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ABSTRACT 

Robotic continuous ultrasonic welding (cUSW) is a promising technique for joining carbon fiber-

reinforced thermoplastics (CFR-TP), offering high efficiency and fast processing times. However, 

maintaining weld quality and process robustness presents significant challenges. The characteristics 

of the weld, such as joint strength and long-term performance, are heavily influenced by key 

parameters during both heat generation and consolidation phases. 

Understanding the interactions between the robotic system and the ultrasonic welding process is 

essential, as they directly impact the quality and consistency of the weld. The robot must precisely 

control the sonotrode’s movement in the heat generation phase to maintain constant force, trajectory 

accuracy, and speed uniformity, ensuring efficient energy transfer and uniform melting. During 

consolidation, both speed and force are critical, controlling the heat dissipation to bring the interface 

temperature below the crystallization point and preventing defects. To address these challenges, real-

time monitoring of key process parameters is essential. Advanced sensor integration and data-driven 

control strategies enable dynamic adjustments to optimize welding conditions and prevent defects. 

This paper explores the challenges associated with robotic continuous ultrasonic welding of CFR-TP 

and discusses monitoring techniques and control strategies to enhance weld consistency and process 

reliability. 

Keywords: continuous ultrasonic welding, thermoplastic composites, in-situ monitoring, 
controlling 
 



 

 
 
 

                                                                                                                                   

 
1. INTRODUCTION 

With growing concerns about sustainability and the demand for higher production rates, the aviation 

industry is increasingly exploring the use of thermoplastic composites. These materials offer weldable 

and reformable characteristics, making them well-suited for ultrasonic welding (USW), which is a 

promising alternative to conventional mechanical fastening methods [1]. Unlike mechanical 

fastening, which leads to drawbacks such as fiber breakage, stress concentrations, increased weight, 

and reduced structural performance, USW enables a lightweight design and efficient joining solution.  

USW is a fusion bonding technique that generates heat at the interface through high-frequency (20–

40 kHz) and low-amplitude (50–100 µm peak-to-peak) vibrations during the heating phase [2]. To 

concentrate the vibrational energy at the interface, resin-rich features called Energy Directors, ED, 

are placed between the adherends [3]. The ED is usually made up of the same thermoplastic material 

as that in the composite. After the vibration phase, the molten matrix at the interface is allowed to 

cool down below its glass transition temperature (𝑇𝑔) during the consolidation phase.  

The high heating rate of USW is a result of a combination of surface friction and viscoelastic heating. 

At the beginning of the vibration phase, the process is dominated by interfacial frictional heating, 

which is strongly influenced by the welding force and relative displacement between the ED and the 

adherends [4]. The relative displacement is a result of the cyclic deformation of ED due to the 

vibrational amplitude. It is also important to understand that the normal stress (𝑁) applied on the 

interface consists of two parts: a static term, which is applied by an actuator (sonotrode), and a 

dynamic term, which is generated by the vibrations during welding. Levy et al. have demonstrated 

that the dynamic term (𝜎𝑛) significantly exceeds the static term (𝑃𝑠𝑡) in magnitude [5]. 

 𝑁 = 𝑃𝑠𝑡 + |𝜎𝑛|(𝑡) (1) 

When the sonotrode’s base uniformly overlaps with the top adherend, the static pressure can be 

calculated as shown in Eq. (2), where 𝐹𝑤 is the static force applied and A is the area of the overlap 

under the sonotrode. 

 𝑃𝑠𝑡 =
𝐹𝑤

𝐴
 (2) 

As the temperature reaches the 𝑇𝑔, the thermoplastic matrix at the interface exhibits both elastic and 

viscous behaviours. Viscoelastic heating then becomes the dominant heat generation mechanism 

where the heating rate, Eq. (3), is directly proportional to the cyclic strain in the ED due to the 

vibrational amplitude (𝜀), loss modulus of the resin (𝐸′′) and vibration frequency (𝜔) [6]. 

 𝑄𝑣̇= 
(𝜔⋅𝐸′′ ⋅𝜀2 )

2
 (3) 

Welding force, amplitude, and frequency are critical parameters that govern the heating mechanisms 

in the process. Therefore, ensuring the consistency of these parameters, along with proper sonotrode 

alignment and position, is key to a successful weld. 

