CF
is the force that holds the elements of the joint together. If the
CF is too low, separation and bolt fatigue may occur. The CF
is too low in loose bolts; low CF indicates the acceleration in
the natural loosening process [3], meaning loosened bolts
tend to loosen even faster than properly tensioned bolts lead-
ing to accelerated bolt loosening as the structure ages [3].
Insufficient CF may further lead to joint separation. In the
case of separated bolted joints, aggressive fatigue is induced
on the remaining bolts due to the increase tensional stress on
the remaining bolts [1, 3]. On the other hand, the CF is too
high in excessively tightened bolts; excessive CF may pro-
duce damages in the underlying structural members, such as
excessive distortion or breakage [3].

The CF is generated by the superposition of the individual
tensions of the bolts present in the joint. The bolt tension, also
referred to as bolt preload, is the actual force that is stretching
the bolt body. The preload is related to the relative stiffness of
the bolt and clamped members. Maintaining the appropriate
tension in bolts ensures a proper CF and maintains good
health of the joint, along with safe operation of the underlying
infrastructure. CF is proportional to the bolt tension by the
combined stiffness of the clamped members and the fasten-
ers. Tension of all the fasteners in a joint builds up the com-
mon force that ensures clamping. Hence, bolt tension of all
the fasteners present in a joint is critical for CF [1, 3].

There are two different stages in the operation of bolted
joints that require tension control: assembly and regular
operation. Geometric characteristics like the stiffness or bolt
position usually do not change during the assembly or the
regular operation. Thus, accurate tension control is necessary
to ensure a correct CF [36]. In the assembly process, the
tension is controlled to guarantee a correct preload and there-
fore the correct CF. On the other hand in the regular operation,
the tension is monitored to ensure a safe CF level during the
joint life.

Several methods have been studied in order to quantify the
health of bolted joints. Typically, the torque control method is
applied [1, 4-7, 15]. Other methods are turn-of-nut control
[4], direct preload control [4], and stretch control [8]. With
torque control, manual, pneumatic or hydraulic torque
wrenches are used to apply wide range of torque to the bolt
[3]. The inherent dependency of this method on various vari-
ables such as friction factor, torsion, bending and plastic
deformation of the threads reduce the measurement accuracy
of the applied tension to as low as 30% [3, 15].

The turn-of-nut control method has two stages. In the first
stage, the bolt is tightened with a conventional torque wrench
until it reaches approximately 75% of the material ultimate
strength [3]. The second stage involves an additional turn of
1800 after the initial tightening. Every 3600 degree that the
bolt rotates increases the bolt length (and hence the tension)
by the bolt pitch, so the final turn ensures a tension that creates
stresses larger than the bolt material yield point [3]. Tension
accuracy of 5% is reported with this methodology. However,
this method can only be used for bolts made out of ductile
materials with long and well-defined elastic deformation
regions [3].

Direct preload control method uses direct estimators of
tension, such as strain, stress or deformation. Judiciously
positioned strain gauges can measure the strain very precisely
leading to tension estimation with an accuracy of as high as
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1% [3]. However, as noted, these gauges must be precisely
positioned at the bolted joints.

Bolt stretch control is another way to quantify bolt tension.
This method employs the transit time of ultrasound measure-
ments along the bolt length to quantify the bolt tension. The
main advantage of this methodology is that measurement is
independent of friction between the fastener and the clamped
plate. Avoiding the friction permits it to be almost as accurate
as the instrument used to measure the bolt length change [3].
Additionally, this approach makes it possible to monitor the
fastener tension levels only by comparing the new length of
the bolt to the value recorded during installation [3]. How-
ever, as expected, many older structures with no recorded bolt
lengths during installation cannot be evaluated with this
method. Also, length variations due to irregular surfaces,
uneven machinated processes, temperature changes, plastic
deformations and bending displacements introduce signifi-
cant error to the length estimation.

The common issues with all these frequently used meth-
odologies are their limitation to quantify the bolt tension only
during the assembly, measurement capability for a single bolt
at a time, relatively high cost, and frequent calibration
requirement. However, critical and non-critical bolts should
be monitored in real-time; thus, one bolt measurement at a
time is a significant limitation for large structures with a high
number of bolts.

Response analysis of induced vibrations may be used to
characterize the general state of bolted joints. For instance,
statistical manipulation can be employed to obtain changes in
the vibration signals due to bolt preload variation [8, 16].
Recently, signal processing algorithms based on empirical
mode decomposition (EMD) have been used to detect
changes in vibration signals produced by impact hammers
[17]. This method was also validated empirically and by
Finite Element Analysis (FEM). Vibration can be used to
monitor common problems, such as stability or resistance in
a structure, but identifying the location of the problem
becomes a difficult task.

Local approaches, such as monitoring the tension of indi-
vidual fasteners, can be employed as well [18-21]. The defor-
mations on the fastener were measured by using automatic
digital image correlation (ADIC) [18]. Also, piezoelectric
sensors were installed in fasteners to sense changes in the
electromechanical impedance of the bolts [21]. Guided ultra-
sonic waves were also used to measure bolt tension. Modu-
lation in Lamb waves due to loosened bolts was used to
calculate a joint damage index [19]. Transformation between
the wave modes due to stress was exploited by [20] with the
purpose of calculating stress levels, tension and CF in the
threaded joints. These methodologies often require a direct
contact with each bolt to be inspected. Furthermore, a major-
ity of the foregoing methods require either disassembly of the
components or data collected during the installation in order
to establish the tension levels.

The pitch and catch technique refers to the employment of
two different piezoelectric transducers to send and receive
guided waves. The waves are sent from the transmitting trans-
ducer (T) and acquired by the receiving transducer (R) with
information about the material present between them. The
waves used in the pitch and catch technique are generally
guided waves that can be strongly influenced by small varia-
tions in the stiffness or thickness of the material [37]. The
pristine condition of the part to be evaluated is taken as
baseline for variation of the waves. Modifications in ampli-
tude, dispersion, phase or time of flight are indicatives of
changes in the structure of the monitored part. Lamb waves of
different modes are used commonly with this technique. Lim-
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ited space between two transducers is a drawback of this
methodology. The waves only provide information from the
material in between the transducers. Filtering the acoustic
signal may be a necessity for very detailed analysis. For
instance, [38] develops a filtering algorithm for diminishing
ringing eftects, which are common in the imaging generation
of concrete structures using pitch and catch techniques.

The principle operation of the pulse-echo method is based
in the reflection of acoustic waves. The waves generated in the
material are partially reflected by holes, corrosion, dibonding
and other defects. The reflected waves carry information that
is received by the transducer. The time that it takes for the
waves to hit and return to the transducer is called time of flight
(TOF). The TOF provides the position of the reflective bound-
ary [33]. The amplitude and frequency of the reflected waves
may be used to estimate the size and shape of the defects.
Pressure waves are normally employed for through-the-thick-
ness pulse-echo scanning and guided waves, such as Lamb
waves or surface acoustic waves, are used for longitudinal
monitoring [33]. The principal limitation associated with this
method is the difficulty of differentiating boundaries that are
close to each other. Proximate defects tend to create reflec-
tions that superpose while traveling through the scanned
material. Separating the individual effect of each one is criti-
cal for a good signal analysis [42]. In some cases this proce-
dure cannot be done correctly, leading to errors in the estima-
tion of size and position of the flaws. Also, the waves
employed in the pulse-echo approach generally should be low
dispersive in nature, such as bulk waves or surface acoustic
waves.

Additionally, the need of previous information about the
specific bolt (e.g., its acoustic properties) is a common draw-
back of the foregoing methodologies. In addition, existing
methods cannot measure distantly, disabling simultaneous
measurement and prolonging the amount of time and cost
needed to evaluate tension in non-critical fasteners, to the
point that the non-critical fasteners may not be proactively
maintained prior to significant damage caused to the under-
lying structure.

The prediction of a component’s operative life is crucial for
its mechanical design. Uncertain loads, ambient conditions,
material properties or even misuse are some of the cases that
a designer has to overcome in order to predict the life of a
specific component. Usually, security factors and redundant
designs assure structural integrity even in worst case sce-
narios. These contingencies generate problems such as
increased cost, less efficient designs, or over dimensioned
structures. Furthermore, designs that support human lives,
like airplanes or civil structures, have additional constrains.

The necessity to predict the operative life of components
urged the creation of methods that permit the monitoring of
the “health” of structures. The methods that are able to do it
without damaging the monitored parts are called non-destruc-
tive evaluation (NDE). The principal problem associated with
NDE is the necessity of off-line evaluation of components.
NDE techniques need very controlled conditions during
evaluation processes which normally involve disassembly or
service leaving of the monitored component. This kind of
monitoring is very common in maintenance programs of any
kind of machinery or structure [39].

Structural health monitoring (SHM) overcomes this con-
crete problem: the evaluation of health is done while the
component or structure is in operation. There are two types of
SHM according to its monitoring approach. The first kind is
called passive SHM, which compares the behavior of the
structure while is aging with the original or “brand new”
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behavior [39]. The second uses inspection of the components
to find actual problems in the structures and is called active
SHM [39].

Passive SHM involves monitoring the general state of the
components by measuring vibration or monitoring stress lev-
els in critical locations. Static structures can also be moni-
tored [40]. Active SHM involves integrating the NDE into the
structure itself, permitting the evaluation and analysis of the
structural health whenever needed and without interrupting
the normal operation of the component [37-39, 41-49].
Examples include ultrasonic technologies, piezoelectric
wafer transducers, etc. However, the known methodologies
utilizing passive and active SHM, including those already
described, suffer from the same or similar drawbacks as
denoted previously.

