
1 
 

Ultra-tough architected adhesive joints for integrated composite 1 

processing and bonding 2 

Charline van Innis1*, Michal K. Budzik2, Thomas Pardoen1,3 3 

1Institute of Mechanics, Materials and Civil Engineering (iMMC), UCLouvain, Louvain-la-4 

Neuve, Belgium (charline.vaninnis@uclouvain.be , thomas.pardoen@uclouvain.be) 5 

2Department of Mechanical and Production Engineering (MPE), Aarhus University, 6 

Aarhus, Denmark (mibu@mpe.au.dk)  7 

3Wel Research Institute, avenue Pasteur, 6, 1300 Wavre, Belgique 8 

*Corresponding author: charline.vaninnis@uclouvain.be  9 

 10 

ABSTRACT  11 

Deployment of advanced polymer-based composites in critical structures requires, among others, 12 

breakthroughs in adhesive bonding solutions. Indeed, available methods suffer from limited 13 

fracture toughness of adhesives and from time-consuming bonding processes. Here, we 14 

demonstrate a novel concept of architected thermoplastic joints with exceptional fracture 15 

resistance larger than 5000 J/m² (4267 ± 846 J/m²), fully integrated with the composite resin 16 

transfer molding process, hence simultaneously targeting both limitations. This extreme 17 

toughness is activated through controlled 3D printed hollow pattern within a Nylon bondline. A 18 

synergetic combination of plastic dissipation, crack deflection, branching and arrest is tuned by 19 

changing the pattern characteristics. Three failure regimes are unraveled through fractographic 20 

analyses and finite element models. A stress-at-a-distance fracture criterion, identified for each 21 

constituent, quantitatively predicts the toughness variations along the crack path. This approach, 22 

amenable to dissimilar bonding between metals and composites, paves the road towards novel 23 

and higher performance structures and manufacturing approaches. 24 
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1. Introduction 1 

Carbon fiber reinforced polymer composites (CFRPs) are broadly used in advanced structures 2 

such as in airplanes, wind turbine blades or marine structures, owing to a high strength and 3 

stiffness to weight ratio. Manufacturing these structures often requires assembling CFRPs 4 

together or with other materials. Depending on the application, the adhesive thickness can vary 5 

from ~100 µm (e.g. aeronautic) to several centimeters (e.g. windmills or marine structures) [1]. 6 

Primary load carrying structures are frequently joined through mechanical fasteners, altering the 7 

composites structural integrity [2]. Adhesive bonding offers more uniform stress distribution and 8 

additional weight saving. However, limited resistance to crack propagation and long sequential 9 

bonding processes remain two barriers for more intensive use of this technology [2].  10 

Adhesive bonding is a time and labor-intensive process involving careful surface treatment 11 

to reach acceptable mechanical performances [3]. Adherends join upon curing of the adhesive 12 

under clean and controlled environment. Co-curing is an attractive alternative enabling the 13 

simultaneous bonding and composite curing, without an adhesive, hence reducing the number of 14 

steps and removing the need for surface treatments. Integrated manufacturing of joints can be 15 

achieved through classical composite processes such as resin transfer molding (RTM), i.e. the 16 

interface between the two adherends can be seen as the bondline, made of a thin resin matrix 17 

layer. However, even high performance epoxy resins such as RTM6 [4,5] are significantly more 18 

brittle than the best adhesives, characterized by a fracture toughness typically lower by one order 19 

of magnitude. This sets a major challenge for the development of tough joints.  20 

Several strategies have been proposed to enhance the crack propagation resistance of 21 

adhesive joints. Figure 1a shows a double cantilever beam (DCB) joint made of two composite 22 

adherends (gray), a “bondline” (blue) and two interlayers (yellow) corresponding to a thin surface 23 

layer of polymer matrix on the composite adherends. Many failure scenarios can be anticipated 24 

based on which class of toughening mechanism is activated. Enhanced plastic dissipation is the 25 

primary known mechanism to toughen adhesive joints [6]. Plastic dissipation (Figure 1-i) is 26 

dependent upon adhesive thickness [7–10]. In the presence of a soft layer (Figure 1-ii) adjacent 27 
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to the layer where crack propagates, plastic dissipation can take place, enhancing the fracture 1 

toughness [11,12].  2 

Crack deflection and zigzagging requires more energy than straight mode I cracks as a 3 

result of the introduction of a mode II component (Figure 1b-iii).  Sinusoidal interfaces [13,14] 4 

and squared interfaces [15] have been designed to increase the crack surface area. Adding surface 5 

features [16,17] and modifying surface roughness [18,19] also improves mechanical interlocking. 6 

In homogeneous materials, crack deflection can also be triggered through stiff particles [20] or 7 

cavities [21] (Figure 1b-iv). The influence of the relative position of pores with respect to the 8 

crack leads to crack trapping and anti-shielding (i.e. an effective 𝐺𝐼𝑐 lower than the local material 9 