As depicted in Fig. 1, Continuous Ultrasonic Welding (cUSW) efficiently joins materials by using a 

continuously vibrating sonotrode that moves along an overlap, generating a molten interface [7]. A 

roller first applies a pre-clamping force to the adherends. Then, the vibrating sonotrode applies 

pressure, followed immediately by a consolidation block that maintains the pressure until the weld 

cools down sufficiently. In this process, the speed of the tool or end effector governs the amount of 

heating and cooling time of the weld, which makes it an equally important parameter as mentioned 

above. 



 

 
 
 

                                                                                                                                   

 

 
Fig. 1: Schematic for the continuous ultrasonic welding process. 

 

To meet the high production demands of the aviation industry and facilitate the welding of long, 

complex joints, robotic systems are essential for both spot and continuous welding. They make the 

welding process agile by their ability to automate a vast range of intricate motion paths with 

efficiency. However, industrial robots with serial kinematics often struggle with absolute accuracy, 

particularly under high applied forces, due to their low stiffness. Therefore, a robotic continuous 

ultrasonic welding process involves challenges associated with significant robot and process 

interactions. Understanding these interactions and the implementation of suitable compensation 

strategies are key to ensuring a robust welding process. The initial section of this paper details the 

challenges arising from these interactions. Following this, the second section focuses on the strategies 

developed to overcome these challenges and increase the robustness of the process. Finally, the 

conclusion summarizes the key findings and discusses the potential future decisions. 

 

2. CHALLENGES 
 

2.1. Path Deviations and Misalignments 

Industrial robots lack sufficient absolute accuracy, especially when subjected to the high static and 

dynamic forces characteristic of ultrasonic welding processes. This limitation arises primarily due to 

the inherently lower structural stiffness of industrial robots. Contributing factors include joint 

compliance, flexible links, transmission backlash, joint friction, and varying environmental influences 

such as temperature [8]. Furthermore, the end effector is also not a rigid body with very high stiffness, 

which affects the performance of the process. The high forces generated by the sonotrode and 

consolidator in cUSW, often exceeding several kilonewtons, lead to deflections in the robot and end-

effector. Such deflections not only cause deviations from the intended weld path but also lead to 

misalignment of the sonotrode. For optimal energy transfer, the sonotrode must maintain a 

perpendicular orientation to the surface of the top adherend. However, angular misalignments result 

in non-uniform contact with the top adherend and restrict the even distribution of applied force. These 

issues directly impact the efficiency of vibration transmission and can significantly degrade the weld 

quality [9]. Figures 3 and 4 illustrate the observed path deviations in the Y direction, 90 degrees to 

the weld line, and rotational measurements around the X and Y axes of the end effector during the 

welding process.  

 

 

 



 

 
 
 

                                                                                                                                   

 

 

Fig. 2: Welding end effector with sensors. 

These measurements were obtained using a laser tracker from Hexagon in combination with a T-Mac, 

sensor capable of 6D measurements, mounted on the end effector, as shown in Fig. 2. The 

perpendicular alignment of the sonotrode to the top adherend was ensured via the measurements 

conducted using reflectors and a laser tracker before welding. As shown in Fig. 4, the rotational 

deviations observed during welding were minimal, suggesting that the force distribution across the 

contact surface was relatively uniform. However, it is important to note that these measurements 

reflect the orientation of the end effector, not the sonotrode itself. In practice, sonotrode 

misalignments may still occur, particularly at points along the weld path where frictional forces are 

Fig. 3: Path deviations in Y direction (90 degrees to the 
weld line). 

Fig. 4: Rotational measurements around the X and Y axes 
of the end effector. 



 

 
 
 

                                                                                                                                   

high. Since there is currently no method available to directly measure the orientation or angular 

deviations of the sonotrode during welding, such misalignments can only be inferred indirectly, 

posing a limitation for precise in-situ evaluation of sonotrode alignment. 

