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LASER-BASED ULTRASOUND INSPECTION SYSTEM

Field of the invention

This invention relates to a laser-based ultrasound inspection system.

Background of the invention

Ultrasonic testing methods currently used in the industry typically necessitate physical contact to the
specimen and/or a liquid couplant in order to achieve the acoustic impedance matching and improve the
ultrasound transmission. They often need to be performed manually by a properly qualified operator
however despite strictly defined standards, the factor of the subjective interpretation by the operator cannot

be avoided.

Ultrasonic immersion testing is a frequently used method with the disadvantage that the specimen and the
ultrasonic probes need to be immersed in a liquid such as water. For many applications, immersion may
not be possible or practical, or may be too costly or complex to set up compared to other inspection

techniques.

Air-coupled ultrasound avoids the drawbacks of ultrasonic immersion technology however can typically
only be used on large plate-like objects in through-transmission setup. The objects of more complex
geometry face problems since it is not possible to distinguish between the low-intensity information-
carrying ultrasound transmitted through the solid specimen and ultrasound transmitted directly through air,
which disturbs the measurement. Air-coupled ultrasound transducers are narrowband and have low
characteristic testing frequencies (typically between 50 kHz and 500 kHz), which causes a significant

decrease in resolution and detection sensitivity.

Lasers are currently broadly used in the industry for inspection of external geometry and surface quality of
manufactured parts. Although it is per se known to use lasers to generate ultrasound, or to read ultrasound
vibrations on the surface of an object, there is no product in the market for industrial ultrasonic inspection
of internal properties using lasers for both excitation and detection directed on the surface of a non-
immersed specimen to be inspected, due to the difficulty of obtaining a reliable measurement signal that
has sufficient bandwidth and signal to noise ratio using only laser systems for both the excitation and the

detection of ultrasound on various surface materials of objects for inspection.

Summary of the invention
An object of the invention is to provide a laser-based ultrasound inspection system that is economical to

implement and that allows reliable and accurate ultrasound inspection of internal properties of an object.
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It is advantageous to provide a laser-based ultrasound inspection system that is versatile and can be easily

implemented on objects of diverse geometries and sizes.

It is advantageous to provide a laser-based ultrasound inspection system that is easy to set up and operate

and requires minimal manual intervention.

It is advantageous to provide a laser-based ultrasound inspection system that is rapid.

It is advantageous to provide a laser-based ultrasound inspection system that is compact.

It is advantageous to provide a laser-based ultrasound inspection system that is able to detect a large range

of defects or anomalies in an inspected object.

Various objects of this invention have been achieved by providing the laser-based ultrasonic inspection
system according to the independent claims. Dependent claims set forth advantageous embodiments of the

invention.

Disclosed herein, is a laser-based ultrasound inspection system comprising an object for inspection, a laser
device and a coating arrangement including a laser absorbing layer disposed on a surface of the object for
inspection, a backing layer disposed over the laser absorbing layer, and reflective particles or a partially

reflective layer coupled to the surface of the object for inspection.

In an advantageous embodiment, the partially reflective layer or reflective particles are in or on the backing

layer and/or the laser absorbing layer.

In an advantageous embodiment, the partially reflective layer or reflective particles are disposed in or on a
second backing layer positioned on the surface of the object for inspection separately from the laser
absorbing layer covered by the first backing layer.

In an advantageous embodiment, the reflective particles are retro-reflective particles.

In an advantageous embodiment, the retro-reflective particles are ball-shaped, for instance substantially

spherical.

In an advantageous embodiment, the reflective particles have a refractive index that is greater than a

refractive index of the backing layer.
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In an advantageous embodiment, the partially reflective layer is configured to split a laser beam for
ultrasound generation and laser for ultrasound detection into a beam passing through the backing layer on

to the absorbing layer, and a reflected beam for reading of ultrasound waves.

In an advantageous embodiment, a material of the laser absorbing layer is selected from anyone or more of
hydrogenated (or black) hydrogenated titanium dioxide, carbon nanotubes, graphite powder mixed with
epoxy resin, gold nanopores, black carbon with polydimethylsiloxane, reduced graphene oxide,
polydimethylsiloxane , metals (e.g. aluminum, chromium, copper) and polymers (e.g. high density

polyethylene, polycarbonate, acrylonitrile butadiene styrene).

