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Abstract

This paper introduces a novel robotic endoscope equipped with an optical microphone for non-destructive testing
(NDT) of structural components using ultrasound guided waves. Conventional NDT often requires disassembling
components, a labor-intensive and time-consuming process, especially for defects in carbon fiber reinforced
polymers that are not visible externally. To address these challenges, a concept from minimally invasive medicine
is transferred and a robotic prototype is developed that integrates endoscopic mobility, robotic precision and
ultrasonic inspection capabilities. A test stand demonstrates the robot’s ability to navigate confined areas and
perform internal ultrasonic measurements. By scanning the surface of components, the system generates full
wavefield images and post-processing reveals alterations in the structure, offering insights into structural damage
that traditional visual inspections may not detect. This technology is particularly promising for applications like
the inspection of hydrogen storage tanks, where conventional methods are limited.
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1. Introduction

Ultrasonic testing is one of the most established testing methods in NDT. When categorising
the types of application, there are several different categories. On the one hand, there are the
free, hand-guided systems. On the other hand, there are specialized, mechanized devices with
varying degrees of automation. Also, NDT is mostly done as end-of-line quality check,
maintenance task within the life-cycle of a product or in association with an accidental event
investigation. Especially in maintenance, the machine, component or infrastructure to inspected
is in operation. Depending on the system, the question arises: Do the components to be
examined have to be removed or disassembled in order to test them or is a disassembly just
partially required? Hand-guided systems can often ensure that components can be inspected in
an installed state and in confined spaces, although the type of measurement is limited and there
is often no geometric reference to the component. On the other hand, specialised and
mechanised NDT equipment also offers the possibility of testing components in an installed
state. However, these are often tailored precisely to a specific application. For economic
reasons, this is only possible for large quantities.

Q More info about this article: https://www.ndt.net/?id

This article deals with the key question of what future flexible and digital NDT test methods
must look like in order to avoid the removal of components. A look at medicine reveals potential
possibilities. In the last 20 years, minimally invasive, endoscopic surgical robots have become
increasingly important. A predominant example is the Da Vinci Surgical Robot by Intuitive
Surgical [1]. These are inserted into the human body through small incisions and can carry out
operations teleoperated by the surgeon. The advantages of this are, on the one hand, that patients
suffer significantly smaller and less traumatic incisions and need less blood transfusions [2].
Furthermore, surgeons can make use of the robot's capabilities, such as the scaling and
smoothing of skillful movements, in order to act with even greater sensitivity and precision. It
appears, that industrial maintenance is similar to medicine in its basic features, so the aim is to
investigate whether the principle of minimally invasive robot-assisted surgery can be
transferred to maintenance. In both domains, diseased or defective patients/components are

© 2025 The Authors. Published by NDT.net under License CC-BY-4.0 https://c]r.eativecommons.org/licenses/by/4.0/ https://doi.org/10.58286/31925



repaired by an intervention. In both scenarios, medicine and maintenance, however, a non-
invasive or minimally invasive diagnosis is beneficial for the subsequent treatment.

For this reason, an endoscopic inspection robot was designed, which performs a contactless
ultrasonics procedure. By adapting surgical robots for industrial inspection, it is aimed that
NDT examinations will also be possible in confined spaces, digitally and with as little
disassembly effort as possible.

2. State of the art

2.1 Robotic ultrasonics testing systems

Current robotic ultrasonics inspection systems either rely on contact-based or contactless
approaches. Contact-based ultrasonics approaches require immersion in water or coupling
through a sprayed liquid film to ensure efficient wave transmission. Notable examples include
the “Hydrastar” system by GE Measurement & Control [3] or “CHORUS” inspection system
by Innerspec Technologies Inc. [4] which employ robotic arms equipped with phased array
ultrasound technology and water squirters to inspect complex composite aerospace structures.
While these systems offer high precision and automation, they are large in size and require a
stable liquid coupling medium, which limits their applicability. On the other hand, contactless
systems for robotized ultrasonic testing are not dependent on a coupling medium. An exemplary
system for robotic ultrasonics is the dual robot system presented in Bernhardt et al. [5].
Additionally, Laser ultrasonics robotic systems have been presented within Campagne et al.
[6], Voillaume et al. [7] and Huber [8].

