
ROADMAP FOR THE INDUSTRIALIZATION OF ROBOTIC CONTINUOUS
ULTRASONIC WELDING OF FIBER REINFORCED

HIGH-PERFORMANCE POLYMERS IN THE AEROSPACE INDUSTRY
M. Janek∗, L. Larsen∗, S. Jarka∗, D. Görick∗

∗ Deutsches Zentrum für Luft- und Raumfahrt e.V., Zentrum für Leichtbauproduktionstechnolgien, Am
Technologiezentrum 4, 86159 Augsburg, Deutschland

Abstract
The aerospace sector is progressively integrating fiber-reinforced high-performance polymers, due to their su-
perior strength-to-weight ratio, corrosion resistance, and design flexibility. Conventional joining methods, such
as mechanical fastening or adhesive bonding are labor-intensive, defect-prone, and costly, therefore limit-
ing manufacturing efficiency. Ultrasonic Welding (UW) of thermoplastic composites has emerged as a rapid,
adhesive-free joining technique that employs high-frequency vibrations to produce robust and high strength
bonds. UW enables the assembly of complex geometries while minimizing weight, material waste, and pro-
cessing time, thereby enhancing design freedom and structural integrity. In aerospace, UW facilitates the fab-
rication of lightweight, high-performance structures that comply with stringent safety and regulatory standards,
eliminates drilling and riveting-induced damage, and supports innovative architectures previously unfeasible.
This review summarizes the principles of static and continuous UW, highlights its advantages, and surveys
current aerospace applications, with emphasis on the different development milestones. A roadmap towards
industrial maturity is outlined, calling for coordinated efforts among industry, academia, and regulatory bodies
to standardize processes, certification, and qualification of UW joints. Advancing UW to full commercial readi-
ness promises to transform airframe manufacturing, unlocking the widespread adoption of this technology for
next-generation aircraft.
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NOMENCLATURE

Symbols

ϵ0 strain amplitude [-]

E′′ loss modulus Pa

ω angular frequency rad/s

Q̇avg average heat dissipated W

Abbreviations

AFP Automated Fiber Placement

AMC Acceptable Means of Compliance

ANAC Agência Nacional de Aviação

CFRP Carbon Fiber Reinforced Polymers

CORSIA CarbonOffsetting andReduction Scheme
for International Aviation

CS Certification Specifications

EASA European Union Aviation Safety Agency

ED Energy Director

FAA Federal Aviation Administration

ICAO International Civil Aviation Organization

LMPAEK Low Melt Polyaryletherketone

LSS Lap Shear Strength

MFFD Multi Functional Fuselage Demonstrator

NDT Non-Destructive Testing

NRC National Research Council of Canada

PA Polyamides

PC Polycarbonates

PEEK Polyetheretherketone

PEI Polyetherimide

PEKK Polyetherketoneketone

PPS Polyphenylenesulfide

TCCA Transport Canada Civil Aviation

TRL Technology Readiness Level
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1. INTRODUCTION

Civil aviation currently constitutes the predominant
modality for long-haul intercontinental passenger
transport and is undergoing a period of accelerated
expansion. Forecasts produced before the onset
of the COVID-19 pandemic projected that global air
traffic would increase approximately three-fold over
the 2020-2050 horizon. Although the pandemic had a
significant impact on air traffic, similar to other events
such as the global financial crisis in 2008, it can be
assumed that the growth trajectory will resume with a
similar gradient. [1]
According to the Carbon Offsetting and Reduc-
tion Scheme for International Aviation (CORSIA)
administered by the International Civil Aviation Or-
ganization (ICAO), total carbon-dioxide emissions
from global civil aviation have been estimated at
608 million metric tonnes for the year 2019. [2,3]
The growing reliance on air transport, coupled with
the imperative to continually lower emissions due to
the climate-forcing characteristics of this greenhouse
gas, creates a direct conflict between operational
demand and environmental objectives. The com-
mercial aviation accounts for more than 70% of
annual fuel consumption of aerospace applications,
thereby representing a major source of emissions
of climate-forcing gases. Furthermore, air freight
transportation and General Aviation also contribute
proportionately to the civil share of emissions. Con-
sequently, mitigating total emissions can be achieved
by employing efficient, innovative lightweight aircraft
designs, followed by an overall reduced fuel con-
sumption respectively. [1]
The joints between components in modern aircraft
are typically comprised of standard fasteners such
as screws, bolts, and rivets. In a commercial aircraft,
the number of rivet connections can vary based
on its size, with larger metallic aircraft containing
approximately 100000 titanium rivet joints, which are
particularly prevalent in specialized assemblies like
the vertical tail plane. The economic potential of
reduced fastener usage extends beyond production
costs, as it can also reduce operating costs of the
aircraft. For example, up to a 5% reduction in the
overall weight of specific aircraft structures can be
achieved through the elimination of fasteners and an
optimized design that eliminates additional weight
associated with effects such as bearing stress and
other boundary conditions. These cost savings can
be significant and contribute to the overall efficiency
and profitability of aircraft operations. [4]
Therefore, new joining technologies such as the
welding of thermoplastic and thermoset composites
can significantly improve the economic and ecological
balance in the application of Carbon Fiber Reinforced
Polymers (CFRP). In conjunction with various alterna-
tive joining technologies such as resistance welding,
induction welding, or laser welding, ultrasonic welding
provides a means of joining thermoplastic or func-
tionalised thermoset composite materials by melting