In an advantageous embodiment, a material of the backing layer is selected from anyone or more of silica
(silicon dioxide), borosilicate, fluoride, aluminate, borate, phosphate, chalcogenide, sapphire, or similar
glasses (crown and flint) and glass ceramics, polyethylene, polyvinyl chloride, terephthalate, polystyrene,
polypropylene, polycarbonate, polymethyl methacrylate or similar, wherein the materials may include one
or more of the following additives thoriu oxide, lanthanum oxide, lead oxide, cerium oxide, calcium oxide,
magnesium oxide, aluminium oxide, boric oxide, sodium carbonate, germinates, nitrates, carbonates,
plastics, acrylic, titanates, arsenates, antimonates, tellurites, metals, aluminates, phosphates, chalcogenides,

borates, fluorides.

In an advantageous embodiment, a material of the reflective layer or particles is selected from anyone or
more of silica (silicon dioxide), borosilicate, fluoride, aluminate, borate, phosphate, chalcogenide, sapphire,
or similar glasses (crown and flint) and glass ceramics, polyethylene, polyvinyl chloride, terephthalate,
polystyrene, polypropylene, polycarbonate, polymethyl methacrylate, wherein the materials may include
one or more of the following additives thoriu oxide, lanthanum oxide, lead oxide, cerium oxide, calcium
oxide, magnesium oxide, aluminium oxide, boric oxide, sodium carbonate, germinates, nitrates,
carbonates, plastics, acrylic, titanates, arsenates, antimonates, tellurites, metals, aluminates, phosphates,

chalcogenides, borates, fluorides.

In an advantageous embodiment, the coating arrangement has a thickness in a range of 0.1 mm to 2 mm, a
thickness of the laser absorbing layer being in a range of 10 um to 0.5 mm, and the backing layer having a

thickness in a range of 0.5 mm to 2 mm.

In an advantageous embodiment, the laser device comprises a laser ultrasound generator and a laser

ultrasound detector in a single unit.

In an advantageous embodiment, the laser device comprises a laser ultrasound generator and a separate

laser ultrasound detector.
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In an advantageous embodiment, the system further comprises a measurement computing system having
program modules installed and executable therein, the program module including a machine learning
algorithm, and databases including at least a test objects reference database used by the machine learning

algorithm.

In an advantageous embodiment, the system further includes at least one training object comprising at least
one active element of the training object configured to alter the ultrasound propagation characteristics of
the test object according to a state of the active element, the test object used for training the machine learning

algorithm of the measurement computing system.

Further objects and advantageous aspects of the invention will be apparent from the claims, and from the

following detailed description and accompanying figures.

Brief description of the drawings

Figure 1 is a schematic block diagram illustrating an overview of a laser based ultrasound inspection system

according to an embodiment of the invention;

Figure 2 is a schematic view in cross-section of an object under inspection with a coating according to a

first embodiment of the invention;

Figure 3a is a view similar to figure 2 of another embodiment in which the laser ultrasound generation is

in a location separate from the laser ultrasound reading of the inspected object;

Figure 3b illustrates a variant of figure 3a in which the laser ultrasound generation and laser ultrasound

reading are performed on opposite sides of the inspected object;

Figure 4 is a schematic representation of a laser device for laser ultrasound generation and reading

according to an embodiment of the invention;

Figure 5 is a view similar to figure 4 in which the laser ultrasound generator is separate from the laser

ultrasound detector;

Figure 6a is a schematic cross-sectional representation of a training object for inspection for training a
machine learning process of a measurement computing system according to an embodiment of the

invention;
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Figures 6b and 6c¢ are views similar to 6a of variants of test objects;

Detailed description of embodiments of the invention

Referring to the figures, starting with figure 1, a laser-based ultrasound inspection system comprises a laser
device 3, a measurement computing system 5, and an object for inspection 1 comprising a coating
arrangement 4 on an outer surface of the object for inspection. The computing system 5 is connected to the
laser device 3 at least during the time required to upload ultrasound measurements results generated by the
laser device. The computing system may however comprise a laser control module and be connected to the
laser during an inspection process in order to control a scanning process of the laser on the surface of the

inspected object and receive the measurement results fed back from the laser during the scanning process.

The computing system comprises a machine learning program module for interpreting the measurement
results from the laser device and that may include a training phase using test objects 1b that have known

properties.