2.2 Contactless Ultrasonics

Contactless ultrasonics systems present significant advantages for robotic inspections,
particularly where fluid coupling is impractical or undesirable. Among non-contact methods,
laser vibrometry and air coupling represent two typical approaches [9]. While laser vibrometers
provide high spatial resolution, they are often limited by their sensitivity to surface conditions
and complex integration requirements. In contrast, air-coupled ultrasound offers a more
practical solution for robotic applications, particularly with the advent of novel sensor
technologies such as optical microphones. These novel air-coupled microphones are not only
highly sensitive and broadband but also compact, making them particularly suitable for
integration into endoscopic robotic platforms.

A fundamental challenge in contactless ultrasonics inspection is the excitation of ultrasound
waves in the target material. Laser-ultrasound is an emerging technique that enables remote
excitation, where a short high-energy laser pulse is emitted on the surface of the material. The
laser is incident on the sample’s surface and generates an ultrasonic signal by the thermoelastic
effect [10]. However, integrating a laser excitation source in an endoscopic system is
challenging due to the size requirements paired with the needed laser pulse energy for effective
ultrasound wave excitation. An alternative approach involves the use of guided waves with a
fixed excitation source. This allows for the excitation of ultrasound waves propagating
relatively long distances and thus covering relatively large areas using a single excitation point.
While this method requires contact to the tested material at the excitation point if a classical
piezoelectric transducer is used, it eliminates the need for onboard excitation within the
endoscopic system. This simplifies the integration while maintaining advantages of contactless
ultrasound sensing. This approach has been demonstrated in previous work on a six degree-of-
freedom robot and carbon fiber composite materials from Wasle et al. [11].



2.3 Minimally-invasive robots in confined spaces

A key concept for reduced downtime of machines is minimally invasive maintenance, which
leads to lower disassembly need during inspection. For those kind of concepts, minimally-
invasive robots themselves are inspired by minimally-invasive surgery like e.g. laparoscopy. A
pioneer in this domain is the work of Madhani et al. [12] from Stanford Research Institute.
Their work eventually led to the Intuitive Surgical Da Vinci Surgical Robot. A similar
development are the works of Buckingham et al. [13] with the research on snake arm robots.
Those were already specifically meant for industrial maintenance tasks, e.g. in nuclear power
plants. In 2006, researchers from NASA [14] were researching on minimally-invasive
inspection robots specifically for in-space usage. Further notable research is being performed
by Dong et al. [15], who successfully apply continuum robots to aircraft maintenance, e.g.
repair of combustion chambers. Also, in aviation, GE Aerospace is offering the “Blade
Inspection Toolkit” [16] which is to be an automated endoscope for jet engine inspection. These
robots all share the fundamental benefits of the great reachability within narrow and confined
spaces. Yet, most of those systems are continuum robots, which make controlling the robots
hard due to their difficult observability. As follows, absolute precision and stiffness are
drawbacks of continuum robots. Another commonality of the previous systems is, that all
systems are driven by tendon actuation, which saves build volume.
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Figure 1: The endoscopic robot can enter a tank and make use of its three joints in order to perform inspections.
An optical ultrasonic microphone is attached to the robot endoscope end effector for measuring guided waves.

In order to reach confined spaces, a robotic endoscope was developed, that can enter through
narrow openings as displayed in Figure 1. The system is divided into two main subsystems.
Firstly, the endoscopic probe, that can carry various types of NDT Sensors. Secondly, a modular
actuation unit, that automatically drives and controls the endoscope. The endoscopic robot is
attached to a carrier robot, like an off-the-shelf robot arm. Using combined motions of the robot
arm and the endoscopic probe, the overall system is able to manoeuvre within confined spaces,
like e.g. storage tanks, jet engines or other cluttered environments. The endoscopic probe is
equipped with three tendon driven joints. Every joint is antagonistically driven by two servo
motors for variable joint stiffness. In order to save space, all motors are placed within the
actuation unit outside of the confined space. Furthermore, all three endoscopic joint positions
are measured using an integrated magnetic hall sensor system. This yields absolute joint



position measurements and therefore allows for precise operations. The actuation unit can be
equipped with a 3D-Camera and LED lighting for environmental perception.