𝐺𝐼𝑐) if located ahead of the crack tip. 10 

Crack trapping by cavities leads to crack tip blunting [22–24] (Figure 1b-v) with a 11 

positive effect on fracture toughness as the crack must reinitiate to further propagate. If the 12 

cavities are large with respect to the layer thickness and close to each other, the joint may behave 13 

as pillar interfaces [25] (Figure 1b-vi). More generally, metamaterials can be used as bondline to 14 

improve the fracture toughness [26].  15 

Varying the local properties of the adherends or of the adhesive is one additional 16 

toughening strategy (Figure 1b-vii). Morano et al. [27] designed adherends with channels (Figure 17 

1b-viii) to improve crack propagation resistance, involving parameter optimization. The 18 

adherend-adhesive interface strength through surface treatment can also be locally varied to force 19 

crack meandering from one weaker zone to another [28–30]. This further leads to bridging 20 

ligaments by alternating the strong interface zones [22,31]. Crack bridging proved to be a very 21 

efficient toughening mechanism. Thermoplastics veils [32,33] are, for these same reasons, 22 

inserted in composites to improve the interlaminar fracture toughness. Metallic [22] and 23 

polymeric [34] meshes in adhesive joints can be inserted to emulate this mechanism (Figure 1b-24 

ix).  25 

The first major challenge addressed in this study is to simultaneously activate most of the 26 

toughening principles to anticipate all possible failure scenarios and avoid a weak link option for 27 
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crack propagation, and to reach joint toughness values unattainable with homogeneous joints. A 1 

key element to implement this vision is to consider the strength of the different interfaces which 2 

are: (i) the composite resin – carbon fibers interface for the interlayer-composite interface, (ii) the 3 

interface between the interlayer and the central bondline, i.e. between two polymers. For the latter, 4 

chemical interactions between compatible polymers can lead to tough interfaces [35]. Polyamide 5 

(PA), polyetherimide (PEI), polyethersulfone (PES), polycarbonate (PC) and 6 

polyetheretherketone (PEEK) are good candidates to promote a tough interface (Figure 1b-x). The 7 

second objective is to integrate the bonding step into a seamless manufacturing process. This 8 

implies insertion of the architected bondline at the midplane of the composite before resin 9 

injection. The architecture is designed to trigger most of the toughening mechanisms addressed 10 

above for all possible scenarios of crack propagation. To embody this vision, the core novelty has 11 

been the design of a bondline made of 3D printed Nylon (PA) thin bands with regularly spaced 12 

channels, which consists of a tough polymer but sufficiently soft (owing to the presence of 13 

cavities). The 3D printed film is shown in Figure 3a. Upon injection, two extreme joint 14 

configurations can be produced with either (i) all channels filled by resin or (ii) all left empty 15 

depending whether the channels are left open or not at the edges of the film. In addition, some 16 

intermediate configurations are obtained with (iii) the filling of only a fraction of the channels. In 17 

case (i), crack deflection is prevented, but local variation of properties can lead to crack trapping. 18 

Case (ii) can potentially lead to the behavior observed for pillar interfaces when the crack 19 

propagates in the central layer [25]. Case (iii) permits a combination of the two modes. As the 20 

mechanical resistance under shear loading is also important in applications, it will be addressed 21 

by finite element modelling to determine the influence of architecture. Eventually, the Ashby’s 22 

material selection approach [36] is used to analyze the trade-off between toughness and shear 23 

resistance.  24 

 25 

 26 
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2. Materials and methods 1 

2.1. Joints manufacturing 2 

Figure 2 schematically outlines the bonding process from the architected film printing to final 3 

joint (see Supplementary Material for a description of the full process). The Nylon structures, 4 

layer height of 100 µm, are 3D printed using NylonWhite material (supplied by Markforged) on 5 

a MarkTwo machine with the default/optimized manufacturer settings. The design rules for 6 

adherends with channels set by Morano et al. [27] based on finite element simulations are used to 7 

select the height (H), the width (W) and the spacing (S) between the cavities. The total bondline 8 

thickness is referred as t. These authors found that 𝐺𝐼𝑐 is maximized if H/t has the largest possible 9 

value (0.65 in their study), if W/H is equal to 1.25 and if S is equal to W. In addition to these rules, 10 

the structure thickness is set by the available RTM mold. The dimensions are: thickness of 1.4 11 

mm, cavity height and width of, respectively, 1 mm and 1.2 mm and spacing between cavities is 12 

equal to 1 mm. The 3D printed structure, shown in Figure 3a, is inserted at the midplane of the 13 

composite in the mold after visual inspection. The two composite adherends are made of four 14 

plies of H5 satin fabric made of carbon fibers each (HexForce G0926 supplied by Hexcel). At the 15 

midplane, in addition to the architected Nylon tape, a non-adhesive polyimide (Kapton) film is 16 

inserted to create a pre-crack required for DCB fracture testing. Once the RTM mold is closed by 17 

a pressure of 8 bars, the epoxy resin RTM6 from Hexcel is injected at a temperature of 90°C. 18 

Then, the temperature is increased up to 160°C at a rate of 2°C/min and this temperature is held 19 

for 90 minutes before increasing it up to 180°C at the same rate, with a post-curing duration of 20 

two hours. During injection, the pressure inside the mold is increased and maintained to 6 bars. 21 