Accordingly, what is needed is a method of effectively
evaluating clamping force, thereby improving the mainte-
nance capability of critical and non-critical fasteners, by uti-
lizing an ultrasonic reflection method that does not require
previous information about bolted joint, thus permitting
simultaneous in situ quantification of many bolted joints on
the same surface. However, in view of the art considered as a
whole at the time the present invention was made, it was not
obvious to those of ordinary skill in the field of this invention
how the shortcomings of the prior art could be overcome.

While certain aspects of conventional technologies have
been discussed to facilitate disclosure of the invention, Appli-
cants in no way disclaim these technical aspects, and it is
contemplated that the claimed invention may encompass one
or more of the conventional technical aspects discussed
herein.

The present invention may address one or more of the
problems and deficiencies of the prior art discussed above.
However, it is contemplated that the invention may prove
useful in addressing other problems and deficiencies in a
number of technical areas. Therefore, the claimed invention
should not necessarily be construed as limited to addressing
any of the particular problems or deficiencies discussed
herein.

In this specification, where a document, act or item of
knowledge is referred to or discussed, this reference or dis-
cussion is not an admission that the document, act or item of
knowledge or any combination thereof was at the priority
date, publicly available, known to the public, part of common
general knowledge, or otherwise constitutes prior art under
the applicable statutory provisions; or is known to be relevant
to an attempt to solve any problem with which this specifica-
tion is concerned.

BRIEF SUMMARY OF THE INVENTION

The long-standing but heretofore unfulfilled need for an
effective method of determining bolt tension is now met by a
new, useful, and nonobvious invention.

In an embodiment, the current invention is a method of
measuring or monitoring tension in a bolt threaded into a
bolted joint having a bolt boundary formed from real area of
contact between the bolt and the underlying surface. A trans-
ducer array element with a predetermined pitch is positioned
at a predetermined distance from the joint. An acoustic beam
is generated by the transducer array element and is formed of
surface acoustic waves. The acoustic beam is directed toward
the bolt, such that the surface acoustic waves bounce or reflect
off of the bolt boundary at the real area of contact, thus
producing a reflected signal. The transducer array element
receives the reflected signal in order to determine a distance
between the bolt boundary and the transducer array element.
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This distance is based on time of flight of the reflected signal.
Based on this distance, a value of the tension of the joint is
generated. The tension and distance have an inverse relation-
ship, such that when distance is higher, tension is lower, and
vice versa. The tension is optimal at a saturation point of the
real area of contact between the bolt and the underlying
surface.

The acoustic beam may be a variable acoustic beam.

The transducer array element may be a linear array. Fur-
ther, the linear array may be a 1-dimensional transducer array.

The transducer array element may be a phased array.

The transducer array element may include a piezoelectric
transducer.

A crystal wedge may be positioned to direct the acoustic
beam toward the bolt, where the crystal wedge includes the
transducer array element.

The reflected signal may be processed by a beamformer
connected to the transducer array element. The reflected sig-
nal would be process into an image of the bolt boundary.

The methodology may further include application of a
proper time delay to the reflected signal in order to determine
the time of flight and location of reflection of the signal.

The step of determining the distance between the bolt
boundary and the transducer array element may be performed
by generating an ultrasonic image of the joint in order to
quantify the real area of contact.

The transducer array element may further generate a plu-
rality of acoustic beams from a plurality of different pre-
defined positions to produce an array of reflected signals.
These signals would be used to determine the distance
between the bolt boundary and the transducer array element.
Further, in order to do that, the signals may be arranged and
used to construct a single acoustic image ofthe bolt boundary.

The transducer array element may be patterned to have a
focus point at the bolt.

In a separate embodiment, the current invention is a
method of measuring or monitoring tension in a bolt threaded
into a bolted joint having a bolt boundary formed from real
area of contact between the bolt and the underlying surface. A
crystal wedge is positioned at a predetermined distance from
the joint and includes a 1-dimensional, linear phased trans-
ducer array with a predetermined pitch. The transducer array
further includes a piezoelectric transducer. A plurality of vari-
able acoustic beams are generated by the transducer array at
different predefined positions and are formed of surface
acoustic waves. The acoustic beams are directed toward the
bolt, such that the surface acoustic waves bounce or reflect off
of'the bolt boundary at the real area of contact, thus producing
anarray of reflected signals that are received by the transducer
array. The distance between the bolt boundary and the trans-
ducer array can then be determined based on the time of flight
of the reflected signals. The time of flight of the reflected
signals are generated by applying a proper time delay to the
reflected signals. This application of time delay further gen-
erates locations of reflection of the reflected signals. The
distance is determined by a beamformer connected to the
transducer array, where the beamformer processes the
reflected signals to generate an ultrasonic image of the joint
and bolt boundary in order to quantify the real area of contact.
Based on the distance between the bolt boundary and the
transducer array, a value of the tension of the bolt/joint can be
generated. The tension and distance have an inverse relation-
ship, such that when distance is higher, tension is lower, and
vice versa. The tension is optimal at a saturation point of the
real area of contact between the bolt and the underlying
surface.



US 9,127,998 B1

7

In a separate embodiment, the current invention is a system
for measuring or monitoring tension in a bolt threaded into a
bolted joint having a bolt boundary formed from real area of
contact between the bolt and the underlying surface. The
system includes a transducer array and a beamformer con-
nected to the transducer array. The transducer array has a
predetermined pitch and is positioned at a predetermined
distance from the joint. The transducer array generates and
directs an acoustic beam toward the bolt. The acoustic beam
is formed of surface acoustic waves that reflect off of the bolt
boundary at the real area of contact, thus producing a reflected
signal that is received by the transducer array. The beam-
former processes the reflected signal and generates an acous-
tic image of the joint, thus permitting a determination of the
distance between the bolt boundary and the transducer array.
The tension and distance have an inverse relationship, such
that when distance is higher, tension is lower, and vice versa.
The tension is optimal at a saturation point of the real area of
contact between the bolt and the underlying surface.

These and other important objects, advantages, and fea-
tures of the invention will become clear as this disclosure
proceeds.

The invention accordingly comprises the features of con-
struction, combination of elements, and arrangement of parts
that will be exemplified in the disclosure set forth hereinafter
and the scope of the invention will be indicated in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1A depicts the geometrical characteristics of a stan-
dard bolt.

FIG. 1B depicts the real contact surface of a clamped plate
and a washer.

FIG. 1C is a schematic representation of the changes in the
RAC due to the incremental increase of bolt tension.

FIG. 2A is a perspective view of a wedge used to generate
SAWs in a metal plate towards a previously tensioned bolt,
according to an embodiment of the current invention.

FIG. 2B is a side view of the system of FIG. 2A.

FIG. 2C is a perspective view of a wedge used to generate
SAWs in a metal plate towards a previously tensioned bolt,
according to an embodiment of the current invention. The
arrows represent the direction of the SAWs.

FIG.2Dis atop view of the system of FIG. 2C. The four (4)
levels of arrows pointing to the right are a representation of
SAW reflection from four (4) different boundaries. The four
(4) levels of arrows represent, respectively from left to right,
no load, low load, medium load, and high load. The arrows on
the right side pointing toward the left represent the incoming
SAWs.

FIG. 3A depicts construction of a beamformed signal by
scanning the interested area using a transducer array.

FIG. 3B depicts the scanning of FIG. 3A by constructing
successive beamlines.

FIG. 3C depicts a schematic operation procedure of the
synthetic phased array.

FIG. 4 is a block diagram of the experimental setup of
Example 1.

FIG. 5A is an illustration of synthetic aperture imaging.

FIG. 5B is an illustration of the experimental implementa-
tion of Example 1.

FIG. 5C s aschematic illustration of the wedge in an initial
position in Example 1.
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FIG. 6A is an image of a steel plate generated at 15 dB with
the SAW reflection from a %4 in bolt with a stainless steel
washer at 0 Nm of applied torque.

FIG. 6B is an image of a steel plate generated at 15 dB with
the SAW reflection from a %4 in bolt with a stainless steel
washer at 3.61 Nm of applied torque.

FIG. 6C is an image of a steel plate generated at 15 dB with
the SAW reflection from a %4 in bolt with a stainless steel
washer at 7.00 Nm of applied torque.

FIG. 6D is an image of a steel plate generated at 15 dB with
the SAW reflection from a %4 in bolt with a stainless steel
washer at 10.39 Nm of applied torque.

FIG. 6E is an image of a steel plate generated at 15 dB with
the SAW reflection from a %4 in bolt with a stainless steel
washer at 13.78 Nm of applied torque.

FIG. 7A is a graphical illustration of averaged 1-D images
at 6 dB in Example 1.

FIG. 7B is a graphical illustration of the torque applied
versus the position of the acoustic wall in Example 1.

FIG. 8A is a graphical illustration of signal-to-noise ratio
of the bolt reflections based in original signals.

FIG. 8B is a graphical illustration of signal-to-noise ratio of
the plate edge reflections based in original signals.

FIG. 8C is a graphical illustration of averaged signal-to-
noise ratio of the bolt and plate edge reflections based in
original signals.

FIG. 9A is a side view of transducer-wedge position with
respect to the targeted hole, as implemented for an embodi-
ment of the current invention in Example 2.

FIG. 9B is a top view of the system of FIG. 9A.

FIG. 10A is a side view of a 1018 steel plate.

FIG. 10B is a top view of the steel plate of FIG. 10A.

FIG. 11A is an image of a steel plate generated at 15 dB of
dynamic range with no applied torque.

FIG. 11B is an image of a steel plate generated at 15 dB of
dynamic range at a medium level of applied torque.

FIG. 11C is an image of a steel plate generated at 15 dB of
dynamic range at a maximum level of applied torque.

FIG. 12 is a graphical illustration of averaged 1-D images
at 6 dB in Example 2.

FIG. 13 is a schematic illustration of the wedge in an initial
position in Example 3.