the composite material locally and cooling it again
under consolidation pressure in a defined time and
controlled manner. [5]
The following sections will describe the mechanism
of ultrasonic welding, detail its various application
procedures, and present the current state of the
art. Additionally, a strategic plan will be developed
outlining the necessary steps for the process to reach
the level of technological maturity required for serial
and industrial application in the aerospace industry.

2. PROCESS PRINCIPLE

Ultrasonic welding is classified as a frictional weld-
ing method that involves exposing the adherends
to be joined to high-frequency and low amplitude
(≈ 100µm) mechanical vibrations, in addition to a
static welding force. [6] The ultrasonic welding assem-
bly illustrated in Fig. 1 is composed of four principal
elements: a power source, a piezoelectric converter,
a vibration-amplifying (or attenuating) booster, and a
sonotrode (also referred to as a horn). [7]
The power source receives the low-frequency
mains voltage (either 50Hz or 60Hz) and, through
a frequency-conversion stage, generates an alter-
nating electrical signal in the ultrasonic range, most
commonly around 20kHz. This high-frequency signal
drives the converter, where a stack of piezoelectric
disks undergoes rapid expansion and contraction
in direct proportion to the applied voltage, thereby
converting electrical energy into a precisely controlled
mechanical oscillation. [8,9]

FIG 1. Ultrasonic welding - process principle. Image
modified from [7].

The booster, whose geometry can be tailored to either
increase or decrease the displacement amplitude,
acts as a mechanical transformer that matches the
output of the converter to the requirements of the
downstream sonotrode. The sonotrode fabricated
from high-strength, low-density alloys such as tita-
nium or aluminium alloys is the interface that delivers
the ultrasonic vibration to the workpiece. Its external
contour and the size of the contact area are selected
according to the specific joint geometry and the ma-
terial being welded, ensuring optimal energy transfer
and uniform pressure distribution. [9]
All components of the equipment are dimensioned
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and tuned so that their natural resonances coincide
with the operating frequency supplied by the ultra-
sonic generator, which maximizes the efficiency of the
energy conversion chain. Beneath the sonotrode, an
anvil provides a rigid backing for the CFRP laminates.
The laminates are held in the desired orientation
by a dedicated fixturing system that secures them
throughout the welding cycle. The complete stack is
forced against the anvil by a static load generated by
either a mechanical or pneumatic actuator; this load
establishes the necessary clamping pressure that,
together with the ultrasonic vibration, produces the
weld. [8]
In many thermoplastic CFRP joints, a thin layer of
thermoplastic material, known as an Energy Direc-
tor (ED) is introduced at the interface. Through
maximum dissipation effects, the ED acts as a lo-
calized heat-generation zone: the ultrasonic energy
is concentrated within its geometry, causing rapid
softening of the thermoplastic and facilitating material
flow that bonds the adjoining laminates. The shape
of the energy director (triangular, semi-circular, rect-
angular, or thin-film configurations are typical) has
a pronounced effect on the heat concentration, melt
pool development, and ultimately on the mechanical
integrity of the resulting weld. [8,10,11]
Benatar and Gutowksi introduced a multiphase model
for ultrasonic welding, consisting of five stages:
mechanical and vibrational dynamics, viscoelastic
heating, heat conduction, flow dynamics, and in-
termolecular diffusion. Furthermore, Benatar and
Gutsowksi have proposed a method for calculating
the viscoelastic heating rate during ultrasonic weld-
ing, which involves the angular frequency (ω) of the
welding apparatus, the loss modulus (E′′) and the
strain amplitude (ϵ0) of the material [10]:

(1) Q̇avg =
ω · E′′ · ϵ20

2
[W ]

Equation (1) provides a more accurate understanding
of the heating process during ultrasonic welding and is
an important consideration for optimizing the welding
process. [10]

3. OPERATIONAL MODE

Ultrasonic welding can be categorized into two distinct
operational modalities. The first modality involves
a static and localized application, whereas the sec-
ond modality employs a continuous and dynamic
approach to generate weld seams in an uninterrupted
manner.