Within the scope of the invention, the test objects may be actively controlled and have varying propertics
that allow improved training of the machine learning program module. The computing system may have a
reference database stored therein and that may be updated with measurement results based on training data

and on measurement data of the inspected objects over time.

Laser pulses allow effective broadband and contact-free generation of ultrasound in solids. Broadband laser
ultrasound delivers additional and more precise information about the quality inspection properties than
conventional air or liquid coupled ultrasound techniques, and benefit from the advantages of contact-free
methods that are faster, more robust, and are casier to be automated than contact-based methods. With laser
technology it is possible to generate very short pulses (ns, ps, fs) of high peak power (e.g. hundreds MW)
and it is possible to generate ultrasound without physical contact directly with the object for inspection.
Two solid-to-air interfaces are thus omitted (transmitter-to-air and air-to-specimen), in comparison to a
more traditional solution of air-coupled transducers, for which typically only around 0.1% of the ultrasound

energy is transmitted at each such interface.

For laser-based ultrasonic excitation in the thermoelastic regime, ultrasound is generated due to the fast
thermal expansion and contraction of a thin material layer on the specimen surface. For higher pulse
energies, small explosions on the specimen surface and ablated particles generate ultrasound (ablative

regime).

Efficiency of ultrasound generation by laser pulses may be improved, for instance by a factor of up to 100,

by introducing a backing-mass layer. The backing layer may comprise a solid or liquid (partly) transparent
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layer applied on the surface of the object for inspection and which preferably has mechanical properties
(acoustic impedance) similar to the object for inspection. In contrast to air backing (when no backing-mass
layer is present), ultrasound is generated at the transition between this transparent layer and an opaque
object for inspection; and not at the transition between the air and the object for inspection. As a
consequence, a higher share of laser pulse energy will be converted to the ultrasound energy propagating
in the object for inspection and less of the energy will be lost to the surrounding media e.g. by created
plasma, kinetic energy of ablated particles, or air-propagating ultrasound. In this case, the ultrasound is

generated in the bulk of the object for inspection by an effect similar to a subsurface explosion.

An absorptive layer with high coefficient of thermal expansion is applied between the object for inspection
and the transparent backing-mass layer. Efficiency of ultrasound detection by a laser beam probe (laser-
Doppler vibrometers, interferometers) is conditioned by the amount of light captured by the measuring
device. A high power of the laser beam reflected back to the receiving optics of the laser reader is
advantageous. In many cases, light scattered in all directions on the rough object for inspection surface does

not suffice.

Referring now to figures 2, 3a and 3b, coating arrangements according to embodiments of the invention are

llustrated.

In a first variant, the coating arrangement 4 includes a single coating for both laser ultrasound generation
and laser ultrasound reading. In this configuration, the laser device for ultrasound generation 3a generates
alaser beam 11 that is absorbed and generates ultrasound in thermoelastic or ablative regime. A laser beam

for ultrasound detection 12 is generated and captured by the laser device for ultrasound detection 3b.

The laser source beam 11 is configured to generate ultrasound in the object for inspection 1 and the laser
for ultrasound detection 12 transmits vibration of the surface 2 of the object for inspection 1 to the laser
device 3. The reflected signal represents the object’s response to ultrasound stimulation that is dependent
on the internal properties of the object and that allows to distinguish objects with defects or other anomalies

from objects without defects or anomalies.

The coating arrangement 4 according to a first embodiment illustrated in figure 2 comprises a laser
absorbing layer 4a positioned on the surface 2 of the object for inspection 1, a backing layer 4b mounted
over the laser absorbing layer 4a. The backing layer is transparent or at least partially transparent to the
laser source beam 11 to allow the laser source beam 11 to at least partially reach and interact with the laser
absorbing layer 4a. Interaction of the laser source beam with the laser absorbing layer generates ultrasound

due to the laser energy absorbed in the laser absorbing layer 4a.
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The coating arrangement 4 further includes a reflective layer or reflective particles 4¢ configured to reflect
part of the laser source beam back to the laser device. The reflective particles 4c may advantageously be
embedded in a backing layer 4b, which may also serve as the backing layer positioned over the laser
absorbing layer, or a backing layer positioned directly on the surface of the object for inspection, depending
on the embodiment. The reflective particles 4c may also be provided in a reflective particle support layer

material that is different from the material of the backing layer 4b.

