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Abstract  

In this work, a smart thermoplastic window frame for a regional aircraft has been designed and 

manufactured. The aim of the work was to design a smart sensing system for monitoring of a 

bonded thermoplastic aircraft window frame in operation. The conductive tracks were designed and 

inkjet-printed onto the window frame and their disruption was used as an indication of a damage 

event created within the bondline. Based on the electrical resistance measurements, the method was 

able to detect a damage that was created in the bondline due to an impact event. To verify the 

proposed methodology, ultrasonic C-scan inspection was also performed. 

Introduction 

Due to their low structural weight and fabrication cost, along with their improved damage tolerance 

and design flexibility, adhesive joints are increasingly being employed in several industries such as 

the aeronautics, aerospace, automotive, etc.[1]. However, the absence of a reliable, simple and non-

invasive method for monitoring their structural integrity, without adding extra weight, limits their 

application. The current acceptable practice is riveting of composite joints, whether 

metal/composite or composite/composite attachments. Rivet holes will introduce stress 

concentration zones in the composite and other disadvantages such as discontinuity in the fibres. 

Therefore, to fully utilize weight savings and high stiffness to strength ratio of composite structure 

bonded joints are desirable. Thus, it is of high importance to develop a non-destructive 

methodology that will provide accurate and reliable information regarding the structural integrity of 

the bondline in real time. One such application is for window frame installation. The traditional 

design of aircraft window frame is metallic. With novelties in composite fuselage design and 

manufacturing, it is timely to investigate the design and manufacturing of composite window frame.  

Due to the complex geometry of the window frame, the traditional methods of hand layup with 

thermoset prepreg is not appropriate. A novel design will be the application of thermoplastic 

composite with hot forming press. This will result in fast, repeatable and reliable manufacturing of a 

window frame which will results in significant weight savings compared to metallic window frame, 

in particular if it could be bonded. The challenge will be how to monitor the bond-line to ensure the 

quality and integrity of the bonding during service.  

There are several Structural Health Monitoring (SHM) methodologies that are being employed for 

the detection of adhesive failure in composite joints. These include methods that employ Lamb 

waves [2–6], Electromechanical impedance measurements [7], optical fibers [8] and electrical-

based measurements [9,10]. In all cases the integrity of the bondline is monitored through a sensor 

or a network of sensors which adds weight to the structure and/or affects its mechanical 

performance. In addition, the analysis of the obtained results is complex and time consuming while 
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the use of equipment such as the acquisition system, further contributes to increased weight and 

costs.  

A possible solution to these issues can be provided by additive manufacturing (AM). AM enables 

the fabrication of thin tracks with complex geometries in a variety of substrates and has been 

employed for the development of sensors for the SHM of composite structures. However, the 

performance and reliability of the printed sensors are highly affected by the operational condition of 

the structure such as temperature and pressure [11].  

In this work, the development of a simple, accurate and base-line free method for detecting 

adhesive failure in complex bonded thermoplastic window frame is reported. For this purpose, 

conductive tracks were fabricated onto a window frame structure of an aircraft via inkjet printing 

and used as sensors for monitoring the integrity of the bondline. The design and manufacturing of 

the novel thermoplastic window frame is also reported. The ability of the proposed methodology to 

detect adhesive failure was investigated by subjecting the window frame structure to low-velocity 

impact test. To validate the proposed methodology, the results from the electrical resistance 

measurement were compared with those of ultrasonic inspection. 

Experimental setup 

Manufacturing of the window frame  

The manufacturing of the thermoplastic window frame performed via consolidation using inductive 

hot pressing. The selected stacking sequence resulted in a symmetric laminate was [+45/-45/+45/-

45/0/0]S obtained after FEM simulation applying a typical aircraft fuselage load scenario . The 

thermoplastic laminates were cut-up and hand laid-up using CF/PEEK fabric 5H-S with industrial 

code TPWF PEEK-HTA40 manufactured by Toho-Tenax and supplied by Porcher Industries. The 

thermoplastic pre-preg had an fibre areal weight of 475 g/m2 with a ply nominal thickness of 0.310 

mm (consolidated).  