Upon curing, the channels have a height of 0.8 mm and a length of 1.1 mm, with 1 mm spacing 22 

(Figure 3d).  23 

2.2. Mechanical testing 24 

The DCB samples, shown in Figure 3a, have been machined from the cured panels with a length 25 

of 200 mm and a width of 20 mm. The 70 mm long Kapton film inserted to create the precrack 26 
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results in initial crack length of 50 mm. The total height of the samples is about 4.4 mm including 1 

the structured insert of 1 mm. The DCB tests are performed following the ISO 25217 standard on 2 

a Zwick/Roell machine equipped with a 50 kN loadcell, at constant cross-head speed of 1 3 

mm/min. The crack tip position is tracked using Digital Image Correlation (DIC) using two 4 

cameras and the Istra4D software. For the DIC analysis, the facet size and the grid spacing are set 5 

to 21 and 7 pixels, respectively. 𝐺𝐼𝑐 is then computed following the single beam theory. As large 6 

deflections take place, the corrected beam theory and the experimental compliance method should 7 

be preferred but cannot be applied in the present case due to the stick-slip behavior [37] which 8 

introduces some uncertainty on the exact value of 𝐺𝐼𝑐. 9 

Tensile tests are performed, using the same mechanical testing machine and settings as before, 10 

on flat dogbone NylonWhite specimens to determine the tensile properties. The specimens shown 11 

in Figure 3b have a thickness of 2 mm and width of 5 mm along the 30 mm long gauge section. 12 

Extensometers with an initial spacing of 20 mm are used to determine the strain. 13 

2.3. Fractography 14 

For fractography analyses, scanning electron microscope (SEM) and optical microscope have 15 

been used. An Ultra 55 Field-Emission SEM (Zeiss, Germany) has been used to analyze the 16 

fracture surfaces with a voltage of 5 keV. An Olympus Provis AX70 optical microscope has been 17 

used to analyze fractured joints. This required to cut the joints along the crack propagation 18 

direction and to polish the cross-section prior to observation. 19 

 20 

3. Finite element modelling 21 

Two finite element (FE) models are developed. The first one is for the DCB configuration and is 22 

used to investigate the failure mechanisms taking place in the architected joints and observed 23 

experimentally. The second one addresses the lap-shear joint configuration to investigate the 24 

influence of the architected film and of the position and fraction of filled /empty cavities in the 25 

joint on the shear properties. 26 



7 
 

3.1. Double Cantilever Beam configuration 1 

The DCB specimen with 100 mm length, 50 mm pre-crack and 20 mm width is modelled using 2 

the commercial FE code Abaqus (Dassault Systemes, France). A 2D model is created with four-3 

nodes plane-strain elements with reduced integration (CPE4R) to perform computations under 4 

static conditions. Different configurations are modelled by varying the channels left empty or 5 

filled by resin to determine how the fracture toughness is affected when varying some key 6 

parameters based on a failure criterion of the type “maximum principal stress at a critical 7 

distance”. Six cavities are considered, but only the state of the third, fourth and fifth cavities in 8 

Figure 4a is changed. If a joint made of only empty cavities is modeled, 12 channels are 9 

considered in the model. The initial crack is introduced as a seam and the mesh is refined around 10 

the crack tip with the smallest elements having a length of 5 µm. Different meshes have been 11 

tested to check the convergence of the results in terms of mesh refinement.  12 

Regarding the material properties, the Nylon tensile test data of Figure 4c and data from 13 

previous experimental campaigns of our laboratory are used for the epoxy resin and the composite 14 

(Figure 4c-d). The composite is characterized by an in-plane Young’s modulus of 70 GPa, an out-15 

of-plane modulus equal to 3 GPa and a Poisson ratio equal to 0.3 [5]. The epoxy resin behavior 16 

is modelled with isotropic linear elasticity and with the Drucker-Prager yield criterion for the 17 

plastic response, see Morelle et al. [38].  18 

The failure criterion requires the determination of a critical stress associated to a critical 19 

distance for each material and interface. Such a two-parameter criterion has been shown to better 20 

capture thickness effects than cohesive zone models in adhesive joints [39]. The crack is assumed 21 

to propagate in the channels filled by RTM6 resin when the maximum principal stress is equal to 22 

300 MPa over a distance of 10 µm, as identified in a former study [4]. Although the tensile 23 

strength of the Nylon is equal to 136 MPa (when tested in the longitudinal direction, see Figure 24 