3.1. Static Ultrasonic Welding

The principle of ultrasonic welding, first introduced in
the context of a static process for bonding pure poly-
mer joints, has been in existence for many decades.
This technique, characterized by its swift execution,
economic efficiency, and high degree of automation,
has found extensive application in mass produc-

tion. Researchers, such as Benatar and Gutowski,
recognized the significant potential of this joining
technology for the application on high-performance
thermoplastic composites. They augmented the
understanding of the process by developing a simu-
lation model grounded in its fundamental principles,
mechanics and vibrations, the viscoelastic heating
and heat transfer mechanisms, the flow and wetting
process and the intermolecular diffusion during the
solidification phase. [10]
Benatar and his co-researchers sought to enhance
the comprehension of the process through an inves-
tigation of the adherends thickness. By defining a
thickness limitation of 6mm for the sonotrode and the
welding interface, they successfully established the
difference between far-field and near-field ultrasonic
welding. [12,13]
In 1994, Kempe and Korger-Roth of the Deutsches
Zentrum für Luft- und Raumfahrt e.V. (DLR) identified
the considerable potential of the ultrasonic welding
process. Initial spot welding activities were conducted
to explore the applicability of this process to carbon
fiber-reinforced Polyetheretherketone (PEEK). The
weld trials included the analysis of spot welds on
similar and dissimilar part thicknesses as well as the
investigation of the overall weld strength dependent
on the distance between multiple spot welds. [14]
An investigation into multispot ultrasonic welding
was performed, which discovered the potential of
this method in multispot applications. The research
revealed that the first weld spot influences the nec-
essary energy of subsequent spots. Equal weld
energy for the first and second spot, led to a reduced
strength and overall area of bond. On the other hand,
the displacement required for an optimal weld result
(strength and quality) remains unchanged outlining
the potential of displacement controlled ultrasonic
welding. [15,16]
Nowadays, the ultrasonic welding process has expe-
rienced a resurgence of interest in the past 15 years,
with both academia and industry investigating various
aspects and effects related to energy directors and
interface surfaces. The research conducted by Ville-
gas and fellow researchers has focused on optimizing
weld quality through the use of different energy direc-
tors. The results have shown that statically welded
specimens can achieve a Lap Shear Strength (LSS)
of up to 35-40 MPa through the use of appropriate
appliance of the energy director. [17,18]
Further investigations were conducted to determine
the potential of a resin-poor and energy-director-less
welding procedure, that concluded that a resin-rich
interface between the adherends leads to improved
overall weld quality. One of the most common vali-
dation values, the LSS, decreased by approximately
50% in the most unfavorable case when the pure
resin ED was significantly reduced. [19,20]
Further studies were undertaken to examine the
effects of various process parameters, including
travel speed, vibration amplitude, power consump-
tion, displacement, processing forces, and resultant
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pressures, in order to gain a more comprehensive
understanding of the process dynamics. [18,21–23]
In conclusion, a foundational understanding of static
ultrasonic welding has been established, enabling
the consistent production of high-quality welds with
predictable strength and reliability.

3.2. Continuous Ultrasonic Welding

Another operational mode of ultrasonic welding,
characterized by increased dynamism is Continuous
Ultrasonic Welding (CUW). This process involves the
generation of a continuous weld seam through the
sustained application of ultrasonic vibrations to the
semi-finished parts, concurrent with the continuous
motion of the welding end-effector along the predeter-
mined weld seam geometry. In contrast to traditional
static ultrasonic welding, where all tasks such as
pre-clamping, active vibration, and consolidation
pressure during solidification are performed by the
sonotrode, continuous ultrasonic welding employs
a segmented approach, wherein these tasks are
decoupled and executed in a sequential manner.
The aforementioned tasks are discretized and ex-
ecuted by distinct components, specifically: (1) the
pre-clamping roller, which applies the initial pressure;
(2) the conventional sonotrode, which generates the
ultrasonic vibrations; and (3) the consolidation unit,
which provides the necessary pressure during solidi-
fication, as illustrated in Fig. 2. Furthermore, an anvil
with clamping mechanisms (4) & (5) is employed, as
shown in the figure, to secure the semi-finished parts
or the top and bottom adherend plates, as illustrated
in the laboratory example of producing single lap
shear specimens.

FIG 2. Continuous ultrasonic welding - functional ele-
ments and weld setup. Image modified from [24].