FIG. 14A is an image of a steel plate generated at 15 dB of
dynamic range at 0 Nm of applied torque.

FIG. 14B is an image of a steel plate generated at 15 dB of
dynamic range at 15.48 Nm of applied torque.

FIG. 14C is an image of a steel plate generated at 15 dB of
dynamic range at 29.03 Nm of applied torque.

FIG. 15 is a graphical illustration of averaged 1-D images
at 6 dB in Example 3.

FIG. 16 is a graphical illustration of applied torque versus
position of the acoustic wall in Example 3.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part thereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

The interaction of various acoustic wave modes with the
boundaries of rough surfaces has been widely studied [24-
29]. However, in certain embodiments, the novel methodol-
ogy determines the reflection of surface acoustic waves
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(SAWs) created by the bolt head interference in order to
quantify bolt tension without contacting the bolt. Surface
acoustic waves are used to estimate changes in the area of real
contact created in-between the bolt head and the clamped
elements. SAWs interact with solid elements in the surface of
the propagation medium [15]. The interaction (for example
with the bolted joint) takes place at the points where the
propagation surface and the external body are directly in
contact with each other, referred as points of real contact,
which will become more clear as this specification continues.

The advantages of SAWs as compared to other acoustic
modes are that they propagate over long distances with little
amplitude loss enabling large area inspection with minimal
number of sensors, thus reducing the cost and complexity
[23]. Secondly, SAWs are capable of propagating through
surfaces of curves and to inaccessible locations, simplifying
the design. Also, SAWs are sensitive to many different kinds
of flaws. Here, RAC, which grows with increased bolt ten-
sion, is quantified by its acoustic signature response to SAWs.
Real areas of contact (RAC) formed between the bolt head
and the clamped elements were imaged using a synthetic
phase array. SAWs are generated and sensed by known bulk
piezoelectric transducers connected to a custom-designed
ultrasonic wedge.

The velocity, attenuation, and imaging of SAWs in steel
1018 is calculated and shown in [9], which is incorporated
herein by reference in its entirety. A series of SAW reflections
were acquired at different positions to help measure the inten-
sity changes of the waves while they propagated through the
plate. The results confirmed the exponential behavior of the
wave attenuation and deliver the attenuation coefficient that
can be used with certain embodiments of the current meth-
odology.

In an embodiment, the current invention includes a method
for distant detection of tension/preload between the bolt and
the surface. Acoustic beam is generated, for example by uti-
lizing a linear transducer array, using SAWs transmitted by
array elements. The bolt boundary reflects SAWs; array ele-
ments receive the echo signals that are processed in the beam-
former to generate the image of bolt boundary. The distance
between the bolt boundary and the array is measured using the
processed image. The distance is proportional to the tighten-
ing pressure between the bolt and the surface. The measured
pressure value enables strong estimation about the health of
the bolted joint.

The pressure between a bolt and its corresponding surface
is a function of the contact area. In an embodiment, the
current method measures the contact area, but the contact area
is not the apparent area that determines RAC [10-12]. The
RAC is the sum of areas of individual contacted micro-scaled
surfaces between the joint members as illustrated in FIG. 1B.
The points of real contact correspond to the tips of the surface
peaks in both materials making direct contact with each other
and this represent only a small portion of the entire apparent
area of contact. The interaction between the peak tips illus-
trates the formation of the friction force due to molecular
interaction and mechanical resistance. At the micro scale
level, adhesive forces due to electromechanical molecule
interaction result in significant friction force component.
Vander Waal interaction, ionic, covalent and metallic links
between the molecules of both materials generate another
opposition force to the movement.

In addition to the molecular forces, the resistance produced
by plastic and elastic deformations of the peak tips, completes
the friction force (F;) [12]. The independency of the friction
from the geometrical area is a natural cause of the difference
between the real and the apparent area of contact [12]. Fur-
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thermore, several experiments have shown that the real area
of friction is proportional to the normal force when either
elastic or plastic deformations are present [ 10-12]. The pres-
ence of only elastic deformations of the peaks implies the
existence of a constant mean micro contact area. Conse-
quently the real area of contact is proportional to Torque (T)
and CF in bolted joints, as seen in Equation (1):

TotF ' RACoF ;= RACxT M

In an embodiment of the current invention, SAWs are uti-
lized to detect the RAC. SAW, similar to other types of ultra-
sonic waves, suffers attenuation, reflection and refraction due
to interactions with entities in contact to the propagation
surface. Hence, SAW can be used for imaging purposes. A
phased array that produces SAW beams should be used to
obtain the image of the bolt boundary. The width of bolt
boundary is proportional to the RAC (FIG. 1C). The number
and size of points of contacts increase with increasing tension
in the bolt [12, 30].

FIG. 1C is a schematic representation of RAC growth due
to increasing bolt tension. As can be observed from FIG. 1C,
as the tension increases (signified by the arrows), the RAC
between the plate and the washer increases as well (signified
by the “donuts”). The RAC is different from the apparent
areas of contact, but at high-tension levels, the differences
between the RAC and the apparent areas of contact become
minimized [12]. The saturation of the RAC at a specific
preload level establishes the maximum tension level that
should be applied to the bolt for optimal and safe operation.
The way in which the RAC grows aids in the estimation of the
bolt tension.

As illustrated in FIG. 1C, the RAC grows from the center of
the washer towards the washer perimeter. This behavior can
be explained by analyzing the way the tension is applied to the
bolthead. The preload transforms into a pulling force exerted
to the head center. The surface peaks closer to the center are
then affected more than the ones in the perimeter. Thus, the
expansion of the RAC can be predicted as propagating radi-
ally outward.

In an embodiment, SAWs are transmitted to the area of
interest, and the echo is received using a 1-dimensional (1-D)
linear transducer array. Proper delays are applied to each
received signal to get the B-Scan image of the interested area.
The delays (t) are calculated by dividing the distance between
array element and imaging point by the ultrasound velocity as
seen in Bquation (2) where ¢ is ultrasound velocity, (x,, z,,) is
the coordinate of the point in imaging area, and (x,, 0) is the
coordinate of array element. Each image line is obtained by
shifting each received signal according to calculated delay
and by summing the shifted signals. Equation (3) shows the
expression to find each image line: I(t). A, is the aperture
function applied to each receive and transmit element, s, ; is
the received signal corresponding to i transmit and j”
receive element, and T, refers to transmit and receive delays
[13].

1 2
ni=—( —xp) + 250 @

N N 3
0= 3" Aui D An il =Toi = T )

i=1 =



US 9,127,998 B1

11

In FIGS. 2A and 2B, a schematic presentation of an exem-
plary method according to the present invention can be
observed. A crystal wedge is used to generate SAW in a metal
plate towards a previously tensioned %4 inch bolt. The SAW
can interact with elements in the surface of the propagation
material (PM) at the RAC. The existence of discrete points of
contact between two rough surfaces means that incident
SAWs propagating below a solid object will interact with an
undefined number solid-solid and solid-gas (air) boundaries.

Ascanbeseen in FIG. 2C, aSAW generator can receive the
echo signals as well. An Nx1 beamformer is fed using the
received signals in order to generate B-scan image around the
bolt. The distance between the hole and the array is deter-
mined using this image. The maximum distance is measured
if there is no bolt. In case of the maximum applied torque, the
boundary will be closer in an amount equal to width of the
washer or the bolt.

Waves created by a SAW generator are directed towards a
bolted joint. As the tension at the bolt is increased, the posi-
tion of the reflective boundary is expected to move from the
edge of the joint towards the outer washer perimeter, as pre-
sented in FIG. 2D. The increase in the bolt tension results in
aproportional increase in the RAC, represented by the circles
in FIG. 2D. The arrows represent the incident waves pointing
to the left and the reflected waves pointing to the right. The
reflected arrows represent the SAW reflections from the plate
hole and the RAC corresponding to tension states of low,
medium and high intensity, respectively from left to right.

The change in position of the acoustic wall denotes a
change in the tension applied to the bolt head. An acoustic
wall is a series of points where free movement of the waves is
constrained, for example the contact points of two solid
objects. Material discontinuities, holes and object edges also
behave as acoustic walls. In FIG. 2D, a schematic represen-
tation of the SAW reflection from different acoustics barriers
is illustrated. The RAC find its minimum value when the bolt
has no tension, which would show the main reflections com-
ing from the plate hole (left-most arrows pointing to the
right). As the preload is increased and the RAC grows, the
main reflections move from the hole boundary and get closer
to the washer perimeter (right-most arrows pointing to the
right). FIG. 2D illustrates the reflection of four (4) different
states: no load, low load, medium load, and high load, in the
order from left to right with the arrows pointing to the right.
The changes in position of the acoustic wall are represented
by a delay in the received wave, which means that every
preload value has a related wall position represented by a
specific time of flight (TOF) of the reflected waves. A rela-
tionship TOF vs. bolt tension can be generated.

The method employs a phased array to obtain the B-scan
ultrasonic image of the bolted joint in order to quantify the
RAC, which is proportional to tension level in the bolted joint.
Ultrasonic image of the bolt assembly is obtained by gener-
ating SAW pulses and receiving the echoes using the array
elements. Each beam line in the image is constructed by
summing the beamformed signals. The method of construct-
ing the images is illustrated in FIGS. 3A-3B where the T, toT,,
represent the proper delays and the output is the beamformed
signal corresponding to focal point. The delay profile for each
focal point in the beam line is calculated using Equation (4):
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where ¢ is the SAW velocity, (x;,0) is the coordinate of array
element, (x,,z,) is the coordinates of the focal point on the
beam line and R, is the distance between the array center and
focal point.