4c), a value of 50 MPa is used for the critical stress in this case. This low value is justified by the 25 

significant anisotropy in the fracture resistance associated to the 3D printing process which 26 

potentially leads to much smaller cracking resistance in the direction orthogonal to the printed 27 
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layers. Furthermore, a larger critical stress leads to extreme deformation close to the crack tip and 1 

to convergence issues before fulfilling the criterion. Hence, the choice of the 50MPa value at a 2 

distance of 200 µm for the printed Nylon is much more phenomenological (and based on 3 

extrapolating data from Kinloch and Williams [40])  than the values chosen for RTM6 which 4 

were based on a systematic analysis of the fracture mechanisms [4].  The interface with the 5 

composite is assumed to fail when the maximum principal stress is equal to 50 MPa over a 6 

distance of 100 µm. When one of the failure criteria is met, the corresponding applied load P is 7 

extracted in order to determine 𝐺𝐼𝑐 using the ISO 25217 standard: 8 

𝐺𝐼𝑐 =
4𝑃2

𝐸𝑊2 (
3𝑎2

ℎ3
+

1

ℎ
) , (1) 9 

and the orientation of the maximum principal stress is also extracted in order to determine the 10 

crack propagation direction. 11 

3.2. Single lap shear joint configuration 12 

A lap joint shown in Figure 4b made of the architected film comprising six cavities that can be 13 

either filled or left empty is modelled. The adherends length, width and height are set to 100 mm, 14 

20 mm and 1.7 mm, respectively. The channels are symmetrically distributed. A 10 µm thick 15 

resin layer is modelled between the composite adherends and the architected film. As for the DCB 16 

simulations, CPE4R elements are used as well as the same material constitutive laws as described 17 

earlier. In addition, the fraction and position of the filled cavities are varied. The shear strength is 18 

computed when one of the failure criteria described above is met. 19 

 20 

4. Results and discussion  21 

4.1. Mode I fracture toughness 22 

The experimental crack resistance curves are given in Figure 5a while Figure 5b shows a typical 23 

crack resistance curve giving the variation of mode I critical energy release rate, 𝐺𝐼𝑐, as a function 24 

of crack growth Δ𝑎 (see Supplementary Information S1 for all results). Three regimes of 𝐺𝐼𝑐 are 25 

distinguished. The configurations associated to these regimes is shown in Figure 5c, as well as 26 
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the 𝐺𝐼𝑐 values predicted by the FE model.  Regime (1) is characterized by 𝐺𝐼𝑐  between 600 and 1 

1200 J/m² (precisely 828 ± 157 J/m²). Regime (2) corresponds to 1500 to 2500 J/m² (precisely 2 

1704 ± 422 J/m²) while the largest 𝐺𝐼𝑐  are above 3000 J/m² (precisely 4267 ± 846 J/m²) up to 3 

exceptionally high values larger than 5000 J/m² in regime (3). For comparison, the interlaminar 4 

toughness of composite made of G0926 carbon fibers fabrics and RTM6 is ~350 J/m². Adhesives 5 

used in aerospace such as FM300 or EA9695K05 have 𝐺𝐼𝑐 in the range 800 to 1000 J/m² [41]. 6 

The two best regimes exhibit a resistance 1.5 to 5.5 times of classical adhesives while being 7 

produced in a single co-curing step. Even the lowest Regime (1) results in resistances higher than 8 

the interlaminar toughness. Independent or not of the presence of a weaker regime, ultimately, 9 

crucial for crack propagation resistance is the presence of a strong crack arrestor mechanism as 10 

triggered in the present joints. 11 

In Regime (1), Figure 6a-b shows that the crack propagates along the interface between the 12 

composite and Nylon structure. The variations originate from the coexistence of three sub-13 

mechanisms. First, broken fiber bundles along the Nylon side indicate that fiber bridging is 14 

activated (Figure 6b) with, we assume, only a minor toughening role - the H5 satin fabrics are 15 

indeed known for involving limited contribution of fiber bridging to 𝐺𝐼𝑐 [42,43]. Subsequently, 16 

the crack propagates between two adjacent 3D printed layers resulting in small bridging 17 

ligaments. The crack deflection between two printed layers has not been fully elucidated, but 18 

probably originates from poor local adhesion between layers. Finally, the main path is along the 19 

composite-Nylon interface where the crack is not deflected into the composite or into the Nylon 20 

structure. Opposite to the current results, Tao et al. [31] inserted a PA film in the middle of an 21 

adhesive layer, but with a detrimental effect on 𝐺𝐼𝑐.  This configuration including only filled 22 

cavities is modelled by finite elements. As shown in Figure 6c, the computed 𝐺𝐼𝑐 varies from 490 23 

to 1550 J/m² depending on the crack tip location. This comes from the difference in energy 24 

dissipated by plastic deformation. Indeed, when the crack is located above a filled channel, the 25 

plastic zone is constrained by the stronger epoxy resin in the channel. An increase in fracture 26 
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toughness above the channels due to the higher local stiffness as in Morano et al. [27] was 1 

expected opposite to the present results. This indicates a competition between the contribution of 2 

plastic dissipation and the effect of stiffness variations. In the present case, plastic dissipation 3 

dominates. In addition, when the crack tip is located between two adjacent cavities, stresses first 4 

concentrate at the interface above the filled channel ahead of the crack tip, leading to the initiation 5 

of a secondary crack that interacts then with the main crack. Plastic dissipation in the Nylon film 6 

thus contributes to the toughness associated to Regime (1) as it acts as a dissipative layer [11,12]. 7 