This apparatus can be integrated with either a single-
axis linear test bench, as depicted in Fig. 3, or a multi-
axis robotic system, as illustrated in Fig. 4, thereby en-
hancing trajectory flexibility and enabling the creation
of complex three-dimensional paths.
A linear axis test bench is utilized for the develop-
ment of the welding process and the fundamental

FIG 3. Continuous ultrasonic welding end-effector
mounted to a linear axis test bench. Image
modified from [24].

analysis of innovations within the setup, whereas the
robotic application serves to demonstrate the ultimate
objective of industrializing the process and establish-
ing its presence in the industry. Engelschall et al.
introduced the German Aerospace Center’s (DLR)
custom-designed ultrasonic welding end-effector
at the esteemed ITHEC 2018 conference held in
Bremen. They presented their ongoing research
on the continuous ultrasonic welding of carbon
fiber reinforced Polyphenylenesulfide (PPS) and
Polyetherketoneketone (PEKK), with a focus on po-
tential robotic applications. [25] The DLR team further
advanced their efforts to adapt the process for robotic
applications (illustrated in Fig. 4), as demonstrated at
the SAMPE 2019 conference in Nantes. Engelschall
et al. presented initial findings, including the LSS of
weld seam specimens, with values up to 25 MPa.
Additionally, they presented the relationship between
the consolidation pressure exerted by the consoli-
dation unit (3) (illustrated in Fig. 2) and the welding
force. [26]
Jongbloed et al. subsequently recognized the ben-
efits of incorporating a consolidation unit into the
continuous ultrasonic welding process, by analyzing
the impact of its addition and removal. [27]
Jongbloed et al. investigated the differences and
similarities between static and continuous ultrasonic
welding processes, focusing on the combined effects
of welding force and vibration amplitude, two key
process parameters that significantly influence both
applications. Their findings revealed that in static
ultrasonic welding, the non-welded area at the weld
interface decreases to zero when the vibration time is
sufficient. In contrast, continuous ultrasonic welding
results in a constant amount of un-molten and non-
welded resin remaining underneath the sonotrode. To
mitigate this limitation, either increasing the vibration
amplitude or the welding force during continuous
ultrasonic welding can be employed as a counter-
measure. Additionally, their research revealed that
the power required for continuous ultrasonic welding

4

Deutscher Luft- und Raumfahrtkongress 2025

CC BY 4.0

https://creativecommons.org/licenses/by/4.0/


is significantly higher, primarily due to the size of
the semi-finished parts, such as the top and bottom
adherends. Notably, their measurements provided in-
sight into the temperature distribution, indicating that
the heat-up phase at the interface commences prior
to the sonotrode passing over the respective position,
as a result of the entire adherends vibrating. [28]
Although Jongbloed et al. note a significant corre-
lation between the optimal vibration time in static
welding and the optimal welding speed in contin-
uous welding, recent investigations highlight the
importance of implementing active process control,
particularly in continuous applications involving full-
scale projects. This is necessitated by the need to
account for variations in material stacking, weld seam
irregularities, and fluctuations in material quality.
Janek et al. have intensified DLR’s efforts to develop
active control strategies for the CUW process, as
evidenced by their recent publication proposing an
alternative power control mechanism that diverges
from the conventional state-of-the-art amplitude con-
trol approach. The results indicate that the power
control method exhibits enhanced responsiveness,
albeit at the expense of reduced robustness. This
finding suggests the potential for future cascaded
control approaches that can leverage the distinct
advantages of different control mechanisms. No-
tably, the investigation yielded peak LSS values of
48.4 MPa in amplitude-controlled welds, while the
power-controlled welds achieved an reduced stan-
dard deviation of 6.3%, indicating improved process
stability. [24]
Particularly, robotic ultrasonic welding has exhibited
a surge in popularity as the understanding of its con-
tinuous utilization grows and the industry escalates
its efforts in developing composite aircraft, composed
of both thermoplastic and thermoset composites.
Recent advances in robotic ultrasonic welding, in-
cluding the study conducted by Köhler in a joint effort
between industry (CTC GmbH) and academia (TU
Delft), have enhanced the comprehension of the
interplay between process parameters like vibration
amplitude, thickness of the energy director, and robot
travel speed. Köhler and colleagues assessed the va-
lidity of their results by conducting welding and tensile
testing on single lap shear specimens. Their analysis
revealed a significant correlation between welding
speed and weld seam quality, with slower speeds
resulting in pronounced fiber distortion and faster
speeds yielding a greater proportion of un-welded
area. Notably, the vibration amplitude was found to
have a significant impact on the thorough melting of
the resin, with higher amplitudes resulting in more ef-
fectively molten weld interfaces. However, to mitigate
the risk of overheating associated with high vibration
amplitudes and their corresponding elevated heating
rates, a proportional increase in welding speed is
necessary. This increase in welding speed, in turn,
reduces the overall consolidation period due to the
limited consolidation length, ultimately yielding high
porosity in rapidly produced welds. [29]

FIG 4. Robotic CUW with end-effector mounted to a
KUKA robot. Image modified from [30].