SAW velocity (e.g., ~2900 m/s) was calculated by the
Rayleigh wave equation [27], and verified by ultrasonic delay
time (pulse-receive) experiments performed on the 1018 steel
plate by using two transducers. The delay that is calculated for
each transducer element basically eliminates the differences
of flight time that is the travel duration from focal point to the
each array element. The sum of properly delayed signals
results in an in-phase sum called beamformed signal. The
mathematical expression to determine the beamformed signal
is given in Equation (5). Here, A, is the aperture function
applied to each receive and transmit element, s,; is the
received signal corresponding to ith transmit and jth receive
element, T, is refer to transmit and receive delays [13].
Dynamic focusing is employed in receive mode; thus, each
beam line is obtained by summing the beamformed signals
obtained by focusing to each radial point [32]. The combined
beamlines form the image of the interested area (illustrated in
FIG. 3B).
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The location of bolt boundary is obtained using the ultra-
sonic image by measuring the distance between the boundary
and the array center since it is proportional to the RAC. The
distance is an important parameter to determine the health of
the bolted joint.

Significant advantages ofthis methodology is its capability
to assess bolt tension without any contact to bolt enabling
measurement at inaccessible locations, multiple bolt mea-
surement capability at a time, not requiring data collection
during the installation and no calibration requirement.

EXAMPLES

The following examples are intended to exemplify particu-
lar embodiments of the current invention but are not intended
to limit the scope of the current invention in any way.

Bolt tension is measured by SAWs. A linear transducer
array is employed for creating a variable acoustic beam, thus
enabling local or remote inspection of bolted joints. Addition-
ally, if a linear phased array is utilized, the direction variabil-
ity of the acoustic beam enables simultaneous monitoring of
a higher number of bolted joints.

The tension is estimated using the reflection of SAWs
created by the bolt head interference. Increments in the bolt
tension rise the points of interaction between the waves and
the bolt head (real area of contact) and therefore the position
of reflective boundaries. The variations are estimated using
the “conventional linear synthetic array” imaging technique.
A singular transducer is actuated from predefined positions in
order to produce an array of signals that are subsequently
arranged and added to construct an acoustic image.

Examples are presented herein to exemplify the tension
estimation of a 14" grade 8 bolt, a V4" stainless steel bolt, and
a 14" stainless steel bolt. The tension is not directly measured
nor applied to the bolt; rather, controlled torque is used to
generate the changes in the RAC. The torque and bolt tension
produce equivalent effects in the RAC. Three (3) types of
figures summarize the experimental results: (1) a 2-D image
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of the reflective objects in the scanned surface, (2) a 1-D
averaged plot of the images, and (3) a plot of the torque
applied versus position of the reflective boundary.

The 2-D image of the reflective objects in the scanned
surface is a representation of the signals received by the
transducer. The lighter colors represent reflection with higher
intensity while darker with lower intensity. The images allow
visualization of the position where the highest reflections take
place. In the examples, the reconstructed images illustrate a
clear trend in the position of the reflective boundary when the
applied torque is changed. In all cases, the torque increments
increase the RAC and therefore the position of the reflective
boundary. As expected, the RAC grew from the bolt head
center to the perimeter, which causes an effect of apparent
movement of the boundary. The reflections of the SAWs only
interact with the outer boundary of the RAC, and as it grows,
the position in which the interaction takes place moves
towards the array location.

The 1-D average plot is a simplification of the 2-D image.
Taking the average of lateral dimension of the 2-D image the
graph is created. The 1-D plot permits establishing the exact
position of the maximum intensity point of the 2-D image.
The position of this point is used to estimate the actual dis-
tance change of the reflective boundary. In each example, this
plotillustrates the same trend found in the 2-D image, i.e., that
the boundary moves towards the array as the torque is
increased. The averaged 1-D plot also permits comparison of
the torque level to the actual boundary position, which is a
manner of measuring the bolt tension using embodiments of
the current methodology.

The final outcome are plots of the boundary position versus
the torque applied to the bolt. The graphs illustrate the actual
change in position produced by the variation in the torque.
The test performed to the Y2 in bolt presents an almost linear
variation of the boundary position with the torque. In the in
grade 8 bolt, the results indicate two regions within the graph.
The first region presents a non-linear behavior, while the
second one is a saturation region. The saturation region (pre-
sented at the highest torque values) is characterized by slight
changes in the boundary position due to torque increments.

Example 1
Tension Evaluation of a ¥ inch Grade 8 Bolt

An embodiment of the proposed method was investigated
to test higher tension levels. Grade 8 bolts have yield strength
almost three (3) times higher than stainless steel bolts [50],
which are used in Examples 2 and 3. Additionally, a stainless
steel washer is fixed to the bolt in order to increase the expan-
sion capability of the RAC.

A 5-MHz, 50-array elements synthetic array was utilized.
The pitch was chosen as 0.0254 cm in order to sample the
beamspace precisely. In all, an almost linear “preload-bound-
ary distance” relation was observed, but as expected, the
change in the preload slightly affected the boundary distance
in too low and too high preload regions. In other words, two
saturation regions and a linear region were clearly observed.
SAW beams were used to measure the pressure between the
bolt and the surface. If a phased array is used, the electronic
steering of the array would enable simultaneous health mea-
surements of many bolted joints on the same surface. The
distant pressure measurement sensor could be integrated into
a data acquisition system to track the health of the joints over
time.

20

25

40

45

55

14

Experimental Setup

In this example, a synthetic aperture technique was used
instead of phased array imaging. The synthetic phased array
reduces the complexity of the phased array by using only one
(1) element in transmitter-receiver mode. Two approaches
can be used with this method: conventional synthetic aperture
or synthetic phased array. In the conventional synthetic aper-
ture, one (1) transducer is mechanically manipulated in order
to create the desired array. The transducer’s transmitter and
receiver are in different positions. The synthetic phased array
use a real array of transducer, but in a particular time only one
(1) transducer acts as transmitter and receiver. The other
elements act as receivers only, thus permitting the increment
of the image quality while significantly reducing the system
complexity [51].

Contrary to the phased array approach, in the synthetic
array methodology, the acoustic beam is not focused on a
single point or direction as in FIG. 3A. The beam is produced
by a single element and therefore the beam focus is the natural
focus of the transducer as in FIG. 3B. The beam is expected to
generate waves in all the scanned area, and the reflection
should be detected by the remaining array elements. It is
shown in FIG. 3C that the transmitter-receiver mode is alter-
nated within the elements, hence a complete scan only fin-
ishes when all the elements have acted as transmitter and
receiver [51, 52].

The image reconstruction is similar to the phased array
approach. The reflection signals are focused with time delays.
In this case the reconstructed signal is a 2-D sector image, so
the transducer creates an image of the scanned area when a
particular transducer is actuated. The images are then added
in order to form the final picture. The signal can be recon-
structed following the following formulation [53]:

©
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where w, is a weighting parameter, mostly used for attenua-
tion adjustments, s,(t) is the actual signal received by the i
transducer, t is the time needed nullify the effects of the
electronic devices, C is the sound speed velocity of the
scanned material, x is the transversal position of the i array
element, N is the total number of transducers and finally r,_is
reconstructed value of the pixel with coordinates (x',y'). The
initial signal s(t) may be interpolated for increasing the num-
ber of pixels in the image and therefore the image resolution.

Due to the inherent advantages of the synthetic aperture
focusing, many studies have been performed in order to
improve its efficiency and its applicability in strongly attenu-
ative materials. In reference [54, 55, 56] some modified algo-
rithms based in this methodology have shown improvement
in the image quality in very difficult materials such as con-
crete and ferritic-austenitic stainless steel.

Despite some of the noted advantages of using synthetic
phased array imaging, phased array imaging may be utilized
with the current invention as well, along with other suitable
acoustic imaging systems (i.e., having appropriate axial reso-
Iution, lateral resolution, contrast resolution, and signal to
noise ratio).

The experimental setup is illustrated by the block diagram
seen in FIG. 4. The SAW is generated using a 5-MHz trans-
ducer with a 70 degree wedge. The transducer is stepped
linearly to form a synthetic 1-D array as illustrated in FIG. 5B.
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Fifty (50) steps were used; thus, the number of elements in the
linear array was fifty (50). The pitch was chosen as 0.0254 cm
in order to sample the beamspace precisely. Thus, the total
length of the array was 1.27 cm. The distance between array
and the hole boundary was 2.8 cm.

The tested joint was made by a 1018 steel plate of 12.7 mm
thickness, a 6.35 mm grade 8 bolt, and a stainless steel washer
with 1.5 cm of internal width and 19 mm of external diameter.
The suitability of the 1018 steel plate in these examples was
determined in [9]. The SAW velocity in the plate was 2952
m/s. Five (5) different torque values were used and the bound-
ary distance measured. This creates create an accurate trend
of the TOF with respect to torque changes. The maximum
torque for the used bolt was 13.78 Nm with 3.61 Nm incre-
ments, so the following torque values were selected: 0 Nm (no
bolt), 3.61 Nm, 7 Nm, 10.39 Nm, and 13.78 Nm. The joint
was lubricated with general purpose oil in order to facilitate
the tightening process, so a reduction in 10% in the friction
factor is required to assure no bolt rupture. The configuration
of components of this Example is presented in Table 1.

TABLE 1

Parameters employed in Example 1.

Pulse generator damping 50 Q
Pulse generator PRF 200 Hz
Amplification 45 dB
Pulse generator LPF (1 MHz) ON
Pulse generator HPF (10 MHz) ON
SAW velocity 2590 m/s
Transducer frequency 5 MHz
Transducer diameter 0.5 in
Array pitch (in) 0.01 in
Number of elements 50
Target distance 2.7 in
Bolt diameter 0.25 in
Bolt yield strength 130 ksi
Friction factor 0.18
Tensile stress area 20.516 mm?
Maximum torque 17.86 Nm
Torque increments 3.61 Nm

The wideband excitation pulses were generated, and the
echoes were received and amplified by a pulsar-receiver or
pulse generator (Olympus 5072PR, Olympus NDT Inc.,
Waltham, Mass.). The received signals were displayed/digi-
tized by an oscilloscope (Tektronix TDS 2024B, Textronix
Inc., Beaverton, Oreg.). The digitized signals were stored in a
computer and the image generated using a custom-designed
MATLARB code.