Since the reflective layer or reflective particles are coupled to the surface 2 of the object for inspection (e.g.
via the backing layer), vibrations of the surface 2 due to ultrasound waves within the material of the object

for inspection are captured in the laser beam for ultrasound detection 12.

In embodiments as illustrated in figures 3a and 3b, the coating arrangement 4 may comprise a laser
absorbing layer 4a positioned against the surface 2 of the object for inspection and a backing layer 4b
mounted over the absorbing layer similar to the previously described backing layer, and a separate reflective
layer arrangement positioned on the surface 2 of the object for inspection in a separate position from the
absorbing and backing layer arrangement 4a, 4b. In this variant, the laser source beam 11 is generated by a
laser ultrasound generator 3a that is separate from a laser ultrasound detector 3b that generates a separate
laser beam and receives in return a laser beam for ultrasound detection 12 for reading the vibrations of the
surface 2 of the object for inspection at a separate position from the position where the ultrasound is
generated. The functions of ultrasound generation and ultrasound reading on the surface of the object for
inspection are thus separated into different zones. These zones may be positioned adjacently or in relative
proximity on a same side of a surface of the object for inspection as illustrated in figure 3a, or on opposite
sides of the object for inspection, as illustrated for instance in figure 3b. Various other positional
arrangements such as top or bottom, and lateral sides may for instance be configured and the object for
inspection although shown as a substantially planar with a constant thickness may have various 3-

dimensional shapes.

In a preferred embodiment, the reflective particles 4¢ comprises retro-reflective particles, for instance in
the form of balls, for instance substantially spherical balls of transparent material with a refractive index
that is different to the refractive index of the backing layer 4b and that causes the light beam entering into
the reflective particles to be internally reflected until the internal reflected light exits the particle on a side
where the light enters the particle. The retroreflective properties can also be achieved by particles of other

shapes such as tetrahedrons, or by various shaped particles with a reflective coating on the surface thereof.

In a variant, the reflective layer may have a partially reflective coating that splits the source laser beam into

a transmission beam that traverses the reflective layer to impinge upon the absorbing layer, and a reflected
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beam used to measure the ultrasound vibration of the coating coupled to the surface of the object for

inspection.

Advantageously, the combination of the laser absorbing layer with a backing layer to improve the
transmission of ultrasound energy captured in the absorbing layer to the object, and the use of a reflective
layer or reflective particles to increase the amplitude of the reflected signal from the surface of the object
for inspection significantly improves the signal to noise ratio and also allows for a broadband ultrasound
generation and capture for accurate and reliable inspection of material properties within the object for

inspection.

The material of the absorbing layer 4a is configured to increase laser light absorption and to generate
ultrasound by its expansion and contraction in a thermoelastic regime. The material of the absorptive layer
is thus selected to have a high light absorption level at the wavelength of the laser for ultrasound excitation
and at the same time a high thermal expansion coefficient, while also providing sufficient bonding

propertics between the object for inspection and the backing layer.

According to embodiments of the invention, materials of the absorbing layer include hydrogenated (or
black) hydrogenated titanium dioxide, carbon nanotubes, graphite powder mixed with epoxy resin, gold
nanopores, black carbon with polydimethylsiloxane, reduced graphene oxide, polydimethylsiloxane ,
metals (¢.g. aluminum, chromium, copper) and polymers (¢.g. high density polyethylene, polycarbonate,
acrylonitrile butadiene styrene). The absorbing layer may consist of or comprise a solid form, or may consist

of or comprise a liquid or gel form.

According to embodiments of the invention, the materials of the backing layer 4b may advantageously
include

- transparent and semi-transparent materials such as silica (silicon dioxide), borosilicate, fluoride,
aluminate, borate, phosphate, chalcogenide, sapphire, or similar glasses (crown and flint) and glass
ceramics;

- transparent or semi-transparent polymers such as polyethylene, polyvinyl chloride, terephthalate,
polystyrene, polypropylene, polycarbonate, polymethyl methacrylate or similar;