A separate research team, led by Ahanpanjeh, con-
ducted an in-depth examination of robotic ultrasonic
welding, with a specific focus on the dynamic behavior
of the robot and its correlation with the resulting weld
trajectory. The researchers noted that the deflection
of the robot, caused by the applied process forces,
interacts with the inclination of the sonotrode, poten-
tially influencing the quality of the weld. Additionally,
a sensor-driven compensation methodology was
implemented, resulting in enhanced weld trajectory
accuracy. [31–33]
Previously, researchers at the DLR developed and in-
troduced an innovative path-correction methodology,
which integrates an edge-following mechanism, an
active illumination subsystem, and a camera-based
vision algorithm to achieve and maintain precise
weld trajectories, as illustrated in Fig. 5. The Multi
Functional Fuselage Demonstrator (MFFD) was one
of the first and most significant full-scale projects
to employ continuous ultrasonic welding, success-
fully completed by the DLR. As part of this project,
44 stringers were successfully welded to the upper
skin of the composite fuselage demonstrator, utilizing
the developed path correction methods during robotic
CUW. [34]
A collaborative effort between the DLR and the Na-
tional Research Council of Canada (NRC) led to the
development of the next evolutionary advancement in
robotic ultrasonic welding, facilitating the implementa-
tion of a dual-robot CUW application. The motivation
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behind developing a dual-robot application stems
from the high costs associated with the specialized
tools and jigs required for part production and as-
sembly sequences. Specifically, in robotic ultrasonic
welding, the need for a static anvil that accurately
replicates the shape of the semi-finished parts can be
prohibitively expensive, particularly during iterative
part development phases. To address this challenge,
the concept emerged to utilize a second robot to hold
a movable anvil, which can mimic the actual structure
to be supported by adjusting its trajectory accord-
ingly. This approach was successfully demonstrated
by welding a rear pressure bulkhead of a generic
single-aisle aircraft. To simplify the tooling and jig
requirements for the upstream Automated Fiber
Placement (AFP) manufacturing process, the bulk-
head was divided into eight identical segments. Upon
conclusion of the welding process, eight bulkhead
segments were successfully welded to two distinct
half-pressure bulkheads. The subsequent two welds
were abandoned due to an unforeseen interference
between the supporting jig and the combined trajec-
tories of the teaming robots. [35]
The ongoing efforts among international research
groups indicate a significant shift towards the contin-
uous application of ultrasonic welding, driven by the
transfer of knowledge from static ultrasonic welding.
Notably, the integration of robotics in this process
presents novel challenges that necessitate in-depth
investigation to ensure the delivery of high-quality
outputs characterized by reliability and reproducibility.

4. MATERIALS

4.1. Thermoplasitc Composites

Currently, seven prominent thermoplastics are com-
monly employed: Polycarbonates (PC), Polyamides (PA),
PPS, Polyetherimide (PEI), PEEK, PEKK and Low
Melt Polyaryletherketone (LMPAEK). In the context
of aerospace applications, thermoplastic composites
primarily utilize PPS, PEI, PEEK, PEKK, and LM-
PAEK, which exhibit exceptional damage tolerance in
their finished states. Additionally, these thermoplastic
resins display excellent resistance to moisture and
chemicals, thereby preventing degradation in hot and
humid environments. [5,36]
It is noteworthy that amorphous materials, such as
PEI, and semi-crystalline materials, such as LM-
PAEK, display enhanced weldability due to their
material properties when utilized in joining tech-
nologies like ultrasonic welding, particularly when
compared to crystalline polymers. [8] The integra-
tion of fibrous reinforcements into thermoplastic
matrices enables the development of composite ma-
terials, characterized by improved material attributes,
such as an elevated strength-to-weight ratio, thus
augmenting their mechanical efficacy. The prepon-
derance of carbon fiber as the primary material in
load-carrying airframe structures can be attributed

to its superior mechanical properties. In contrast,
aramid fibers exhibit limited applicability due to their
hygroscopic nature, which renders them susceptible
to moisture-induced degradation. Glass fibers, while
possessing notable tensile strength and economic
viability, are characterized by a significant reduction
in stiffness (approximately 3-4 times) compared to
carbon fibers. Furthermore, their increased density
negates their potential for lightweight design, thereby
limiting their utilization in modern civil aircraft to a
select few components. [4]

4.2. Hybrid Composites

Thermoplastic composites exhibit advantageous
properties, including ductility, weldability, and ther-
moforming capabilities, thereby enhancing the
potential for automation and optimizing the man-
ufacturing efficiency ratio. Notwithstanding their
advantages, thermoplastic composites also possess
inherent limitations, notably diminished thermal re-
sistance resulting from the absence of intermolecular
chemical crosslinks. This lack of crosslinking also
compromises their creep and relaxation behavior,
rendering it inferior to that of thermoset composites.
While thermoset composites possess their own set
of property limitations, their duromeric characteristics
can mitigate some of the drawbacks associated
with thermoplastic composites, thereby providing a
complementary set of properties. [37]
As researchers continue to push the boundaries
of composite materials, it is becoming increasingly
likely that future aerospace applications will rely on
hybrid compositions that combine the benefits of both
thermoplastic and thermoset composites. A study by
Villegas and van Moorleghem has already demon-
strated the feasibility of ultrasonic welding of hybrid
composite joints. By incorporating a thermoplastic
PEI layer into the composite, which is co-consolidated
with the thermoset adherend, the researchers were
able to impart weldability to the epoxy-based compos-
ite, paving the way for the development of innovative
hybrid materials that can meet the demanding re-
quirements of the aerospace industry. [38]
Hence, the prospective implementation of ultrasonic
welding technology will encounter the intricate chal-
lenge of integrating diverse polymeric materials,
thereby underscoring the imperative for a com-
prehensive elucidation of the thermal mechanisms
underlying ultrasonic welding and the subsequent
solidification phenomena occurring during the consol-
idation phase.