In addition, 3D printing generates some roughness on the film surface that can lead to mechanical 8 

interlocking also contributing to the increase in fracture toughness. 9 

The second regime corresponds to crack trapping by a channel (Figures 5b and 7) left empty 10 

upon resin injection, while the others are filled as shown in Figure 7a-b. The finite element model 11 

shows that when the crack is located at the interface above the last filled channel before the void, 12 

stresses tend to concentrate between the crack tip and the cavity, see Figure 7c. This leads to crack 13 

deflection towards the cavity when the failure criterion is met, and it becomes trapped by the 14 

empty channel. Although the crack propagates through Nylon, the Nylon fracture toughness is 15 

not attained as the void leads to an anti-shielding effect [44] resulting in the apparent fracture 16 

toughness equal to about 1500 J/m² in the simulation. The micrographs show that the crack 17 

propagates through the tough Nylon film from the cavity towards the same interface as previously. 18 

In this case, the finite element model indicates, as observed in Figure 7d, that stress concentrates 19 

at the interface close to the filled channel ahead of the void resulting into the initiation of a small 20 

crack that progressively propagates. At some point, the secondary crack and the main crack 21 

interact and join each other, see Figure 7e, leading to the main crack propagation. This mechanism 22 

is summarized in Figure 7f and the computed fracture toughness is about 2500 J/m². In addition, 23 

the main crack is not sharp and, as explained by Maloney and Fleck [22] and Heide-Jørgensen et 24 

al. [23,24], the crack tip gets extensively blunted and must then re-initiate, improving the joint 25 

toughness. Propagation of the crack through the tough Nylon contributes to the 𝐺𝐼𝑐 improvement, 26 

although the bulk 𝐺𝐼𝑐 of Nylon is never attained. The experimental scatter on 𝐺𝐼𝑐 is explained by 27 
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the partial filling of some of the channels (Figure 7b). Deflection is observed when the channel is 1 

empty at least over one third of the joint width. In this case, only a small part of the crack front is 2 

trapped by the empty cavity while the rest of the crack still propagates along the weak composite-3 

Nylon interface. To conclude, the toughness of Regime (2) is due to the crack propagation inside 4 

the tough Nylon film originating from its deflection by the channel and its deflection back to the 5 

interface when reinitiated due to the initiation of microcracks along the interface. 6 

Regime 3, observed in Figure 8, is triggered when the crack propagates through the 7 

thickness of the film, from one interface to the other. This crack path is observed for all the points, 8 

obtained on different specimens, characterized by a fracture toughness larger than 3 kJ/m² in 9 

Figure 5a. The fractography could not reveal the root cause of this deflection. Although the crack 10 

is arrested for the cases for which the crack is trapped by an empty channel or when it propagates 11 

through the entire thickness of the structure, an unstable crack propagation jump is observed along 12 

the weak composite-Nylon interface when reaching 𝐺𝐼𝑐. It is deemed that it originates from a 13 

sudden change in the adherence at one of the interfaces. The top interface in Figure 8c is stronger 14 

than the bottom one, leading to the crack deflection at the weakest interface (Figure 8c-e) as it 15 

has been reported by Tao and co-workers [45]. This is modeled by inserting a secondary crack at 16 

the bottom interface. It can be observed in Figure 8f-g that the two cracks interact with each other 17 

and that the primary crack propagates through the Nylon film. A maximum fracture toughness of 18 

about 4300 J/m² is computed using the FE model for this Regime 3, in very good agreement with 19 

the experimental results. 20 

In addition to these three experimental observations, FE simulations have been performed 21 

for other configurations in order to guide towards even larger theoretical joint design. First, a joint 22 

made only of empty channels is modelled. In this case 𝐺𝐼𝑐 reaches 40 kJ/m² with the Nylon 23 

structure acting as bridging ligaments. This value is extremely high and, although most probably 24 

unrealistically high, but provides a motivation for further optimization. However, when one wall 25 

fails, a large amount of energy is released which is not considered by the model and could be 26 

detrimental to structural integrity. However, under the displacement-controlled conditions, when 27 
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one of the walls fails, the energy will be released following unloading paths. Thus, once the next 1 

wall is attained, the energy stored in the loaded composite beams will be much lower than the 2 

fracture energy and the propagation is altered [24] . In addition, integrated manufacturing of such 3 

joint is complicated, asking for perfect control of the printing process preventing the resin from 4 

entering the channels. Note that other failure scenarios could take place such as composite 5 

delamination and, though not considered by the model. 6 

As a further step, the influence of the second channel ahead of the cavity on the failure 7 

process has been considered (Appendix 1). The process zone length is evaluated (Figure A.1a) to 8 

be around 3 to 4 mm. Given the channels dimension, the second cavity ahead of the crack tip 9 

could also have an influence on 𝐺𝐼𝑐. An empty channel has a shielding effect (Figure A.1b-e), 10 

leading to higher 𝐺𝐼𝑐. Thus, an empty channel can result in two antagonistic effects depending on 11 

its position with respect to the crack tip, i.e. anti-shielding if located ahead and shielding if located 12 

far enough. 13 

 14 

4.2. Lap shear joints  15 

The fracture toughness of the joint is not the only important property to consider when designing 16 

bonded joints under shear dominated loads. In aerostructures, the adhesive thickness must remain 17 

below a certain threshold to limit the decrease of shear stiffness and strength. This has been 18 

addressed, using as an example, the lap shear joint configuration with the architected bondline. 19 