- the backing layer materials may include additives such as thoriu oxide, lanthanum oxide, lead oxide,
cerium oxide, calcium oxide, magnesium oxide, aluminium oxide, boric oxide, sodium carbonate,
germinates, nitrates, carbonates, plastics, acrylic, titanates, arsenates, antimonates, tellurites, metals,
aluminates, phosphates, chalcogenides, borates, fluorides, or similar. The backing layer may consist of or

comprise a solid form, or may consist of or comprise a liquid or gel form.
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According to embodiments of the invention, the acoustic impedance of the material of the backing layer,
and optionally also of the absorbing layer, is preferably similar to the material of the object for inspection
as possible, typically in the range from 1.5x106 kg m—2 s—1 and 50x106 kg m—2 s—1. The backing layer
material may thus be selected according to its acoustic impedance in order preferably to match or
substantially match the acoustic impedance of the object for inspection to improve the transmission of

ultrasound energy generated in the laser absorbing layer into the material of the object for inspection.

An example of a method of generating the coating comprises the steps of:
1. Fabrication of spherical retroreflectors,
2. Covering the surface of spherical retroreflectors with the layer of low refractive index in order to
achieve sufficient internal reflections,
3. Applying the absorptive layer with high coefficient of thermal expansion on the specimen surface
4. Applying the backing-mass layer in the liquid state, which is transparent for the wavelength of
excitation laser,
5. Applying the spherical retroreflectors,
Cohesive bonds between the layers must be strong enough to prevent delamination at the corresponding

laser pulse energy.

Referring to figures 6a to 6¢, for the purposes of improving the measurement of defects and anomalies in
objects to be tested, various objects with various properties may be used for training the machine learning
algorithms. These test objects may advantageously include objects with active elements 8 that alter the
propertics of a test object in a controlled manner. For instance, the active elements may include heating
elements, magnetic elements, capacitive elements, piczoelectric elements, and any other form of active
element that generates heat, magnetic field, electrical field, or amechanical stress on the test object in which
these active elements are integrated or mounted on, in order to vary the material properties of the test object.
These allow, for instance to simulate certain material changes in a controlled predictable manner such that
the ultrasound inspection of the test object may be used for training the machine learning algorithm. It may
be noted that the computing system may also be fed measurement results from objects for inspection that

are reference objects without anomalies or defects as a reference for subsequent testing of objects.

The laser-based ultrasound inspection system according to embodiments of the invention may
advantageously be used for inspection of a large variety of objects such as: aircraft components, turbine
blades, high-pressure vessels, pipelines, support structures, and other high-load or high-velocity
components. The inspection system is applicable on a broad spectrum of materials — the most typical are
metals, ceramics, concrete, polymers and various composites ¢.g. carbon-fiber-reinforced polymers.

Typical production processes that require particular quality surveillance are welding, adhesive, soldering



10

15

WO 2024/105437 PCT/1IB2022/061087

and other similar joints, additive manufacturing and casting parts. The inspection system is useful for

continuous quality surveillance of rolled metal sheets and profiles.

The coating arrangement 4 may be typically in a thickness range of 0.1 mm to 5 mm and therefore in many
applications the inspected objects may be left with the coating, or in certain applications the coating may
be removed from the inspected object by various processes such as subtractive machining, laser ablation,
chemical etching, thermal combustion, and any other processes that may remove the coating from the object

if needed.
According to an aspect of the invention, the interpretation of ultrasound signal measurement results may be

assisted by a machine learning programs, in particular using neural networks in order to reduce the training

data required when setting up the inspection system for a new object to be inspected.

10
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List of feature references:

Object for inspection 1
Surface 2
Laser device 3
Laser ultrasound generator 3a
Laser ultrasound reader / detector 3b
Coating arrangement 4
Laser absorbing layer 4a
Backing layer 4b
Laser transparent layer
Reflective particles 4¢
Retroreflective particles
Measurement computing system 5
Program modules 6
Machine learning
Databases 7
Test objects reference database
Training object 8
Electrodes or heating elements(s) 8a
Thermally-sensitive or piezoelectric, piezostrictive (or similar) material(s)
Laser beam for ultrasound generation 11 (laser source beam)
Laser beam for ultrasound detection 12 (laser detection beam)
Laser reflection beam
Galvanometer-driven scanning mirror 13
Optical or opto-mechanical unit to focus the laser beams 14

Optical unit to combine the paths of the laser beams 15

11
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Claims

1. A laser-based ultrasound inspection system comprising an object for inspection (1), a laser device
(3) and a coating arrangement (4) including a laser absorbing layer (4a) disposed on a surface (2) of the
object for inspection (1), a backing layer (4b) disposed over the laser absorbing layer (4a), and reflective

particles (4¢) or a partially reflective layer coupled to the surface (2) of the object for inspection.