The ultrasound images were obtained using a synthetic
array imaging system, rather than a phased array system.
Synthetic array imaging was chosen due to the simplified
beamformer structure, although it may degrade the image
quality by lowering the signal-to-noise ratio (SNR).

Synthetic phased array was formed by a single angle beam
transducer actuated from several positions within a linear
array. The wideband SAW pulse is transmitted, and the echo
is received in each movement step (FIG. 5A). Consequently,
N-element linear array is synthetically formed using a single
moving transducer. It should be noted that synthetic array
imaging cannot achieve all of the transmit-receive (TX/RX)
combinations; the transmitted array element should receive
the echo. The missing TX/RX combinations result in
decreased SNR as compared to phased imaging modality.
However, the major advantage of synthetic phased array
modality is a significantly simplified beamformer since the
total number of TX/RX combinations is decreased [13,
32-35].
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A 5 MHz bulk piezoelectric transducer (C541-SM, Olym-
pus NDT Inc., Waltham, Mass.) with circular aperture of 12.7
mm (%2 in) was used and attached to an ultrasonic wedge that
is specifically designed for converting bulk pressure wave
(P-wave) into SAWs in steel (ABWML-5T, Olympus NDT
Inc., Waltham, Mass. USA). Ultrasonic couplant (Soundsafe,
Sonotech Inc., Glenview, Il11., USA) was used at the surfaces
between the wedge and the transducer and between the wedge
and the test piece to facilitate the transmission of ultrasonic
energy. The transducer-wedge system is linearly moved to
realize synthetic array. The position control of the angle beam
transducer (transducer-wedge attachment) was achieved
through a manual translator stage (PT3, Thorlabs Inc., New-
ton, N.J., USA) consisting of micrometers with resolution of
25 um and maximum displacement range of 25.4 mm. The
transducer and the wedge were adapted to the translator stage
by custom designed aluminum adaptors. In FIG. 5B, two
important features of the synthetic linear array are illustrated:
array pitch (p) and total array length. The array pitch was
selected as 250 pm corresponding to less than half the wave-
length. With this selection criterion, sufficient lateral resolu-
tion was achieved and formation of side lobes in the acoustic
beam was avoided [34]. The number of elements in the array
determines the array size which is proportional to the lateral
resolution of the system. An array with 50 elements was used
corresponding to the total array length of 12.5 mm that results
in 1.25 mm beam diameter at 29 mm away from the center of
the array. The 29 mm length corresponds to the distance
between the transducer array and the bolted joint. This 1.25
mm beam diameter provides sufficient resolution for imaging
the bolted joint.

Several bolt tension values were compared. During the
experiments, the torque applied to the bolt was precisely
controlled as it is indirectly related to the bolt tension. Torque
and tension are related by the bolt diameter and a friction
factor which is a function of screw type and the materials used
[1]. However, it is worth noting that for a particular bolt
installed in a specific plate, the torque and tension are directly
proportional. Also, as RAC is directly proportional to tension,
torque and RAC values are also proportional to each other:
®
where T is the torque applied to the bolt and Fr is the bolt
tension.

For the 6.3 mm (% in) grade 8 bolt used, the values of the
friction factor and bolt yield strength are 0.18 and 691
N/mm?, respectively, with the tensile stress area and nominal
diameter being 20.5 mm” and 6.3 mm, respectively [33].
Thus, the maximum allowable torque for the bolt can be
obtained as 13.78 Nm. Five (5) torque values equally spaced
from 0 Nm to 13.78 Nm are selected for conducting the
experiments. A torque wrench with 29 Nm of maximum
capacity and 0.11 Nm of resolution was used to apply the
required torque.

Experimental Procedure

1. The steel plate should be locked with help of C clamps.
The rotation of the plate must be constrained during the
tightening process.

2.The wedge-transducer assembly should be secured to the
translator stage (TS), which helps create the synthetic phased
array, with help of the Aluminum L. and aluminum plate. The
height of this assembly must permit the contact between the

TocFpand RACoFthen RAC T
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transducer base and the plate surface. Acoustic couplant must
be applied prior to any contact as the acoustic impedance
mismatch between the transducer crystal and the steel may
prevent the transmission of waves.

3. The TS is employed to position the wedge as is shown in
FIG. 5C. The movement span of the TS is only one inch, so the
positioning process should take into account that the wedge
needs to move 0.5 in after initially positioned.

4. The oscilloscope and the pulse generator should be
turned on. The signal gain was set around a value in the range
ot 30s or 40s. The correct configuration of the oscilloscope
allows the edge reflection to be observed. The highest peak
should be at least half of the oscilloscope scale.

5. In order to start the recording process, the signal was set
to average. This helps to increase the signal to noise ratio of
the system. After recording the signal at the initial point, the
transducer was moved 0.01 in to the right; prior to recording
the second response, the average function was reset. This
procedure was repeated until 50 data are collected.

6. After the first 50 data were collected, the bolt was tight-
ened with the torque wrench until 3.61 Nm was reached. This
was the starting point for a new set of 50 data. The torque was
increased in intervals of 3.61 Nm until the maximum decided
value was achieved (17.17 Nm). Five (5) sets of 50 data were
saved before the experiment was finished.

Results

The images of the bolt boundary were obtained for each of
the five (5) different torque levels (with 3.61 Nm torque
increments); the experimentally obtained reconstructed
images with these different torque levels are given in FIGS.
6A-6F using the dynamic range 15 dB. In these figures, the
horizontal (range) and the vertical extensions of each image
are 2.37 cmx2.54 cm, respectively. The range extension of the
image was 0.92 cm to 3.29 cm and the vertical extension was
from -1.27 cm to +1.27 cm where the transducer array is
located at the origin.

As can be observed in FIGS. 6A-6E, there was a clear
change and trend in the shape of reconstructed images, espe-
cially the location of the first reflection from the bolted joint,
when different torque values are applied. The array is located
to the left of the image. It was observed that increasing the
applied torque resulted in displacement of the first reflection
boundary towards the transducer array; in other words, the
boundary is closer to the array at higher torque values. Fur-
thermore, even in the reference condition of no torque, a clear
reflection from the plate hole was observed. It should also be
pointed out that even with a very loose tightening of the bolt
(corresponding to torque value 3.61 Nm in FIG. 6B), anotice-
able movement of the reflective boundary towards the left
side of the image is observed. As the applied torque is
increased, images became noisier due to increase in the real
area of contact, though there was a similar trend of movement
of the reflective boundary towards the array. It can also be
observed that the brightness of the images increases as the
torque is increased since the response is getting stronger.

The distances are measured for each torque value using
FIG. 7A. The distance between the boundary and the array is
measured 2.8 cm while there is no bolt. The distance differ-
ence corresponding to the highest torque value (13.78 Nm)
and the lowest torque value (0 Nm) is about 0.12 cm, which is
close to washer width. Other torque plots are between these
two more extreme values.

To quantify the displacement of the first reflection bound-
ary from the joint center towards the transducer array as a
function of applied torque (i.e., the distance between the array
and the bolt boundary), the relative average signal intensity of
the reconstructed images as a function of distance from the
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transducer array (i.e., the lines around the bolt boundary) is
plotted in FIG. 7A, where the horizontal axis is the depth and
the vertical axis is the relative intensity. The 1-D average plot
(FIG.7A), which is a simplification of the 2-D reconstructed
images (FIGS. 6A-6E), is obtained by taking the average of
lateral dimension of the 2-D image. The 1-D plot allows
establishing the exact position of the maximum intensity
point of the 2-D image. The position of this point is used to
estimate the actual distance change of the reflective boundary.

FIG. 7B illustrates the position of the first reflection bound-
ary as a function of the applied torque (i.e., the distance of the
boundary (peak position) versus torque values). This is the
change in distance product of torque variation. Three (3)
regions can be clearly seen: two (2) saturation regions around
maximum and minimum torque and one (1) linear region
between them. These measurements show the direct relation
between the boundary distance and the torque value.

One can clearly observe from the maximum intensities of
the reconstructed images that there is a clear trend of moving
the reflection boundary towards the transducer array as the
torque is increased. It can also be observed from FIG. 7B that
the distance between the position of first reflection boundary
with no torque applied (0 Nm) and maximum allowable
torque (13.78 Nm) is about 0.11 cm. In other words, this is a
reduction of 0.11 cm in the boundary separation as the torque
is increased from 0 Nm to 13.78 Nm.

The first reflection boundary corresponding to rest of the
torque values are positioned between these two extreme val-
ues. The first reflection boundary position change does not
have a linear trend with increasing torque increments, as can
beobserved in FIG. 7B. This behavior can be explained by the
fact that with this phased array image reconstruction tech-
nique, the location of the first reflection boundary, not the
RAC, is being quantified/measured. The size of the charac-
teristic length can be estimated with the image. As a result, the
boundary distance and the torque should not be expected to
have a linear relationship.

This non-linear variation of the movement of the first
reflection of boundary as a function of applied torque can be
used to estimate the torque (and thus the tightening of the
bolt) by obtaining the distance of the first reflection boundary
from the transducer array. An important characteristic of FIG.
7B is that RAC saturation appears to take place around 10.39
Nm corresponding to first reflection boundary position of
about 2.7 cm. At this point, the washer edge is located at about
3.335 cm (the washer radius is 0.635 cm). This behavior can
be explained by the bending suffered by the washer, which
influences the growth of the RAC.