For this purpose, the number of empty and filled channels varies as well as the position. Table 1 20 

shows that increasing the number of filled cavities improves the joint strength and stiffness. 21 

However, it can also be observed that, for a given amount of filled channels, the position of the 22 

filled channels does influence the shear strength. 23 

 First, the two extreme cases, EEE and FFF models, are compared to one another. Figure 24 

9a-d shows that, for a given applied load, shear stresses are smaller in the joint with all channels 25 

being filled. This arises from the fact that by filling the channels, the effective cross-section area 26 

over which the applied shear force act is increased, reducing the magnitude of the local shear 27 
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stresses. In addition, filling all the cavities also results in lower peel stresses near the edges. 1 

Regarding the failure locus, the criterion is first met at the joint corner for EEE while it is first 2 

met in the interface above the first filled cavity for FFF. The shear strength is thus improved by 3 

increasing the amount of filled channels, but also the shear stiffness, as when filling all the 4 

cavities, a stiffer material is present in the bondline.  5 

 When joints containing 33% and 66% of filled channels are considered, an influence of 6 

the location of the empty and filled channels with respect to the joint edges is found (Table 1). 7 

Indeed, if the channel close to the edge is left empty, the shear strength is improved with respect 8 

to the case for which the edge channels are filled with resin. The stress distributions are shown in 9 

Figure 9e-h for the FEE and EEF joints, both containing 33% of filled channels. The shear stresses 10 

(Figure 9e, g), in both situations, are the highest right above the filled cavity. Regarding the peel 11 

stresses, they tend to be the highest near the joint edges in both cases, but their magnitude is 12 

slightly larger when the first channel is left empty which could negatively affect the shear 13 

strength. However, due to the combination of the large peel stresses and the shear stresses near 14 

the filled channel when located near the edge, the failure criterion is first met for the joint with 15 

the filled channel near the edges, resulting in a lower shear strength. The introduction of an empty 16 

channel near the joint edges thus improves the stress distribution and the shear strength. The same 17 

accounts for a joint containing 66% of filled channels. 18 

These findings agree with common results found in the literature. Indeed, Kumar et al. [46] 19 

tailored the stiffness of adhesive bonds. They determined an improved strength when the center 20 

of the joint is stiffer than the edges. Here, a larger shear strength has been found when for a given 21 

amount of filled cavities, the empty cavities are located at middle of the joint. When the edge 22 

activity is left empty, peel stresses near the joint corners tend to be larger. However, shear stresses 23 

near the edge are lower and the cavity allows for better shear stress distribution in the joint, 24 

resulting in higher shear strength. Indeed, when the first channel is filled, high shear stresses 25 

localize near the corner, in the interface right above the filled cavity leading to premature failure. 26 
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As a further perspective, it would be interesting to investigate the influence of the amount of filled 1 

channels and their position in the joint for industrial assembly by using a more complex model. 2 

 3 

5. Materials selection for joints with tunable properties 4 

In the previous section, the influence of the position of the filled and empty channels on the joint 5 

properties have been investigated. Contrary to the fracture toughness, stiffness and strength are 6 

improved by increasing the amount of filled channels (Table 1). Hence, depending on the joint 7 

configuration, the properties of the joint can be modified. To determine the best joint 8 

configuration, a rational materials selection procedure [36] has been followed as further 9 

developed elsewhere [47]. The objective of the selection chosen here is to minimize the mass of 10 

the structure, 𝑚 = 𝜌𝐿𝑊𝑡 with 𝜌 the density of the architected film, 𝐿 and 𝑊 the length and width 11 

of the joint, and t the film thickness. The joint is subjected to two forces: a tensile force 𝐹𝜎 and a 12 

shear force 𝐹𝜏 (Figure 10a) resulting in a tensile stress 𝜎⊥ and a shear stress 𝜏. This leads to two 13 

constraints: (1) 𝐹𝜎 cannot lead to crack propagation in the presence of a crack of length 2𝑎 14 

implying that 𝐾 < 𝐾𝐼𝐶 and (2) 𝐹𝜏 cannot result in a displacement larger than 𝑢𝜏|𝑚𝑎𝑥. Through FE 15 

modelling, the joint stiffness and fracture toughness are computed for different amount of filled 16 

cavities (0, 33, 66, 100 %) and architected film thicknesses ranging from 0.05 to 1 mm. It is 17 

important to recognize that small film thicknesses cannot be used with the current manufacturing 18 

procedure but could be produced with other techniques such as selective laser sintering, 19 

stereolithography or selective thermoplastic electrographic process. The lowest attainable film 20 

thickness is thus a matter of access and progress in 3D printing technology. If the joint is mainly 21 