2.2. Force Deviations 

As mentioned above, welding and the consolidation forces are important parameters that require not 

only careful selection but also to be contained within the allowable window. This is also valid for the 

pre-clamping force applied by the roller since it affects the boundary conditions of the heat-affected 

zone. The forces are applied using pneumatic cylinders, pressures in which are regulated via 

proportional pressure regulators and maintained at to set point. However, for a more accurate 

monitoring of the forces, force sensors from Burster GmbH were integrated between the piston rod 

and the components, as shown in Fig. 2, to observe the deviations in the forces during welding (if 

any) and the effectiveness of the built-in pressure regulation.  

Fig.5 shows the measured force values during the welding process. The set values for the sonotrode, 

roller and the consolidator were 1000N, 500N and 500N, respectively. The data shows that the 

measured forces deviated from the set point during the process, especially in the case of the sonotrode 

(> 7%). Such deviations are not desirable for achieving a consistent weld quality. In addition to this, 

a fluctuation in the force values in one component was seen when other components were activated 

or deactivated on the adherend. Such effects are linked to the low stiffness of the end effector, where 

the change in forces also plays a role in the tilting of the end effector. Therefore, these momentary 

effects of force application and removal need to be corrected quickly, in addition to ensuring accuracy 

in the applied force during the welding process. 

 

Fig. 5: Process forces measured via external force sensors placed between the pneumatic piston rod and components. 

 

2.3. Speed Deviations 

A correct and stable speed of the components at the end effector ensures consistent heating under the 

sonotrode and cooling under the consolidator, leading to uniform welds. To monitor this, the robot’s 

speed was tracked using a Robot Sensor Interface (RSI) program integrated into the robot’s welding 

program. Within the RSI program, velocity values were computed every 4 ms based on changes in 

the X and Y positions of the Tool Center Point (TCP), which in this case corresponds to the sonotrode.  

Despite the robot being programmed for a constant welding speed, noticeable acceleration and 

deceleration phases were observed during the welding process. These variations are attributed to the 

high contact forces generated as the sonotrode and consolidator slide over the surface of the top 

adherend. The resulting frictional forces trigger the stick-slip effect, a phenomenon where motion 



 

 
 
 

                                                                                                                                   

alternates between sticking and slipping due to the difference between static and kinetic friction. The 

stick-slip behavior arises because static friction, which resists initial motion, is greater than kinetic 

friction, which governs motion once sliding begins. Initially, static friction resists motion until the 

applied force exceeds a threshold, triggering kinetic friction and a sudden acceleration beyond the set 

speed. As resistance builds, the system slows, static friction returns, and velocity drops below the 

target. These cycles repeat, especially when system stiffness is insufficient [10]. The stiffness of the 

combined robot and end effector structure plays a crucial role in this behavior. Lower stiffness leads 

to greater compliance, resulting in elastic deformation and amplification of stick-slip dynamics. This 

inconsistent velocity can lead to inconsistent heat generation and consolidation along the weld line, 

leading to inhomogeneous weld quality with potential defects.  

 

Figures 6 and 7 present the measured speed during dry run and welding conditions, respectively, when 

all components were already actuated and moved on the top adherend, with the target welding speed 

set to 12 mm/s. The applied forces for the sonotrode, consolidator, and roller were 1000 N, 1000 N, 

and 500 N, respectively. Due to the low stiffness of the robot and the end effector, the positions taken 

from the robot’s controller varied from the real pose information of the sonotrode. Even though the 

RSI program indicated the constant movement of the robot at the set velocity along the weld line, the 

actual measured velocity via the laser tracker and T-Mac exhibited significant fluctuations. Due to 

the presence of additional dynamic forces during welding, speed deviations are greater compared to 

the dry run, where only static forces are involved in the absence of vibrations. 

3. STRATEGIES 

To overcome challenges in continuous ultrasonic welding and meet the strict tolerances required in 

the aviation industry, a robust and reliable process is essential. Consistent, high-quality welds must 

be achieved for workpieces of various shapes and geometries. Selecting the suitable process 

parameters is essential, but it is not sufficient on its own. Continuous monitoring is necessary to 

ensure that parameters remain within the allowable range and that deviations between set and actual 

values are minimized, especially when the process is performed using industrial robots with low 

absolute accuracy.  This can be accomplished through continuous monitoring with advanced sensors 

capable of keeping up with the fast and dynamic nature of cUSW. These sensors detect deviations 

from intended values in real-time, allowing for immediate corrective actions when tolerances are 

exceeded. By integrating such monitoring systems, the welding process remains stable, ensuring 

repeatability and optimal weld quality.  