Error Estimation

In order to analyze the error associated with the generated
images, it is necessary to measure the signal to noise (SNR)
ratio of the received signals (A-scans). The foregoing results
indicate that this method is not only capable of clearly distin-
guishing properly bolted joints from loosened joints but also
capable of quantifying how loose the bolt actually is. It was
determined that the SNR value for the entire bolt tension
range was sufficient for image reconstruction.

Synthetic phased array modality was used, rather than
phased array modality, for simplified beamformer design.
However, one drawback of synthetic phased array modality is
its lower SNR ratio. In order to ensure that SNR associated
with the generated images was sufficient, the SNR of all
received signals (A-scans) was studied. In FIG. 8A, the SNRs
of the signals reflected by the bolt are presented. This figure
illustrates the SNR levels for the 50 signals corresponding to
each position of the transducer. Higher SNR values were
obtained closer to the center position due to the reflections
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from the washer (or the hole). It was also observed that
average SNR decreases with increasing torque levels. Thus,
lower SNR values resulted in lower quality images for higher
torque levels compared to lower torque values. Lower image
quality may potentially lead to less accurate estimation and
higher errors. However, the image quality was sufficient and
may be increased by utilizing phased array modality.

The minimum dynamic range that can be applied to the
images was determined by the averaged SNR. The reflective
boundary position was calculated using the 1-D averaged plot
based on the location of the signal peaks. Consequently, the
peak SNR value of FIG. 8B at each torque level corresponds
to the peaks in FIG. 7A. The minimum peak SNR of the
system was around 17 dB at 13.78 Nm, as shown in FIG. 8A.
Although this is not a desired SNR level, it is sufficient for
differentiating the signal from the ambient noise.

The averaged signal to noise ratio for each torque value is
depicted in Table 2 for reference:

TABLE 2

Experimentally obtained SNR ratio for
different torque values applied to the bolted joint.

Torque Level (Nm) 0
Average SNR (dB) 18

3.61 7
18.31 15.75

10.39
12

13.78
12.05

The decrease of SNR can clearly be seen as the applied torque
is increased. The average SNR value of the system is around
15 dB. This SNR level was sufficient for differentiating the
signal from the ambient noise. The reduction of the SNR of
the system around the bolt may be attributed to some attenu-
ation due to the bolt interference. The maximum SNR are
presented in the signals of the array sides, while the minimum
SNR are in the center.

In the case of the plate edge, the behavior of the SNR peaks
is not as clear as in the case of the bolt reflections. With the
intention of comparing them, a graph ofthe averaged SNR for
both cases is presented in FIG. 8C. Even though the signal
loss tends to reduce the SNR for both cases as the torque is
increased, there is an abrupt SNR drop in the bolt case. It is
especially notorious when the torque is increased from 3.61
Nm to 10.39 Nm and the SNR decreases from 18 dB to 12 dB.

This analysis permits identification of the existence of
error sources that generate signal losses, which would lead to
areduction in the SNR of the system. For instance, the acous-
tic couplant can be inducing signal loss as the experiment is
performed. The necessity to move the transducer with the
couplant may be causing traces of gel to interfere with the
wave propagation. Additionally, the movement in the set up
caused by the tightening process may cause signal reduction.

The axial resolution of the system permits the establishing
of accuracy of the system to estimate the movement of the
reflective boundary. The frequency response and temporal
pulse length of the system were founded with a network
analyzer, and the resulting axial resolution of the system was
found to be 0.072 cm. The axial resolution is close to half of
the total change in the boundary position (0.12 cm), meaning
that the imaging system employed has the capability to mea-
sure the boundary position changes with sufficient accuracy.

The imaging system utilized in Example 1 has the correct
SNR and enough axial resolution for the investigation of RAC
changes due to bolt tension in a % inch bolt. A minimum SNR
peak of 17 dB is founded at the maximum torque level, while
a boundary movement of 0.12 cm is measured with an axial
resolution of 0.07 cm. Increasing the precision of the system
may be accomplished by higher frequency and higher
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damped transducers. Additionally, a phased array can
increase the SNR and may limit the interferences of acoustic
couplant caused by the mechanical movement of the trans-
ducer.

CONCLUSION

In this Example, the current invention fabricates a bolt
tension sensor based on surface acoustic waves. The bolt
tension was estimated using the reflection of SAWs created
by the bolted joint interference. This methodology measured
the health of the bolted joints. Images were constructed using
the SAW echoes from boundary to enable distant measure-
ment. Thus, this methodology makes the quantification fea-
sible since the simultaneous imaging of more than one bolt
distantly is enabled. These results permit the precise measure-
ment of the health of the bolted joints. The design of a phased
array can enhance image quality.

The results indicate that this method is not only capable of
clearly distinguishing properly bolted joints from loosened
joints but also capable of quantifying how loose the bolt is.
Increase in the bolt tension resulted in an increase in the
number of points of that are in-contact at the bolt-plate inter-
face (real area of contact). This increase in the real area of
contact caused the first reflection boundary position change
measured from the bolted joint by using surface acoustic
waves. The boundary location change was quantified by using
a 1-D and 2-D ultrasonic images obtained by linear synthetic
array image processing technique.

The 2-D ultrasound imaging allowed clear and detailed
visualization of the position of the reflective boundary when
applied torque to the bolt was changed. For the entire range of
torque values from zero to maximum allowable, increase in
the torque value increased the real area of contact and there-
fore moved the position of the reflective boundary towards the
ultrasonic array. The boundary position versus the torque
applied to the bolt was also investigated. There were two
distinct regions; the first region presented a non-linear behav-
ior, while the second one was identified as a saturation region.
The saturation region (presented at the highest torque values)
was characterized by negligible change in the boundary posi-
tion due to further increase in the torque applied.

The signal-to-noise (SNR) analysis was also performed
and the results indicate that the intensity of the signal was
reduced as the torque was increased. However, it should be
noted that the SNR value even for the maximum allowable
torque value was sufficient for image reconstruction. The bolt
tension sensor investigated here has the potential to be used as
acomponent in a non-destructive structural health monitoring
(SHM) system for local monitoring of civil infrastructures.

In situations where the underlying structure does not allow
direct access to the bolts by the wedge, sensor arrays can be
directly integrated into the structure. Wireless interrogation
can then be employed for data acquisition. Surface condition
is also an important factor that may affect the operation.
Surface conditions at the plate-bolt and plate-wedge interface
(such as contamination, surface roughness) and along the
propagation path (e.g., liquid loading) may possibly cause
minor problems such as wave attenuation, undesired scatter-
ing. However, it should be noted that these issues can be
overcome by using proper commercially available surface
treatments and ultrasonic couplants.

Example 2
Tension Evaluation of a ¥ inch Stainless Steel Bolt

This example tests a stainless steel bolt of ¥4 in diameter
installed in a 1018 steel plate. As the RAC growth affects the
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position of the SAW main reflections, it is necessary to estab-
lish very precisely where those reflections take place. It was
determined that a synthetic phased array imaging method was
effective for detecting the location of very small holes in a
steel plate, producing reconstructed images with accurate
longitudinal resolution. Thus, this imaging system was used
in this particular example.

Experimental Design

A synthetic phased array (SPA) is employed in the follow-
ing experiments. A transducer with central frequency of 5
MHz, diameter of 0.5 in and an array pitch (p) of approxi-
mately ¥4 of the wave length (A/4) was selected to aim for high
longitudinal resolution. The longitudinal position of the
acoustic wall was used to characterize the RAC changes,
necessitating high longitudinal resolution. The elementary
pitch was calculated as follows:

G (0.87+ 1.12\/) ©
Vsaw 4 L+v

pEMA=gr = af

80Gpa (0.87 + 1.12><0.29)
7870kg/m? 1+0.29

4x5MHz

p % 0.0lin

where f'is the transducer center frequency, G, v, p are respec-
tively the shear modulus, the Poisson’s ratio and the density
of the 1018 steel. Properties were taken from [50].

The number of elements in the array (NE) determines the
array aperture (length), which is proportional to the lateral
resolution. Thus, a high number of elements increases the
resolution, at a cost of increasing scanning time, so a balance
between image quality and experiment duration should be
determined. An array of 50 elements was created, so the array
has an active aperture of 0.5 in.

In addition to the array aperture, the distance to the target
also affects the image lateral resolution. The best resolution is
achieved with a separation equal to the transducer natural
focus (NF). The NF is the point of maximum transverse
relative intensity within the focal area. Due to the presence of
the wedge, the distance to the target (AP) is founded by
subtracting the space inside the wedge (1.7 in):

AP=N-1.7i —sz 1.7 4o
= —.1n_v— Jlin

4po 05’ xSMHz
T ax2953mis "

AP = 1.0in

where D is the transducer diameter, fthe transducer’s center
frequency, c is the SAW speed in 1018 steel, NF is the trans-
ducer’s natural focus and AP the array position withrespectto
the bolt. FIGS. 9A-9B illustrate the final configuration.
Stretching the bolt increases the bolt tension and hence
increasing the RAC between the bolt head and the steel plate.
It discussed previously the RAC and the normal force are
proportional [12]. The bolt tension is equivalent to the normal
force in this application: the elongation of the bolt body
creates a pulling force at the bolt head, but is also the defor-
mation in the bolt body which creates the tension force. In this
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sense, the tension force pulls the bolt head against the plate in
the same as the normal force would push it.

In this experiment, the bolt tension was not directly con-
trolled, but the torque applied to the bolt was controlled.
Torque and tension are related by the bolt diameter and a
friction factor, which is a function of screw type and the
materials in contact.

From this perspective, for a particular bolt installed in a
specific plate, the torque and tension are proportional in
nature. As a result, the torque and RAC values are also pro-
portional:

TocFp, "RACHF,,
Then

RACxT an

where T is the torque applied to the bolt, F,is the normal force
and RAC is the real area of contact.