subjected to tensile stresses (Figure 10b), the selection is dominated by 𝐺𝐼𝑐 and the best joint is 22 

made of empty cavities. On the other hand, if only shear is applied to the joint, the shear stiffness 23 

constraint dominates (Figure 10c), the best joint contains 66% or 100% of filled cavities. These 24 

two examples show that depending on the loading, the best configuration changes.  The degree of 25 

freedom in the architecture allows tuning performances depending on the application to get an 26 
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optimum response. Further work will focus on extending this selection analysis to a wider range 1 

of objectives, constraints and load configurations as attempted elsewhere for mainly classical 2 

adhesives [47]. 3 

 4 

6. Conclusion 5 

Intensive use of adhesive bonding in composite applications is prevented by the moderate fracture 6 

toughness of available adhesives and long manufacturing times. To simultaneously unlock these 7 

two barriers, we printed architected Nylon films with channel holes to bond composites by co-8 

curing. This leads to several major findings: 9 

• First, exceptionally high fracture toughness larger than 5000 J/m² is attained during crack 10 

propagation with intermediate regimes also of high fracture toughness. Several 11 

toughening mechanisms are triggered involving: plastic dissipation, crack deflection, 12 

crack tip blunting and crack shielding.  13 

• Second, single step co-curing is enforced by simultaneously bonding and processing of 14 

the composite panels, saving time and energy, and avoiding surface treatments.  15 

• Third, the shear stiffness and strength can be modulated by playing with the architecture 16 

depending on the structural requirements.  17 

• Aside from proving excellent toughening potential, this study made use of the simple 18 

stress-at-a distance failure criterion. This failure criterion proved very effective to predict 19 

the magnitude of 𝐺𝐼𝑐  for the different cracking mechanisms occurring along the crack 20 

path after identification from independent data on the bulk materials under consideration.  21 

• An original materials selection approach is adapted to adhesive joints to guide the design 22 

approach of the best joint configuration depending on the application.  23 

As a perspective, controlling the filling of the cavities and the film thickness can lead to a 24 

wide variety of ultra-tough joints with controlled strength and stiffness based on a single 25 
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architected film. However, controlling the film thickness requires to change of manufacturing 1 

technique which is left for further investigation. 2 

Appendix 1: Influence of the second cavity ahead of the crack tip 3 

An important parameter to consider when designing architected joints is the length of the process 4 

zone. Heide-Jørgensen and Budzik [24] define it as the inverse of the elastic foundation 5 

wavelength 𝜆 for adhesive joints given by 6 

𝜆 = √
𝑚

4

𝐸𝑎

𝑡𝑎

𝑊

𝐸𝐼

4

, (𝐴1.1) 7 

where 𝐸𝑎 and 𝑡𝑎 are, respectively, the Young’s modulus and the thickness of the adhesive which 8 

has a Poisson ratio 𝜈𝑎, the composite modulus E, the DCB width W, the second inertia moment I 9 

while m defines the stress state at the crack tip in the following way: 10 

- For plane-strain conditions and plane stress conditions in the transverse direction: 𝑚 =11 

1/(1 − 𝜈𝑎
2); 12 

- For plane strain conditions in in-plane and out-of-plane directions: 𝑚 =13 

(1 − 𝜈𝑎) [(1 − 2𝜈𝑎)(1 + 𝜈𝑎)]⁄ ; 14 

- For plane stress conditions in all directions: 𝑚 = 1. 15 

Assuming that the central layer is made of NylonWhite only, this equation leads to values of 16 

process zone lengths ranging from 3.12 mm to 3.95 mm. As the length of one channel is 1.1 mm 17 

and the spacing between two adjacent channels is 1 mm, when the crack is located above the right 18 

(crack A) or the left (crack B) corner of a cavity, the process zone spans over cavity III as shown 19 

in Figure A.1a. Consequently, channel III must be considered.  20 

Leaving cavity III in Figure A.1a empty has a beneficial effect as the computed fracture 21 

toughness corresponding to when the first failure criterion is met is higher. Depending on the 22 

case, the fracture toughness is increased by 10 to 25% when the cavity III is left empty. When the 23 

two first cavities (I and II) are filled and if cavity III is empty, the fracture toughness is improved 24 

by 7 to 15% when the crack propagates along the composite interface between the two first 25 
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channels. The improvement is only 7% when it is close to the right corner of cavity I while the 1 

increase is of 15% when the crack is close to cavity II.  The stress distributions in this last case 2 

are shown in Figure A.1b-c for an arbitrary load applied on the DCB. The stresses near the crack 3 

tip are lower when the last cavity is left empty. If channel I is empty while channel II is filled, the 4 

fracture toughness increases by 25% if cavity III remains empty. The maximum principal stress 5 

distributions are shown in Figure A.1d-e, with lower stresses near the interface when cavity III is 6 

empty. To conclude, if the empty cavity is located far enough from the crack tip and is located in 7 

the process zone, it has a shielding effect while it has an anti-shielding effect when it is close from 8 

the crack tip (this is the case where the crack is deflected towards the cavity). 9 
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Figure 1: Schematic illustration of (a) a DCB joint with the composite adherends (gray), central 1 
bondline (blue) and two interlayers (yellow) on both sides, and (b) of the toughening 2 
mechanisms that can take place in the joint depending on the cracking mechanism – 3 
failure scenario. (i) Plastic dissipation, (ii) additional plastic dissipation due to soft 4 
layer, (iii) structured interface, (iv) crack deflection by cavity and (v) subsequent 5 
trapping and blunting, (vi) pillar interfaces, (vii) local stiffness variation, (viii) shielding 6 
by a cavity, (ix) crack bridging by a mesh and (x) tough interface due to polymer 7 
chemical interactions. 8 