2. System according to the preceding claim wherein the partially reflective layer or reflective particles

are in or on the backing layer (4b) and/or the laser absorbing layer (4a).

3. System according to the claim 1 wherein the partially reflective layer or reflective particles are
disposed in or on a second backing layer positioned on the surface (2) of the object for inspection separately

from the laser absorbing layer covered by the first backing layer.

4, System according to any preceding claim wherein the reflective particles are retro-reflective
particles.
5. System according to the preceding claim wherein the retro-reflective particles are ball-shaped, for

instance substantially spherical.

6. System according to any preceding claim wherein the reflective particles have a refractive index

that is greater than a refractive index of the backing layer.

7. System according to any preceding claim wherein the partially reflective layer is configured to split
a laser beam for ultrasound generation (11) and laser for ultrasound detection (12) into a beam passing

through the backing layer on to the absorbing layer, and a reflected beam for reading of ultrasound waves.

8. System according to any preceding claim wherein a material of the laser absorbing layer is selected
from anyone or more of hydrogenated (or black) hydrogenated titanium dioxide, carbon nanotubes, graphite
powder mixed with epoxy resin, gold nanopores, black carbon with polydimethylsiloxane, reduced
graphene oxide, polydimethylsiloxane , metals (¢.g. aluminum, chromium, copper) and polymers (¢.g. high

density polyethylene, polycarbonate, acrylonitrile butadiene styrene).

9. System according to any preceding claim wherein a material of the backing layer is selected from
anyone or more of silica (silicon dioxide), borosilicate, fluoride, aluminate, borate, phosphate,
chalcogenide, sapphire, or similar glasses (crown and flint) and glass ceramics, polyethylene, polyvinyl
chloride, terephthalate, polystyrene, polypropylene, polycarbonate, polymethyl methacrylate or similar,
wherein the materials may include one or more of the following additives thoriu oxide, lanthanum oxide,

lead oxide, cerium oxide, calcium oxide, magnesium oxide, aluminium oxide, boric oxide, sodium

12



10

15

20

25

30

WO 2024/105437 PCT/1IB2022/061087

carbonate, germinates, nitrates, carbonates, plastics, acrylic, titanates, arsenates, antimonates, tellurites,

metals, aluminates, phosphates, chalcogenides, borates, fluorides.

10. System according to any preceding claim wherein a material of the reflective layer or particles is
selected from anyone or more of silica (silicon dioxide), borosilicate, fluoride, aluminate, borate, phosphate,
chalcogenide, sapphire, or similar glasses (crown and flint) and glass ceramics, polyethylene, polyvinyl
chloride, terephthalate, polystyrene, polypropylene, polycarbonate, polymethyl methacrylate, wherein the
materials may include one or more of the following additives thoriu oxide, lanthanum oxide, lead oxide,
cerium oxide, calcium oxide, magnesium oxide, aluminium oxide, boric oxide, sodium carbonate,
germinates, nitrates, carbonates, plastics, acrylic, titanates, arsenates, antimonates, tellurites, metals,

aluminates, phosphates, chalcogenides, borates, fluorides.

11. System according to any preceding claim wherein the coating arrangement has a thickness in a
range of 0.1 mm to 2 mm, a thickness of the laser absorbing layer being in a range of 10 pm to 0.5 mm,

and the backing layer having a thickness in a range of 0.5 mm to 2 mm.

12. System according to any preceding claim wherein the laser device comprises a laser ultrasound

generator (3a) and a laser ultrasound detector (3b) in a single unit.

13. System according to any preceding claim 1-11 wherein the laser device comprises a laser

ultrasound generator (3a) and a separate laser ultrasound detector (3b).

14. System according to any preceding claim further comprising a measurement computing system (35)
having program modules (6) installed and executable therein, the program module (6) including a machine
learning algorithm, and databases (7) including at least a test objects reference database used by the machine

learning algorithm.

15. System according to the preceding claim further including at least one training object comprising
at least one active element of the training object (8) configured to alter the ultrasound propagation
characteristics of the test object according to a state of the active element, the test object used for training

the machine learning algorithm of the measurement computing system.

13
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