One can infer from this equation that the RAC can be
adjusted by controlling the specific amount of torque applied
to the bolt. In this Example, three torque levels were applied:
no torque, medium torque, and maximum torque.

Experiment Configuration

There are three key components in the experiment setup:
precise position controlling system, SAW generation system
and the bolted joint. The position control of the transducer-
wedge attachment is achieved through a manual translator
stage with resolution of 0.001 in and maximum displacement
span of (one) 1 in. The transducer and the wedge are adapted
to the translator stage (Thorlabs PT3) by specially designed
aluminum parts.

The electronic signals are generated and received by a
pulse generator (Olympus 5072PR) and an oscilloscope (Tek-
tronix TDS 2024B). A 5 MHz piezoelectric transducer (PZT)
with circular aperture of % in is driven by the pulse generator.
A crystal wedge is attached to the PZT for creating SAW in
the steel plate. The configuration of the devices is presented in
Table 3.

TABLE 3

Parameters employed in the experimental configuration.

Pulse generator damping 50 Q
Pulse generator PRF 200 Hz
Amplification 45 dB
Pulse generator LPF (1 MHz) ON
Pulse generator HPF (10 MHz) ON
SAW velocity 2590 m/s
Transducer frequency 5 MHz
Transducer diameter 0.5 in
Array pitch (in) 0.01 in
Number of elements 50
Target distance 2.7 in
Bolt diameter 0.5 in

The bolted joint employ in this test is formed by a 1018
steel plate and a ¥4 in 20UNC bolt. Neither nut nor washer is
used inthis test. The bolt is tightened with help of the threaded
holes present in the work bench. In FIGS. 10A-10B, dimen-
sion and characteristics of the machined holes are illustrated.
All the holes in the plate have a coarse thread. This charac-
teristic facilitates the installation of the tested bolts. Addition-
ally, no lubricant is used in the joint. The surface conditions of
the threads are good enough to permit proper bolt tightening.
The plate can be attached to the work bench by C-clamps
when is so required.
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Experimental Procedure

A synthetic phased array is created by the mechanical
movement of a single transducer. All signals were averaged to
increase the signal to noise ratio of the system.

The experimental procedure was as follows:

1. The steel plate should be locked with the help of C
clamps. The rotation of the plate must be constrained during
the tightening process.

2. The wedge-transducer assembly should be secured to the
TS with help of the aluminum L. and aluminum plate. The
height of this assembly must permit the contact between the
transducer base and the plate surface. Acoustic couplant must
be applied prior any contact as the acoustic impedance mis-
match between the transducer crystal and the steel may pre-
vent the transmission of waves.

3. The TS is employed to position the wedge as is shown in
FIGS. 9A-9B. The movement span of the TS is only one (1)
inch, so the positioning process took into account that the
wedge needs to move 0.5 in after initially positioned.

4. The oscilloscope and the pulse generator were turned on.
The signal gain was set around a value in the range of 30s or
40s. The correct configuration of the oscilloscope allows the
edge reflection to be observed. The highest peak should be at
least half of the oscilloscope scale.

5. In order to start the recording process, the signal record-
ing mode should be set to average; this helps to increase the
signal to noise ratio of the system. After recording the signal
at the initial point, the transducer should be moved 0.01 in to
the right; prior to recording the second response, the average
function should be reset. This procedure is repeated until 50
data are collected.

6. After the first 50 data are collected, the bolt should be
installed and tightened with a wrench until a medium torque
value is achieved. This is the starting point for a new set of 50
data. Before the third data set is recorded, the bolt should be
tightened until a maximum torque value is achieved. This, in
turn, is the starting point for a new set of 50 data.

Experimental Results

The imaging reconstruction generates three images corre-
spondent to the applied torque levels. FIGS. 11A-11C illus-
trate the results as 15 dB of dynamic range at no torque,
medium torque, and maximum torque, respectively. The array
is located to the left of the image. In the center of the images,
the reflections from the bolt head are clearly distinguishable.

The position of the bolt reflection has clearly an influence
from the applied torque. As expected, at higher torque levels
the reflections move gradually closer to the array (to the left).
Furthermore, the images appear to be sharper in the extreme
cases of maximum and minimum torque.

Anaveraged 1-D images are illustrated in FIG. 12. The plot
is a portion of the complete 6 dB image averaged transver-
sally. This figure allows easier calculation of the position of
the main objects in the 2-D images. In FIG. 12, the positions
of'the bolt head reflections are presented and compared. The
position difference with respect to the no-bolt versus tight-
ened-bolt cases is:

Tightened Bolt=2.395-2.028=0.367 cm

Loosened Bolt=2.395-2.2=0.195 cm

Example 3
Tension Evaluation of a % Inch Stainless Steel Bolt

This example tests an exemplary embodiment of the cur-
rent methodology with a 2 inch 13UNC stainless steel bolt.
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Thelarger bolt allows the application of higher tension levels.
The larger bolt also increases the geometric area of contact,
thus likely providing larger changes in the RAC.

Experiment Design

The parameters utilized in this example were array pitch,
number of elements in the array, distance to the target, and the
torque applied. The array pitch (0.01 in) is maintained
because the same transducer was used (i.e., transducer with 5
MHz of central frequency and %2 in of circular aperture).
Additionally, the target distance was also kept constant.

The array aperture is increased due to the target size. It is
necessary to have a fixed boundary that works as framework
to clearly establish the movement of the reflective boundary.
The plate edge is used for this purpose. Then the array aper-
ture is selected to be larger than the target. An aperture 0f 0.75
in was designated and so 75 array elements were needed.

The methodology proposed by [1] is used to calculate the
maximum applicable torque for the 2 in 13UNC stainless
steel bolt. A friction value of 0.2 is assumed as suggested by

1.

T=K4,0.855,d=0.20x9.154824x10°m?x35 ksix'% in

T, =35.6 Nm (12)

where K is the friction factor, A, is the tensile stress area, S, is
the bolt yield strength, d is the bolt nominal diameter and T is
the torque applied.

The analysis was performed using the changes of the
parameters of interest: tension, torque and boundary position.
The uncertainties in the tension applied to the bolt, which
depends on the friction and may vary up to 50% [62], do not
affect the result analysis. RAC, tension and torque are pro-
portional in nature, so the proportionality coefficients, such as
friction in the case of torque-tension, influence the value of
the parameters but do not influence the changes produced by
them.

The maximum torque is higher than the torque supported
by the torque wrench, so the maximum torque supported by
the wrench is chosen. Additionally, due to the high number of
array elements, the number of torque states were decided to
be three with the maximum torque and torque increments
decided as follows:

Tnax = 29.03Nm (13)

Tonax
Tincremenss = T ~ 1548 Nm

Experiment Configuration

The position controlling system, SAW generation system
are the same as the ones discussed in the prior section. The
translator stage (Thorlabs PT3), the pulse generator (Olym-
pus 5072PR) and the oscilloscope (Tektronix TDS 2024B)
are also employed in this experiment. The 1018 steel plate is
also kept but the % in threaded hole is used this time. The
tested bolt is a %2 in 13UNC stainless steel bolt. Due to the
bolt’s size, a %2 inch stainless steel nut was employed to
tighten the bolt. It was not necessary to apply lubrication. The
configuration of devices is presented in Table 4.

TABLE 4

Parameters employed in the experimental configuration.

50 @
200 Hz

Pulse generator damping
Pulse generator PRF
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TABLE 4-continued

Parameters employed in the experimental configuration.

Amplification 45 dB
Pulser LPF & HPF ON
SAW velocity 2590 m/s
Transducer frequency 5 MHz
Transducer diameter 0.5 in
Array pitch (in) 0.01 in
Number of elements 75
Target distance 2.7 in
Bolt diameter 0.5 in
Bolt yield strength 35 ksi
Friction factor 0.20
Tensile stress area 9.154824 x 107> m?
Maximum torque 29.03 Nm
Torque increments 15.48 Nm

Experimental Procedure

1. The steel plate should be locked with help of C clamps.
The rotation of the plate should be constrained during the
tightening process.

2. The wedge-transducer assembly should be secured to the
TS with help of the Aluminum L. and aluminum plate. The
height of this assembly must permit the contact between the
transducer base and the plate surface. Acoustic couplant must
be applied prior any contact as the acoustic impedance mis-
match between the transducer crystal and the steel may pre-
vent the transmission of waves.

3.The TS is employed to position the wedge, as is shown in
FIG. 13. The movement span of the TS was one (1) inch, so
the positioning process took into account that the wedge
needs to move 0.75 in after initially positioned.

4. The oscilloscope and the pulse generator should be
turned on. The signal gain was set around a value in the range
ot 30s or 40s. The correct configuration of the oscilloscope
allows the edge reflection to be observed. The highest peak
should be at least half of the oscilloscope scale.

5. In order to start the recording process, the signal should
be set to average, which helps to increase the signal to noise
ratio of the system. After recording the signal at the initial
point, the transducer was moved 0.01 in to the right. Prior to
recording the second response, the average function was
reset. This procedure was repeated until 75 data are collected.

6. After the first 75 data were collected, the bolt was tight-
ened with the torque wrench until a 15.48 Nm torque value
was reached. This was the starting point for a new set of 75
data. After the second 75 data were collected, the bolt was
tightened with a torque wrench until a 29.03 Nm maximum
torque value (maximum value supported by the wrench) was
reached. This was the starting point for a new set of 75 data.

Experimental Results

One image at every torque value was constructed. In FIGS.
14A-14C, the results are presented at 15 dB of dynamic range
at 0 Nm, 1548 Nm, and 29.03 Nm, respectively. In the
images, the clear reflection from the hole and the nut can be
observed, but the position variation in not clear.

FIG. 15 illustrates the average signal intensity of the
reflected waves. With this figure, the change in the acoustic
wall can be observed. The position change was 0.06 cm,
which is very small compared to the diameter of the nut (1.88
cm).