5. STAKEHOLDERS

Identification of stakeholders potentially impacted
by the introduction of a new technology is facilitated
through analysis of the most recently affected stake-
holder, the approval and certification agencies. By
examining the approval criteria pertinent to aircraft
design and manufacturing, it is possible to discern the
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relevant domains of interest and their corresponding
interfaces. To achieve this, an initial analysis of the
respective authorities is conducted.

5.1. Certification

The primary goal of commercial aircraft manufac-
turers, such as Airbus and Boeing, is the design,
fabrication, and regulatory certification of aerostruc-
tures that correspond to their intended aircraft
applications. Consequently, certification agencies
are a crucial stakeholder, as they play a pivotal role
in the certification and validation of aircraft systems.
The European Union Aviation Safety Agency (EASA),
Federal Aviation Administration (FAA), Agência Na-
cional de Aviação (ANAC) and Transport Canada
Civil Aviation (TCCA) have joined forces and estab-
lished a certification management team in order to
synchronize common efforts under bilateral agree-
ments. Therefore, EASA certification regulations,
as mentioned hereafter, are applicable to the other
certification authorities at a similar extent. [39]
The EASA issues Certification Specifications (CS) as
a set of regulations and Acceptable Means of Compli-
ance (AMC), which can serve as a primary reference
for the certification and validation of the airworthiness
of products, parts, and appliances. The general
AMC-20-29 offers guidance specifically for composite
aircraft structures (primarily carbon or glass fiber
composites), that relate to further stakeholders, such
as design, stress, production and quality assurance
of the materials and processes used. [40,41]
The EASA does not certify any materials or processes
directly, however the specifications for materials and
processes are part of the type-design that falls under
the type-certification of an aircraft. [40]
Hence, the Agency provides AMC to show compli-
ance with the appropriate CS in respect to material
quality traceability, production facility arrangements,
design data, tolerance management, stress and dam-
age tolerance analysis, environmental conditions and
destructive as well as non-destructive testing to en-
sure a reproducible and reliable product, with proven
quality for the initial and continuous airworthiness of
the aircraft. [40,41]

5.2. Design

Established design guidelines provide methodologies
for conducting a structured development and design
process. These guidelines identify the description
and definition of functions that the product is intended
to perform as one of the most important steps. The
consistent elaboration at the functional level ensures
a deep understanding of the necessary product and
system requirements that must be met in order to
fulfill these functions. [4]
The primary function of ultrasonically welded joints
is to achieve proper bonding between individual
parts or sub-assemblies in a specific location, within
certain specified limitations. According to EASA, this
generic and abstract function must be performed in

a reliable, robust, and reproducible manner within
certain prescribed tolerance limits. Knowledge re-
garding tolerances, including material tolerances,
processing tolerances, and assembly tolerances,
can be established through analysis supported by
appropriate tests conducted at the coupon, element,
and sub-component levels. Allowable tolerances
are determined based on design values and are
further refined through coupon testing as well as
sub-component testing during the qualification phase.
Consequently, the overall tolerances for the product
must be specified in the design documentation (such
as drawings) to ensure that the final product remains
within the intended and qualified range defined by the
design service goal. [4,40]
Another secondary consideration in the design phase
is manufacturing-related defects, which can arise
from improper application procedures or the acci-
dental dropping of tools. Therefore, it is essential to
anticipate such possibilities by incorporating appro-
priate tolerances into the design. [4]
Additionally, manufacturing-related boundary condi-
tions must also be taken into account when designing
individual components and determining the sequence
of assembly processes. True-scale projects, such as
the MFFD, have highlighted that the working space
and reach of the robot may not always correspond
to the intended and required specifications. It is
crucial to ensure that the accessibility of the robot’s
end-effector is guaranteed, so that the ultrasonic
welding operations can be successfully carried out
without any interference from potential collisions with
the airframe structure or surrounding infrastructure.
Hence, a dedicated tool space allocation should be
derived from the tool design and robot trajectory data.