 9 
 10 

 11 

Figure 2: Manufacturing steps for architected joints from 3D printing of the architected Nylon 12 
part to the unmolding. 13 

 14 
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 1 

Figure 3: Nylon film and specimens with their dimensions: (a) Nylon film after 3D printing, (b) 2 
zoom on the edge of the Nylon film with the dimensions of the cavities after printing, (c) DCB 3 

specimen from the top, (d) lateral view of the DCB specimen and zoom on the film after 4 
bonding, (e) tensile specimen. 5 

 6 
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 1 
 2 

Figure 4: Geometries of the finite element model and corresponding mesh: (a) Double 3 
Cantilever Beam configuration and (b) Lap-shear configuration. (c) Engineering stress-strain 4 

curve data for NylonWhite, RTM6 and the composite used to model the Nylon film. (d) 5 
Properties of the materials and parameters of the failure criterion.  6 
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 1 
Figure 5: (a) Experimental crack resistance curves for architected joints. (b) One of the R-2 
curves with the associated joint configuration. (c) Microstructure associated to each regime 3 

with the 𝐺𝐼𝑐 computed by FE modelling. 4 
 5 
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 1 
Figure 6: Optical micrographs corresponding to the fracture surface in Regime (1) from (a) the 2 

side and (b) the top of the Nylon film. (c) Variation of 𝐺𝐼𝑐, throught FE modelling, with the 3 
crack tip position and the corresponding plastic zones: crack located (d) above the filled cavity, 4 

in the middle of it; (e) above the last corner of the filled cavity; (f) between two consecutive 5 
filled cavities and (g) above the first corner of the filled cavity. 6 

 7 
 8 

 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
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 1 
Figure 7: Failure mechanism associated to the presence of an empty channel (Regime 2): (a)-2 

(b) Optical micrographs from (a) the side of the DCB and (b) the top surface of the PA film. (c)-3 
(e) Stress distributions when (c) the crack is located behind the cavity and (d)-(e) the crack is 4 
trapped by the cavity (d) before and (e) after secondary crack initiation. (f) Summary of the 5 

failure mechanism when the crack has been trapped by the cavity. 6 
 7 
 8 

 9 

 10 
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 1 
 2 

Figure 8 : Optical micrographs corresponding to the fracture surface in Regime (2) from (a) the 3 
side and (b) the top of the Nylon film. Stress distributions when the crack is located (c) before 4 

the void, (d) is trapped by the void and (e) when the two cracks interact with each other. (f)-(g) 5 
Progressive propagation through the film thickness due to main crack interactions with a 6 

secondary crack at the opposite interface. 7 
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 1 

 2 
Figure 9: Peel (left) and shear (right) stress distributions in lap-shear joints containing (a)-(b) 3 
0%, (c)-(d) 100%, (e)-(h) 33% of filled channels. (e)-(f) The filled channel is located at the joint 4 

center or (g)-(h) at the edge of the lap joint. 5 
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 1 
 2 

Figure 10: Materials selection approach for architected adhesive joints (a) problem 3 
description, (b) case where the toughness dominates the problem due to high peel stress and (c) 4 

the problem is stiffness-dominated.  5 



30 
 

 1 
Figure A.1: (a) Schematic view of the process zone length and the part of the joint covered by 2 

this zone if the crack is located at the left (crack B) or at the right corner (crack A) of a channel. 3 
(b)-(e) Maximum principal stress distribution when (b) and (c) the crack propagates along the 4 
interface and (d)-(e) when the crack has been trapped by a cavity and the first cavity ahead of 5 

the crack tip is full of resin. In (b) and (d), the last considered cavity is filled while in (c) and (e) 6 
it is left empty resulting in an anti-shielding effect. 7 

 8 
 9 

Table 1: Joint stiffness, strength and fracture toughness of architected joints depending on the 10 
configuration. 11 

Amount of 

filled cavity 

Configuration Apparent shear 

modulus [MPa] 

Strength [MPa] Maximum 𝐺𝐼𝐶 

[kJ/m²] 

0% EEE 52 6 40 

33% FEE 138 9 16 

EFE 138 11 16 

EEF 137 12 16 

66% EFF 221 14 2.2 

FFE 222 12 2.2 

FEF 223 13 2.2 

100% FFF 306 14 1.5 

Nylon / 143 12 8.5 – 11.5 [48] 

Resin / 1070 20 0.09[4] 

 12 