In FIG. 16, a plot of the boundary position against the
torque is presented. The parameters were inversely propor-
tional. The small change in the boundary position may be
caused by lower force per unit area (pressure).
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provided herein, the definition of that term provided herein
applies and the definition of that term in the reference does not
apply.

—

GLOSSARY OF CLAIM TERMS

Acoustic beam: This term is used herein to refer to a signal
transmitted across a surface to a target (e.g., a bolted joint).

Beamformer: This term is used herein to refer to an appa-
ratus for the transmission, reception, and processing of acous-
tic waves and signals.

Bolt boundary: This term is used herein to refer to the
perimeter of the joint where the outermost real area of contact
is located (i.e., the points of contact between the peaks of the
joint members that are furthest from the center of the joint or
closest to the transducer array).

Distance: This term is used herein to refer to the length or
amount of space between a bolt boundary the transducer array
element, as determined by the signal reflecting off of said bolt
boundary and received by said array element.

Focus point: This term is used herein to refer to an acoustic
beam having a resultant pattern ending in a point concentrated
on a particular target such as a bolt.

Image: This term is used herein to refer to a representation
of the bolt boundary in relation to the transducer array as
measured by the distance between the bolt boundary and the
transducer array. For example, an image can be an ultrasonic
image that indicates the reflection of an acoustic wave off of
the bolt boundary of a bolted joint.

Inverse relationship: This term is used herein to refer to a
relationship between two properties in which an increase in
the value of one property decreases the value of the other
property, and vice versa. Thus, if bolt tension and the distance
measured between a bolt boundary and a transducer array
have an inverse relationship, an increase in distance would
equate to a decrease in bolt tension. Conversely, a decrease in
distance would equate to an increase in bolt tension.

Joint: This term is used herein to refer to a fastener that
joins parts together via the mating of screw heads. A joint can
include any parts that would make up the fastener. Examples
include, but are not limited to, a bolt, a washer, a nut, the
underlying surface, a clamp, etc.
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Location of reflection: This term is used herein to refer to
the point or area of contact along the bolt boundary at which
the acoustic waves fired by the transducer array are reflected.
Typically, as tension increases, the location of reflection
expands closer to the perimeter of the bolted joint.

Optimal: This term is used herein to refer to the most
favorable level of tension in a bolted joint, typically such that
the tension is not excessively low or excessively high.

Proper time delay: This term is used herein to refer to an
interval of time that represent changes in position of an acous-
tic wall during reflection. This delay can be adjusted for, in
order to determine an accurate time of flight of the reflected
acoustic signal.

Real area of contact: This term is used herein to refer to the
sum of areas of individual micro-scaled surfaces in contact
with each other between the joint members. As tension is
increased, the real area of contact spreads toward the perim-
eter of the joint. The outermost portion of the real area of
contact form the bolt boundary that is capable of reflecting
surface acoustic waves.

Saturation point: This term is used herein to refer to maxi-
mum real area of contact between the peaks of a bolt/washer/
joint and the peaks of the underlying surface without being
excessively high to cause damage to the underlying surface.
This saturation point can be described as the point beyond
which increased tension produces only slight changes in bolt
boundary position. Prior to the saturation point, there typi-
cally are larger changes in bolt boundary position with
increasing tension.

Tension: This term is used herein to refer to the preload
placed on a bolt to determine the clamping force, which is the
force that holds the elements of the joint together. An optimal
tension level provides a healthier and safer joint. A joint with
excessively low tension tends to lead to loosening of the bolt,
and a joint with excessively high tension tends to lead to
structural damage of the underlying surface.

Time of flight: This term is used herein to refer to the
amount of time that it takes for an acoustic wave to travel a
distance through a medium.

Toward: This term is used herein to refer to the general
direction of a target, such as a bolt or joint. Thus, when an
acoustic beam is direct toward a joint, the acoustic beam is
aimed directly at or near said joint, where the acoustic beam
(or portions thereof) are capable of reflecting off of the bolt
boundary of that joint.

Transducer array: This term is used herein to refer to a
group of active elements and crystals that are arranged on the
surface of the transducer to fire and receive acoustic waves.

Wedge: This term is used herein to refer to an apparatus that
typically includes a transducer for firing and receiving waves/
signals.

The advantages set forth above, and those made apparent
from the foregoing description, are efficiently attained. Since
certain changes may be made in the above construction with-
out departing from the scope of the invention, it is intended
that all matters contained in the foregoing description or
shown in the accompanying drawings shall be interpreted as
illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention that, as a matter of language, might be said to
fall therebetween.
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What is claimed is:

1. A method of measuring or monitoring tension in a bolt
threaded into a joint having a bolt boundary formed from a
real area of contact between said bolt and an underlying
surface, comprising the steps of:

positioning a transducer array element with a predeter-

mined pitch and at a predetermined distance from said
joint;

generating an acoustic beam formed of surface acoustic

waves, said acoustic beam generated by said transducer
array element;

directing said acoustic beam toward said bolt, wherein said

surface acoustic waves reflect off of said bolt boundary
at said real area of contact, thereby producing a reflected
signal,

said transducer array element receiving said reflected sig-

nal;

determining a distance between said bolt boundary and

said transducer array element based on a time of flight of
said reflected signal; and

generating a value of said tension based on said determi-

nation of said distance between said bolt boundary and
said transducer array element, such that said distance
and said value of said tension have an inverse relation-
ship,

whereby said tension is optimal at a saturation point of said

real area of contact between said bolt and said underly-
ing surface.

2. A method of measuring or monitoring tension in a bolt as
in claim 1, further comprising:

said acoustic beam being a variable acoustic beam.

3. A method of measuring or monitoring tension in a bolt as
in claim 1, further comprising:

said transducer array element being a linear array.

4. A method of measuring or monitoring tension in a bolt as
in claim 3, further comprising:

said linear array being a 1-dimensional transducer array.

5. A method of measuring or monitoring tension in a bolt as
in claim 1, further comprising:

said transducer array element being a phased array.

6. A method of measuring or monitoring tension in a boltas
in claim 1, further comprising:

said transducer array element including a piezoelectric

transducer.

7. A method of measuring or monitoring tension in a bolt as
in claim 1, further comprising:

said transducer array element being an aspect of a crystal

wedge that directs said acoustic beam toward said bolt.

8. A method of measuring or monitoring tension in a bolt as
in claim 1, further comprising:

said reflected signal processed by a beamformer to gener-

ate an image of said bolt boundary, said beamformer
connected to said transducer array element.

9. A method of measuring or monitoring tension in a bolt as
in claim 8, further comprising the step of:

applying a proper time delay to said reflected signal to

determine said time of flight and a location of reflection
of said reflected signal.

10. A method of measuring or monitoring tension in a bolt
as in claim 1, further comprising:

said step of determining said distance between said bolt

boundary and said transducer array element performed
by generating an ultrasonic image of said joint in order to
quantify said real area of contact.
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11. A method of measuring or monitoring tension in a bolt
as in claim 1, further comprising:

said transducer array element further generating a plurality

of acoustic beams from a plurality of predefined posi-
tions to produce an array of reflected signals used to
determine said distance between said bolt boundary and
said transducer array element.

12. A method of measuring or monitoring tension in a bolt
as in claim 11, further comprising:

said array of reflected signals arranged and used to con-

struct one (1) acoustic image of said bolt boundary.

13. A method of measuring or monitoring tension in a bolt
as in claim 1, further comprising:

said transducer array element having a focus point at said

bolt.

14. A method of measuring or monitoring tension in a bolt
threaded into a joint having a bolt boundary formed from a
real area of contact between said bolt and an underlying
surface, comprising the steps of:

positioning a crystal wedge at a predetermined distance

from said joint, said crystal wedge including a 1-dimen-
sional, linear phased transducer array with a predeter-
mined pitch, said transducer array including a piezoelec-
tric transducer,

generating a plurality of variable acoustic beams formed of

surface acoustic waves, said plurality of acoustic beams
generated by said transducer array from a plurality of
predefined positions;

directing said plurality of acoustic beams toward said bolt,

wherein said surface acoustic waves reflect off of said
bolt boundary at said real area of contact, thereby pro-
ducing an array of reflected signals,

said transducer array receiving said array of reflected sig-

nals;

determining a distance between said bolt boundary and

said transducer array based on a time of flight of said
array of reflected signals,
said time of flight of said array of reflected signals gener-
ated by applying a proper time delay to said array of
reflected signals, said application of said proper time
delay further generating locations of reflection of said
array of reflected signals,
said distance determined by a beamformer connected to
said transducer array and processing said array of
reflected signals to generate an ultrasonic image of said
joint and said bolt boundary in order to quantify said real
area of contact; and
generating a value of said tension based on said determi-
nation of said distance between said bolt boundary and
said transducer array, such that said distance and said
value of said tension have an inverse relationship,

whereby said tension is optimal at a saturation point of said
real area of contact between said bolt and said underly-
ing surface.

15. A system for measuring or monitoring tension in a bolt
threaded into a joint having a bolt boundary formed from a
real area of contact between said bolt and an underlying
surface, comprising:

atransducer array with a predetermined pitch positioned at

apredetermined distance from saidjoint, said transducer
array generating and directing an acoustic beam toward
said bolt, said acoustic beam formed of surface acoustic
waves that reflect off of said bolt boundary at said real
area of contact, thereby producing a reflected signal that
is received by said transducer array; and

a beamformer connected to said transducer array and gen-

erating an acoustic image of said joint, thereby permit-
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ting a determination of a distance between said bolt
boundary and said transducer array,

wherein said distance and said tension have an inverse
relationship, whereby said tension is optimal at a satu-
ration point of said real area of contact between said bolt 5
and said underlying surface.
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