With the aim of NDT Measurements, the robotic endoscope allows to fit signal cabling and
NDT sensor equipment alongside to the endoscope. In the current setup, the endoscopic probe
has a diameter of 20mm and a length of 550mm, while the length can easily be varied. All
structural parts are manufactured from titanium or aluminum for increased stiffness. The
kinematic arrangement of the endoscopic joints is specifically tailored for use in visual and
contact-less ultrasonic inspections.

3. Concept for minimally-invasive and contactless ultrasonics

In order to demonstrate the working principle of the novel endoscopic ultrasonic robotic
inspection approach, we derived a novel endoscopic inspection process.

Our test scenario is the ultrasonic inspection of a CFRP Tube from inside. This use case arises
from CFRP cryogenic hydrogen tank systems. These tanks are composed of an outer and inner
shell, separated by a vacuum and insulation materials, in order to minimize heat transfer.
Cooling of tanks to cryogenic conditions induces strong stress due to temperature gradients.
Ultrasonic inspections of the inner tank hull are only possible by dismantling the tank or
entering through one of the openings.
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Figure 2. The endoscopic robot with its ultrasonic microphone measures guided waves that are induced by a
piezo transducer, glued to the CFRP material. The measurement pattern can be adjusted to the required fidelity.

The endoscopic robot enters the setup through the access hole while being in a straight pose.
Inside the structure, the first joint is actuated to align the microphone perpendicular to the CFRP
cylinder inner surface. To acquire the wavefield image, the robot moves in a grid pattern with
a constant distance to the surface of the tested material, as seen in Figure 2. At each
measurement position, the robot stops and an ultrasound pulse is excited. The time series
response of the structure is measured using the optical microphone. The pattern size and
resolution can be varied depending on the required imaging area and accuracy. It is
acknowledged, that the piezo might not be glued in this way in a realistic scenario. As
mentioned earlier, for endoscopic and minimally invasive ultrasonic excitation in a real use



case, a contactless excitation method like laser excitation is desirable. Also, more complex, free
form geometries can be investigated, as long as there is a collision free path towards the
inspection surface.

4. Implementation

4.1 Experimental Setup

To demonstrate the capabilities of the endoscopic robot inspection system, a simplified test
setup is built showcasing the ability of the endoscope to enter confined access points and
performing an ultrasonic inspection inside the structure. The test setup consists of the following
as seen in Figure 3 :The prototype of the robotic endoscope, a carbon fiber composite cylinder
segment with 350 mm inner diameter made of Teijin Q183 material with 2.5 mm thickness and
[90°4,0°2]s layup. A 3D-printed dome structure with an access hole of 30 mm diameter is used
to simulate the confined access point.

Endoscopic Robot

T\ig-é . ) o T

Tank Mock-Up
Specimen

Figure 3. In the validation experiment, a thin CFRP cylinder structure is used. To simulate a tank, a 3D-printed
dome was attached with a cut-out window. The endoscopic robot is attached to a Universal Robots UR10e. A
piezo transducer was glued to the inside of the CFRP structure. For measuring guided waves, the XARION
eta450 optical microphone was used.

A cylindrical monolithic piezoelectric transducer (diameter 10 mm, thickness 0.5 mm, material
PIC255, manufacturer: PI) is used for the excitation of guided ultrasound waves and fed by a
PCUS® pro SINGLE signal generator. Instant glue is used to fixate the piezo transducer to the
inner surface. For the contactless ultrasound measurements, the optical microphone Xarion Eta
450 is used. The normal distance of the sensor to the specimen is about 50mm. As the diameter
of the used CFRP cylinder is relatively small, the microphone is already at a usable distance
from the cylinder surface, if only the first joint of the endoscope is rotated to 90°, eliminating
the need for more complex trajectory planning. To reach all of the measurement points in the
grid, the endoscope can be vertically moved and rotated by the robot arm.