5.3. Stress and Fatigue

When evaluating the static strength of composite ma-
terials, it is crucial to consider all critical load cases,
failure modes, and environmental effects, including
residual stresses, material variability, and defects. A
program of component ultimate load tests in the rele-
vant environment is necessary to demonstrate static
strength, unless prior experience with similar designs
and materials can validate analysis supported by
sub-component and coupon tests. [40]
EASA recommends a hierarchical testing approach
(’building block’ see Fig. 6), where a large number
of low-level tests (coupons and elements) are used
to establish a statistical basis and gather knowledge.
This information is then applied to more complex sub-
component and main component tests, mitigating the
risk of failure in costly and time-consuming full-scale
tests that typically occur later in the development
process, refer to Fig. 6. [40]
Consequently, lap shear stiffness and strength tests
are commonly employed to evaluate the mechani-
cal properties of adhesives and bonding processes
for qualification purposes. However, shear tests
have been found to be inadequate for assessing
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long-term durability and environmental degradation
resulting from suboptimal bonding processes, such
as inadequate adhesion. In contrast, peel tests
have demonstrated greater reliability in evaluating
the efficacy of adhesion. [40, 42–44] Moreover, air-
frame structures must demonstrate robust fatigue
life beyond their intended service duration, in ad-
dition to static loads. Assessments are necessary
to validate that catastrophic failures resulting from
fatigue, environmental degradation, manufacturing
flaws, or accidental impacts will not transpire or
compromise safe operation. [40] Fatigue validation
must be achieved via component tests or analy-
sis corroborated by test data, considering relevant
environmental effects. Test articles, produced and
assembled per production standards, must replicate
production structures. Adequate testing of compo-
nents, sub-components, or coupons is required to
determine fatigue scatter and environmental influ-
ences. Impact damage and other permissible defects
should be included in fatigue testing. Throughout its
anticipated lifespan, the product should demonstrate
that its stiffness properties remain within satisfactory
bounds, as indicated by fatigue assessments. [40]
Therefore, ultrasonic welding must be qualified to
consistently produce weld spots or seams with suffi-
cient strength to withstand static and cyclic loads that
correspond to those experienced by the respective
aircraft and envelope of loads.

5.4. Production and Automation

An additional critical factor and related stakeholder is
the automation of manufacturing and the up-scaling
of the process to accommodate full-scale airframe
structures. In accordance with EASA regulations,
certification credit may be awarded to products and
organizations that employ identical materials and
processes in comparable applications, provided that
such credit is duly substantiated and applicable.
This principle extends beyond mere facility-level
variables, such as ambient temperature, humidity,
and site cleanliness or the sourcing and qualification
of raw materials; it also encompasses the entirety of
the manufacturing workflow, its precise execution,
and the seamless exchange of process data among
machines, whether housed within a single plant or
distributed across geographically disparate sites. [40]
Robotic implementations that must contend with rela-
tively large process forces are intrinsically susceptible
to performance penalties, most notably diminished
positional accuracy arising from the elastic compli-
ance of the robot’s structure. [45,46]
Initial demonstrations of a robust and reproducible
robotic ultrasonic welding system were carried out
within the MFFD project in 2023. In the same period,
DLR introduced a novel path-correction methodology
that employs an edge-following mechanism, an active
illumination subsystem, and a camera-based vision
algorithm to maintain precise weld trajectories as
displayed in Fig. 5. [34]

Another methodology has been introduced by Ahan-
panjeh et al. in a recent publication, which leverages
a sensor-based trajectory correction system. Anal-
ogous to the aforementioned camera-vision based
methodology, this approach aims to enhance process
robustness by ensuring accurate path execution of
the robot during the welding operation. [33]
The accuracy of robotic movement is a critical factor
that can significantly impact the reliability of auto-
mated, robot-assisted welding processes. [45] Recent
studies, such as those conducted by Brandt et al.
using the AFPprocess, have highlighted the potential
benefits of implementing correction algorithms to
enhance robotic accuracy. [35] Furthermore, the
integration of machine learning and deep learning
algorithms offers promising opportunities to improve
the precision of robotic movements, minimize devia-
tions, to potentially optimize the overall quality of the
welding process. [47] This, in turn, could lead to more
robust and reproducible results. Ongoing research at
the German Aerospace Center is currently exploring
the application of this innovative technology in the
field of ultrasonic welding, with a focus on inves-
tigating its potential to enhance the reliability and
efficiency of this process.

FIG 5. Path correction of welding seam track during
robotic ultrasonic welding on the Multi Func-
tional Fuselage Demonstrator at DLR in 2023. Im-
age modified from [34].