The thermoplastic plies were manually cut, and the composite patterns are obtained. Afterwards, the 

laminate was lined up applying welding points in each new ply. To avoid possible manufacturing 

defects, such as resin dry areas, the positioning of the welding points was shifted between plies.  

The tooling that was used for the manufacturing of the frame consisted of a male and female part is 

shown in Figure 1.  

 
Figure 1 Female (left) and male (right) tooling for window frame consolidation 

To allow an easy component demolding, two plies of polyimide (Kapton) and a release agent 

(FREKOTE) were placed along with in both the male and female tooling parts. The consolidation 

cycle, as suggested by the supplier, involved heating of the structure at a temperature between 380-

4200C with a rate of 5-150C/min. To ensure a uniform temperature distribution, the internal 

temperature of the final composite part was monitored using a thermocouple. The consolidation 

time was 20mins while the applied pressure was 8-15bars.  

At the end of the consolidation process, the part was demolded and trimmed to the desired 

dimensions and inspected for any defects created during manufacturing.  



The frame was inspected for defects created during manufacturing according to aerospace 

standards. Ultrasonic C-scan inspection of the frame performed using a Automated TRITON 8000 

TT+ equipment supplied by Tecnitest. The applied technique was double-through transmission 

using a reflector plate, with a single probe working in a scanning frequency of 5 MHz. Figure 2 

depicts the amplitude C-scan (grey scale) of the window frame after trimming where no indications 

above 6 dB, therefore no defects in the frame can be observed. It can be concluded that the 

manufacturing of the thermoplastic window frame has been successful with high quality and 

repeatable final part.  

 
Figure 2 Amplitude C-scan images of thermoplastic Window Frame (after trimming) 

Manufacturing of the composite panel 

The thermoplastic window frame is to be fitted into a thermoset panel representative of a composite 

fuselage. For the thermoset composite panel, 16 plies of unidirectional Hexply 914-TS-5-134 

prepreg were employed. The stacking sequence was [0/45/ −45/90]2s and the composite final 

dimensions were 600x500mm2. At the end of the manufacturing process the central part of 

thermoset panel was removed using a water jet cutter in order to place the thermoplastic frame. 

Design and manufacturing of the smart sensors 

The tracks have been designed to monitor the bondline at both edges of the bonded surface. It is 

likely that the damage starts from either side of the bonded surface. The geometry of the sensors 

have also been designed to divide the monitored region into 4 different quadrants each with a 

different terminal. This results in not only detecting damage, but also localizing which quadrant the 

damage is present. Prior to the printing process the surface of the thermoplastic window frame was 

thoroughly cleaned using isopropanol. To electrically isolate the silver tracks from the conductive 

carbon fibers, thin lines of a dielectric polymeric ink (DM-INI-7003) were inkjet-printed onto the 

surface of the window frame. The printing of the polymeric ink was performed using a piezoelectric 

inkjet printer. The piezo voltage was selected at 20 V and the jetting frequency was set at 5kHz. The 

substrate temperature was selected at 30 °C and the drop spacing was 35μm. The width of the 

printed tracks was set at 1 mm. The polymeric ink was cured using a UV-LED system for 10 mins. 

At the end of the curing process, a silver nanoparticle suspension was employed for the 

development of the conductive silver-based tracks onto the cured polymeric lines using the same 

inkjet printer. The concentration of the nanoparticles within the ink was approximately 30-35 wt. %, 

and their diameter was under 50nm. The viscosity varied from 10 to 18mPa·s and the surface 

tension was between 35 and 40 mN·m−1. The width of the printed tracks was 0.5mm. To ensure an 

enhanced electrical conductivity, 3 layers of silver-based ink were printed on top of each other. 

Sintering of the ink took place in a laboratory oven for 1 hour and the selected temperature was 

1500C. The resulting window frame with the inkjet-printed tracks is depicted in Figure 3. In order 

detect any debonding occurred at the edges of the bondline (either from the inside or the outside) 

two conductive tracks were printed.  