4.2 Initial Functional Inspection

By scanning the inside of the CFRP cylinder in a grid of 80 by 70 points with a step size of
Imm directly above the piezo transducer, a wavefield image can be obtained as of Figure 4.
The piezoelectric transducer is excited using rectangle voltage pulses of 200V with 500ns pulse
length. The measurement took about 2 hours to complete in this high-fidelity mode. More
coarse measurements would reduce the process time drastically.
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Figure 4. The endoscopic robot performs a guided waves measurement directly above the piezo transducer. The

A-Mode can be seen in the centre, while the S mode travels further away from the excitation source. This shows
that a guided wavefield scan can be performed using the endoscopic robot.

The resulting wavefield shows different types of wave modes. The anisotropic fiber layup of
the sample is evident in the wavefield image by a non-circular deformation of the wave fronts
of the guided waves. This is likely caused by a higher wave speed in the fibers than in the matrix
material. The resulting wavefield looks similar to the wavefield in Wasle et al. [11], where a
measurement has been performed on the outside of the same specimen. This indicates that this
setup is generating valid results. To demonstrate the general ability of the setup to find damages
that are not optically visible from the inside, a small damage is introduced by milling out a 5
mm diameter half-sphere and a depth of 1.3mm onto the outside of the CFRP cylinder surface
as seen in Figure 5.
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Figure 5. In order to initially validate the possibility of finding defects, a defect of Smm diameter and 1.3mm
depth was milled into the outer surface of the CFRP structure.




Two wavefield measurements are performed from the inside of the structure using the robotic
endoscope. One measurement before the damage is introduced (left) and one measurement
afterwards(right). For both measurements, a 120 by 100-point grid is scanned with a step size
of 1 mm and the piezoelectric transducer is excited by a 250 V pulse of 500 ns. The results of
these measurements at 164ps after the excitation are depicted in Figure 6.
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Figure 6. The left guided wave measurements show the results of the undamaged structure. After a defect was
induced, the same measurement was performed again. It can be seen, that the guided waves reflect at the defect
location and perform a mode conversion.

In Figure 6, the V-shaped symmetric wave mode passes through the imaged area. In the plot on
the right, it is clearly visible that a new scattered wave has emerged at the damage location.
This likely represents a mode conversion caused by the damage as described in [17], with the
damage being non-symmetric with respect to the mid-plane of the material. This is also
confirmed by the fact that the scattered waves have a lower wavelength than the incident waves,
as it would be expected for the fundamental antisymmetric wave mode at the same frequency.
In the previously shown wavefield plots, the damage location is indicated by the origin of the
scattered waves. To directly show the location of the damage, the maximum amplitude of the
measured waves can be plotted as depicted in Figure 7.
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Figure 7. As an alternative form of visualizing the defects, a maximum amplitude plot was
created, which highlights the defect more clearly.

In this measurement, the interaction of the incident symmetric wave mode and corresponding
mode conversion is very strong. For this reason, the local maximum amplitude at the damage
is higher than in the surrounding area. This makes the damage location more visible as seen in
Figure 7.



4.3 Variation of Damage Size and Depth
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Figure 8. Additional damages have been introduced to the CFRP specimen with varying diameter and depth.
A triangle that spans from three damages is used for localisation measurements.

As the 5Smm damage from the previous chapter could be detected, further damages were
introduced into the CFRP specimen and are depicted in Figure 8. In order to provide some
estimate for the damage detectability limit, three defects were manufactured at the outer
surface of the probe. The defects have diameters of 3mm, 2mm and 1mm and a penetration
depth of approximal 0.8mm. The damage depth was validated using a laser triangulation scan.
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Figure 9. On the left, the individual optical microscopic images are shown with the 0.8mm deep damages. In the
middle column, the ultrasonic scans are shown, with the weakening signals for the smaller damages. The right
column highlights the mode conversion and its origin.



A wavefield measurement was performed for each defect again with a 250V rectangle pulse
excitation of 500ns length. To increase the contrast of the damage related effects, a bandpass
filter is used before calculating the maximum amplitude. The bandpass frequency and
bandwidth are optimized to get the best visual contrast with the smallest, Imm diameter
damage and are then the same for all measurements. A bandpass center frequency of 400kHz
and a bandwidth of 200kHz was chosen accordingly. The results are depicted in Figure 9. On
the left, microscopic images of the individual damages are displayed, followed by the
resulting scan in the center. On the right, the location of the defect was highlighted.