5.5. Quality and NDT

In service, bond failures and corresponding issues
have been attributed to insufficient qualifications
and inadequate quality control in production pro-
cesses [40]. Hence, requirements as governed by
CS 23.573 are established for primary composite
airframe structures, including considerations for dam-
age tolerance, fatigue, and bonded joints. [41]
While it is true that certain non-inspectable end items,
primarily critical structural details, must undergo
destructive inspection and testing to gain knowledge
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about manufacturing flaws and ensure reliable fabri-
cation through process control, EASA emphasizes the
importance of repeatable and reliable non-destructive
inspection techniques. These techniques are imper-
ative for ensuring the quality and strength of each
joint. [40]
Non-Destructive Testing (NDT) encompasses a di-
verse range of methodologies, including mechanical
vibration analysis, ultrasonic emission-based acous-
tic testing, high-resolution radiographic imaging via
X-ray computed tomography, electrical conductivity
evaluation through eddy current analysis, and thermal
radiation assessment employing vibration-induced
thermography. [4]
Ultrasonic testing is commonly employed to identify
defects such as delamination, foreign body inclu-
sions, and porosity in various materials. [4] Notably,
Janek et al. have shown the efficacy of water-
coupled ultrasonics for quality assessment in their
study on alternative process control methodologies
for ultrasonic welding, highlighting the potential of
this non-destructive testing technique for evaluating
material integrity. [24] Furthermore, EASA recom-
mends to specify and monitor key characteristics and
processing parameters for an in-situ quality control
during process operation. [40]
The work of Görick et al. has demonstrated the
tremendous potential of utilizing inline-quality control
mechanisms and gathering weld seam quality-related
data, specifically highlighting the expressiveness of
process data such as thermal radiation and sound
data. This approach can be further enhanced through
the incorporation of post-processing mechanisms,
such as quality prediction through machine learning
algorithms. This novel approach to non-destructive
testing has the potential to be applied not only to
inspectable items but also to non-inspectable areas
of the weld seam. [48–51]

6. TECHNOLOGY READINESS

In the previous chapters, stakeholders of a new tech-
nology, such as ultrasonic welding, were introduced
in order to create a structured roadmap. Additionally,
EASA provides a conceptual framework in the form
of a block diagram to inform the development of a
comprehensive test program. This program aims to
generate a robust knowledge base and data reposi-
tory, thereby facilitating the characterization and op-
timization of materials and manufacturing processes
required for the fabrication of the intended airframe
structure. Such knowledge is built through testing di-
verse non-generic and generic test specimens in or-
der to demonstrate compliance with the associated
Technology Readiness Level (TRL), see Fig. 6. [5,40]
As discussed in chapter 3. significant efforts have
been dedicated to advancing the ultrasonic welding
technology, with a primary focus on generic coupon-
level development. Additionally, preliminary attempts
have been made to scale up the technology by adapt-

FIG 6. Building block approach from generic coupon
level towards non-generic main component ac-
cording to EASA, incorporating TRLs appropri-
ately. Image inspired by [4], [5] and [40].

ing the process for robotic applications and real-scale
projects. Nevertheless, a comprehensive transition
from TRL1 to TRL6 has yet to be demonstrated in
open literature, although unpublished and confidential
industry reports may exist.

7. SUMMARY

The ultrasonic welding process demonstrates po-
tential as an effective joining technology for the
fabrication of high-performance structural compo-
nents, particularly in the aviation industry, where its
elevated level of automation can be advantageous.
According to academia and research institutes, the
ultrasonic welding process exhibits the capability to
generate high-quality spot welds and weld seams
via both static and continuous operation modes.
Notwithstanding the demonstrated robotic scalabil-
ity and high-quality weld seam attributes, including
satisfactory LSS properties, as evidenced in the
MFFD project and corroborated by multiple scientific
studies, the process remains under comprehen-
sive development and refinement to achieve full
technological maturity across all readiness levels.
According to EASA regulations and the individual
Certification Plan, manufacturers are responsible for
qualifying materials and manufacturing processes,
which involves demonstrating their suitability at a
TRL 3 through the use of generic geometries of
test coupons. However, the final qualification of
components is conducted on non-generic geome-
tries specific to the actual components. Given this
disparity, it is essential to involve aircraft manufac-
turers throughout the development process, from
initial stages to final qualification. This is because
manufacturers possess unique knowledge of the final
component and assembly geometries, as well as the
materials and composite stacking used. While the ul-
timate accountability for implementing advancements
in aircraft manufacturing rests with the manufac-
turers themselves, achieving significant progress
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necessitatesacollaborativeeffortbetweenacademic
institutionsandindustrialentities.Thispartnershipis
crucialforsuccessfullytransitioningthetechnology
fromalaboratorysettingtoapracticalapplication
inthemanufacturingenvironment,specificallyfrom
TRL3toTRL6andbeyond. Researchinstitutions,
includingtheSAMXLEngineeringintheNetherlands,
theCompositeTechnologyCenterinStade,andthe
GermanAerospaceCenter’sInstituteofStructures
andDesign,arewell-positionedtolaytheground-
workforthesuccessfultransferofknowledgeand
technologytotheindustrialsector.Thisfundamental
basisiscrucialforensuringtheeffectiveadoptionand
implementationoftheultrasonicweldingprocess.

Contactaddress:

maximilian.janek@dlr.de
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