Fig. 6: Velocity of the end effector during dry run 
measured via RSI and T-Mac/laser tracker. 

Fig. 7: Velocity of the end effector during welding 
measured via RSI and T-Mac/laser tracker. 



 

 
 
 

                                                                                                                                   

3.1. In-line Pose Correction and Path-Planning 

As mentioned in the previous section, the robot’s absolute inaccuracies and the forces involved in the 

process cause deflections in both the robot and the end effector, leading to deviations from the desired 

path and misalignments. Therefore, it is essential to develop a compensation strategy to correct any 

deviations in the sonotrode’s position along the Y axis and its orientation relative to the top workpiece. 

To meet the demands of the highly dynamic robotic ultrasonic welding process, a fast-response sensor 

system is essential. For this purpose, a 2D laser scanner from Keyence was integrated into the end 

effector, as shown in Fig. 2. The scanner captures edge position data every 12 ms and transmits it to 

the RSI. At each sampling interval, the position and orientation of a target point on the weld path are 

measured. The deviation between the actual and desired pose of the sonotrode is calculated to generate 

an error signal. This signal is then fed into the robot controller, which adjusts the sonotrode’s pose 

accordingly. The correction is updated every 12 ms to maintain accurate tracking of the weld path. 

The implemented compensation strategy consisted of two RSI Programs. In the first programme (RSI-

I), the laser scanner identified the initial weld point along the edge and determined the orientation of 

the top adherend. Based on this information, the sonotrode was positioned and aligned 

perpendicularly to the adherend’s surface. In the second programme (RSI-II), after the application of 

the necessary contact forces, the sonotrode followed the weld path perpendicular to the top adherend 

while compensating for real-time deviations using a proportional-integral (PI) controller. The results 

are illustrated in the figures 8 and 9. The only information that was given to the robot was the length 

of the weld line in the X direction. 

 

3.2. In-Situ Monitoring and Control of Forces 

As previously mentioned, welding and consolidation forces are critical parameters that influence heat 

generation and cooling rates at the interface. Therefore, deviations in these forces must remain within 

an acceptable range. As shown in Fig. 2, the mounted force sensors continuously transmit force data 

to the Siemens controller system, facilitating real-time communication and analysis. By implementing 

a closed-loop PID control, the system automatically compensates for any deviations from the target 

force every 4 ms. This rapid adjustment mechanism ensures that the applied force remains stable and 

consistent throughout the process. Fig. 10 shows the measured forces during welding with PID 

control. Force deviations, as well as the effects of component activation and deactivation, were 

minimized. 

Fig. 8: Path corrections in Y direction during welding 
angled adherends with compensation program. 

Fig. 9: End effector position when welding angled 
adherends with compensation program. 



 

 
 
 

                                                                                                                                   

 

Fig. 10: Process forces after implementation of PID control. 

 

3.3. In-Situ Monitoring and Control of Speed   

The robot's speed, being a critical process parameter, must be continuously monitored throughout the 

operation, and strategies should be explored to minimize any deviations from the target velocity. In 

the KUKA KR500, each joint is driven by a dedicated AC servomotor, forming a multi-axis 

articulated system. The robot is equipped with an internal closed-loop control system that 

continuously monitors velocity data from encoders mounted on the motor shafts. This system 

calculates any deviations from the desired values and sends compensation signals to the AC 

servomotors, ensuring the required current is applied to achieve the target performance. However, 

this internal control loop can only compensate for internal deviations. It is not capable of correcting 

disturbances caused by external factors. As illustrated in Figures 6 and 7, while the Robot Sensor 

Interface values indicated that the robot maintained the set velocity, actual speed measurements 

revealed that coincidental external disturbances result in speed fluctuations. To minimize deviations, 

implementing external velocity control for the robot is not practical in the case of sudden changes. 