It can be seen, that the damage related signals are less visible compared to the Smm diameter
damage of Figure 7. Nevertheless, in the 3mm diameter damage, the mode conversion at the
damage location is visible. Although, the signal at the 2mm diameter damage is notably weaker,
it is still possible to locate the damage related waves. In contrast, the mode converted wave
originated by the 1mm diameter damage is hardly visible. In order to show the effect of a
shallower defect depth, the 1mm diameter and 0.8mm deep damage was compared to a 0.4mm
deep damage depth seen in Figure 9. Here, as it can be seen in Figure 9, no signal is visible
within the scan. This shows that the detectability limit with our method is reached between a
depth of 0.8mm and 0.4mm for a Imm diameter damage.
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Figure 10. This comparison highlights the signal difference of a 0.8mm deep damage with a diameter of 1mm to
a lmm diameter damage with a depth of 0.4mm. The left scan still slightly shows the damage, while the 0.4mm
deep damage is not visible anymore.

4.4 Variation of Excitation Source

As the excitation signal has a fundamental influence on the scan quality, three different pulse
lengths have been tested. The used signal generator has a maximal pulse length of 500ns. This
500ns pulse length was used in the left scan of Figure 11, which was presented earlier with a
damage diameter of Imm. The middle scan used a pulse length of 250ns. Here the wavefront is
only hardly visible. The right image used a pulse length of 100ns. The maximum value of the
color bar indicates, that the signal energy drops with a shorter excitation pulse length.
Accordingly, the image noise becomes more apparent, such that at 100ns no visible damage
signature can be seen.
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Figure 11. The variation of excitation pulse length of the piezo transducer shows, that the signal amplitude
decreases with lower pulse length, which results in more noisy scans.

4.5 Damage Localisation Analysis

Accurate damage localisation is also an important factor to consider for assessing the severity
of damages. Therefore, an initial experiment was conducted, to test the localization accuracy of
damages relative to each other. Three individual damages were drilled to span a triangle, such

that the distances can be measured. The results are shown in Figure 12.
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Figure 12 Three damages were scanned to allow a calculation of distances between the damages, which gives
insights on the localisation accuracy. The three distances between points p;, p,, & p; are compared to a ground
truth measurement.

To determine the center point of the damages, a circle is fitted in the circular pattern of the
damage related waves. The points p;,p,, & p; are located at the positions (19mm, 68mm),
(33mm, 41mm) and (20mm, 18mm) for their X and Y values. The actual distances have been
measured manually using a steel gauge. The maximum deviation between the steel gauge
measurement and the measurement within the maximum amplitude plot is only 2mm, showing
that damage locations can be identified with a millimetre precision.

5. Discussion and future work

The obtained data show promising results, as guided wavefields can be obtained contactless
using the robotic endoscope in a confined space like the CFRP tube specimen. Furthermore,
using the ultrasound endoscopic robot, defects down to Imm in diameter and 0.8mm in depth
could be detected and localized with a millimetre-level precision. This marks an initial step
towards fully contactless, endoscopic ultrasonic inspections. Depending on the required
fidelity, the measurement pattern resolution can be reduced and advanced wavefield processing
methods could be utilized to be more time efficient. Additionally, a contact-less excitation
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source, like a laser pulse excitation could be investigated to fully eliminate the need for contact
to the specimen. To make full use of the capabilities of the robotic endoscope, more complex
free form geometries can be investigated.

6. Conclusion

In this article, a novel endoscopic ultrasonic inspection process is shown. It makes use of a
novel robotized endoscope, that positions a high bandwidth optical ultrasonic microphone into
a CFRP tube specimen. In combination with a piezoelectric transducer as excitation source,
guided waves can be measured. Several measurements have been performed, addressing the
damage detectability limit and localisation accuracy. The results demonstrate the possibility to
perform robotic, endoscopic, ultrasonic inspections within confined spaces.
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