 

Figure 3 Inkjet printed tracks onto the window frame  

Bonding of the window frame  

For the bonding of the window frame onto the thermoset composite panel, a layer of a 914 epoxy 

was used as adhesive. The bonding process took place at a heating table for 1.5h at 1700C and the 

applied pressure was 1 bar. At the end of the bonding process, four durable surface-mounted 

connectors with an operating temperature range of −40 °C to +85 °C were also used. The final 

window frame structure is depicted in Figure 4.  

 

Figure 4 Window frame structure with printed conductive tracks at the bondline 

The electrical resistance of the printed tracks was measured using the 2-probe method and found to 

be 4Ω, indicating that the bonding process did not disrupted the printed tracks. The disruption of the 

conductive tracks will be an indication of a damage created at the bondline at the location of the 

track. It should be noted that the development of the printed tracks has a negligible effect on the 

mechanical performance of the structure as it was shown in a previous study [9]. 

Low velocity impact testing - electrical resistance measurements-ultrasonic inspection 

An Instron CEAST 9350 drop tower was used to impact the window frame structure and create a 

debonding between the frame and the panel. The impact location that was selected was the upper 

corner of the window frame. For the impact testing a hemispherical impactor with a radius of 20mm 

and a mass of 2.41 kg was used. The impact testing took place at ambient conditions with 

temperature and relative humidity of 23 0C and 50-60%, respectively. The selected impact energy 

was set at 20J, simulating the event of tool drop that can occur during transportation or assembly. 



To evaluate the integrity of the bondline, electrical resistance measurements were conducted after 

the impact event using a 72 Pro IDM71 Digital Multimeter by RS. The proposed methodology for 

the bondline health monitoring has been reported in [9] and is based on a simple but effective 

assumption: upon damage within the bondline, the conductive printed tracks will be disrupted 

resulting in a “lost” connection between the terminals of the multimeter.  

To evaluate the extent of damage within the bondline and validate our hypothesis, ultrasound 

inspection was employed. C-Scan inspection was performed at the damage location area using a 

portable ultrasound camera system, DolphiCam supplied by DolphiTech. For the C-scan the 

inspection depth was at 5.50mm (structure’s thickness) and the excitation frequency was 3.8MHz. 

To improve the analysis of the obtained images, a total number of eight was selected as a signal 

average. The studied quantity was time of flight, which, was displayed in a 2D graph at the 

DolphiCam software. 

Results and Discussion 

Electrical resistance measurements-ultrasonic inspection 

Figure 5 depicts the window frame structure before and after the impact event along with the results 

from the electrical resistance measurements and the C-scan inspection. The impact location is 

indicated with a white square while a schematic representation of the conductive printed tracks was 

added in order to better understand which conductive circuit was affected by the impact event. 

Based on the results obtained from the electrical resistance measurements, after impact, the 

conductive track which was located on the inside top-right corner of the window frame was 

interrupted and the connections between the two terminals of the multimeter were lost (indicated 

with red colour). This was a clear indication of a defect created at the bondline, since the detection 

of damage using this method it is not affected by any degradation within the frame or the panel.  In 

addition, the connection between the remaining three circuits remained intact and their resistance 

remained unchanged. The results from the electrical resistance measurements were verified via C-

scan inspection. As can be seen in Figure 5, the C-scan image obtained from the impacted 

specimen, indicated a damage which was created at the edge of the bondline. The damage area was 

calculated at 144mm2 and resulted in the interruption of the conductive printed track that was 

located in this area.  

 

Figure 5 Window frame structure before and after the impact event 



Conclusions 

A reliable and effective methodology for the bondline health monitoring of a innovative 

thermoplastic window frame structure is presented. The manufacturing of the window frame is 

detailed which shows high quality of final part with good potential of industrialization. The 

proposed methodology for monitoring of bonded frame inside a fuselage skin involves the inkjet 

printing of ultra-thin conductive tracks that act as sensors. Upon damage the disruptions in the 

conductive circuits were used as indication of a damage event that is located in the bondline. The 

proposed methodology is a base-line free method while the design of the printed tracks can be 

modified according to the dimensions of the bondline and/or the permissible size of the defect.  
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