External systems typically respond slowly to abrupt variations and may even interfere with the robot's 

internal control loops. Sudden changes in velocity could result in high jerks, which in turn cause 

vibrations and overall system instability. Given that external control is not a feasible solution, 

alternative approaches must be explored to reduce these deviations. This requires a thorough 

investigation to identify the root cause of the error. 

To address this, a series of experiments were conducted to analyze and understand the underlying 

issues. The first step involved developing an interface that enables real-time monitoring of the robot's 

speed. For this purpose, the T-Mac and the Laser Tracker were used to capture the precise pose data 

of the end effector. The 6D discrete data was recorded using SpatialAnalyzer software. A C++ 

program was then developed in Visual Studio to receive the data stream from SpatialAnalyzer and 

perform the necessary velocity calculations. Subsequent experiments were carried out by 

implementing the TMAC on Axis 6 of the robot to investigate the contribution of the robot to the 

speed fluctuations happening during the process. As shown in Fig. 11, it was found that the velocity 

deviations originating from the robot itself were minimal and closely match the data recorded via the 

RSI, indicating that the robot’s motion control is not a major source of fluctuation and the robot itself 

is stiff enough. Therefore, the stick-slip effect is primarily triggered by the relatively low stiffness of 

the end effector. It is important to note that these experiments were carried out when the activation 



 

 
 
 

                                                                                                                                   

and deactivation of the components also took place during the process, which can be seen in the form 

of peaks in the data. The first peak refers to the activation of the consolidator, and the second peak 

refers to the deactivation of the roller. To mitigate such speed fluctuations, the design of the end 

effector must be optimized for enhanced stiffness. Strengthening the end effector structure will help 

minimize compliance, reduce velocity fluctuations, and improve overall process stability during 

welding. In addition, redesigning certain components of the end effector should be considered to 

reduce friction during the welding process. Since the roller generates minimal friction due to its 

rolling motion and the sonotrode is a precisely tuned component in terms of geometry, material, and 

dynamic behavior that cannot be freely altered without compromising its performance, attention must 

be directed toward the consolidator. By optimizing the design of the consolidator to reduce sliding 

resistance, overall friction can be minimized, leading to more consistent robot speed and improved 

weld quality. 

 

Fig. 11: Velocity of the end effector during welding measured via RSI and T-mac/laser tracker mounted on the Axis-6 of 
the robot. 

 

These findings offer important insights into the sources of resistance within the overall system, which 

directly impact speed stability during the welding process and highlight the need for component 

redesign in the next development phase. 

4. CONCLUSION 

The development of a robust robotic continuous ultrasonic welding (cUSW) process is intrinsically 

linked to understanding and effectively addressing the complex interactions between the robotic 

system and the welding process itself. These interactions introduce several critical challenges that can 

significantly hinder the achievement of consistent weld quality. Specifically, the key issues identified 

include path deviations and sonotrode misalignment due to the low absolute accuracy and stiffness of 

industrial robots under high forces, as well as undesirable fluctuations in applied forces and welding 

speed. These deviations directly impact the efficiency of vibration transmission, uniform force 

distribution, consistent heating, and cooling, ultimately leading to inhomogeneous weld quality and 

potential defects. From an automation perspective, in-situ monitoring and real-time control strategies 

offer effective solutions for minimizing the impact of these challenges. As demonstrated, continuous 

monitoring of the end effector's path and orientation, combined with in-line pose correction via fast-



 

 
 
 

                                                                                                                                   

response sensor systems and PI controllers, can significantly reduce deviations and ensure 

perpendicular sonotrode alignment. Similarly, integrating the force sensors and implementing closed-

loop PID control for process forces effectively minimizes force deviations and the undesirable effects 

of component activation and deactivation. However, effectively minimizing the impact of the stick-

slip effect, which primarily arises from the relatively low stiffness of the end effector, requires a 

different approach beyond external velocity control. The investigation revealed that while the robot's 

internal motion control is robust, the end effector's design is the primary contributor to these speed 

fluctuations. Therefore, future efforts must focus on optimizing the end effector's design for enhanced 

stiffness and actively redesigning certain components, particularly the consolidator, to reduce sliding 

resistance and overall friction during the welding process.  
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