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ABSTRACT 

 Crystalline nanocellulose (CNC) is a new promising green material that gained significant attention in the past decade. This study evaluates the 

effects of pattern interfaces on the fracture toughness in naturally joined double cantilever beam of crystalline nanocellulose (CNC) nanofilms. 

Three different patterns, e.i., triangular, trapezoidal and circular with different geometric properties were considered and compared with flat 

(no pattern) interface. We use a multiscale framework by using adhesion and elastic properties are nanoscale from molecular dynamics and 

upscale the values to the properties of cohesive element in finite element framework. The result shows that pattern interfaces significantly 

improve the toughness of CNC nanofilms. In particular, trapezoidal interface increase the fracture toughness by 140%. 
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

Cellulose is the most abundant polymer on the planet [1], [2]. In the past decade new particles of cellulose called crystalline 

nanocellulose (CNC) with outstanding mechanical properties received tremendous attention for packaging and reinforcement 

agent [1]–[3]. As the interfaces between materials often control the macroscopic properties of the composites [4], [5], many 

studies have been dedicated to characterizing interface properties and find methods to improve the interface properties [6]–[8]. 

Inspired by natural biological materials and patterned interfaces found in biomineralized interfaces, many researchers have studied 

the effect of pattern interfaces on the fracture properties of materials and showed that the pattern interface can significantly 

improve fracture properties [9]–[11]. For example, recently, Hosseini et al (2019), studied the effect of the shape of interface 

behind the crack tip for triangular, arbitrary, and sinusoidal patterned interfaces and show that for critical values of interfaces the 

crack could propagate in the bulk material as opposed to the interface [11]. This is particularly important for CNC nanofilms, as 

aligned CNCs are extremely brittle [12]. In the present work we assume that the crack can only propagate at the interface and 

leave the bulk material intact. However, we assume length scale to be more critical aspect for fracture properties of CNC 

nanofilms, as suggested by Hosseini et al (2019), and as such we use a multiscale framework to consider the effect of nanoscale 

adhesion and macroscopic properties. Upscaling the mechanical and interfacial properties from Nano to macroscale has been done 

by many researchers before for CNC [13] and carbon nanotube [14]. For example, Shishehbor et al. (2018), used a novel atomistic 

to continuum framework for evaluating the role of bonded and non-bonded interactions on the elastic properties of CNCs and 

showed covalent bond in the main contributor interaction in both bending and tensile loading [13]. We have to mention that, in 

addition to multiscale framework, coarse grained (CG) molecular dynamics have been used extensively to bridge the scale from 

nano to macro [15]–[18]. For example, Ramezani and Golchinfar, (2019) used CG modeling for evaluating the fracture properties 

of CNC bundles and showed that by increasing the bundle size and twist angle strength and toughness decreases [16]. Shishehbor 

and Zavattieri (2019), studies the effect of interface properties of CNCs in bio-inspired architecture of CNC particles by a new 

promising CG model and showed that the natural twist of CNCs optimizes the fracture properties of neat CNC materials [17].  

From the various test specimens that have been used to measure the adhesive fracture energy, the double-cantilever beam (DCB) 

specimen, has been one of the most popular. In this work, three different interface shapes were analyzed (triangular, trapezoidal 

and circular) and compared for mode I fracture in a simple DCB (Double Cantilever Beam) test specimen. For each pattern, a few 

geometric variation is also performed to provide more insight to the problem. We use finite element (FEM) framework and 

cohesive element method to analyze DCB specimens at microscale, while the properties if the bulk and interface is provided by 

atomistic molecular modeling from literature.  
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II. MATERIALS AND METHOD 

A. Crystalline nanocellulose (CNC) 

CNCs are crystalline structures of cellulose formed when many cellulose chains assembled through hydrogen bonding and formed 

a crystalline structure with unit cell values of a = 7.784 Å, b = 8.201 Å, c = 10.380 Å, α = 90°, β = 90° and γ = 96.55° as shown in 

Fig. 2b [1]. The structure of CNC is square shape with 36 chains and dimensions of 3.5 3.5 nm
2
 and length of 50-500 nm. The 

reported  elasticity modulus of CNC in the lateral direction from experiments is 10-30 GPa [19], while it is in 5-25 GPa range 

from numerical methods [1] . In addition, the adhesion properties of CNC obtained from simulation is reported to be around 100 

(mJ/m2) with strength of 0.4 GPa [17]. In the following sections, we use these nanoscale properties to feed DCB properties in the 

FEM framework.  

B. Multiscale famework 

A DCB specimen used as the main geometry in this work is shown in Fig. 1a. Three pattern interfaces are analysize and compared 

with no-pattern interface results. The distance between the two beams was set to 100 nm (0.1   ) as previous studies showed that 

having such small thickness would be equal to having zero thickness effect [11]. Fig.1 demonstrates the DCB specimen of CNC 

nanofilm with no-pattern interface. The same geometry values for all the pattern interfaces with addition of pattern interfaces in 

shape of triangular, trapezoidal and circular (the no-pattern interface is shown with blue rectangular shape in Fig. 1a).  

 

Figure 1: (a) DCB specimen of CNC nanofilm with boundary condition. (b) Molecular structure of CNC from the side and 

front view. 

C. Pattern interfaces 

The second specimen consists in the original DCB beam with a change in the geometry of the adhere surfaces. A triangular pattern 

was applied to the section of the beams but keeping the initial crack as a straight line. The four variations of this shape that were 

tested are presented in Error! Reference source not found.. Each of the shapes is referred using a unique identification code that 

is present in the top edge of the figure. The third model consists in a trapezoidal shape. This subtype was introduced to soften the 

stress concentration effects that sharp tips present in triangles will generate over the beam. As it was done before, the predefined 

crack remains as a straight line. The four variations of this shape that were tested are presented in Error! Reference source not 

found.. Each of the shapes is referred using a unique identification code that is present at the top edge of the figure. The final 

model uses a circular pattern. This shape reduces the stress concentration generated by the previous geometries but still producing 

a significant deviation in the crack path. The two variations of this shape that were tested are presented in Error! Reference 

source not found.. Each of the shapes is referred using a unique identification code that is present at the top edge of the figure.  It 

is important to notice that the geometry changes introduced to the section shape of the beams will generate changes in the cross-

section properties (moment of inertia and area). 
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                                                               (a)                                                        (b) 

 

(c) 

Figure 2: Pattern interfaces with their geometrical parameters studied in this work. (a) Triangular, (b) Trapezoidal and 

(c) Circular.  

D. Cohesive zone model 

Cohesive Zone model is one the most powerful models in the fracture mechanics and finite element framework for incorporating 

fracture process and modeling crack propagation. For example, Esmaeeli et al, used a multiscale cohesive zone model for 

predicting fracture of cementitious composites at early age by inserting cohesive elements between cement and aggregates and 

showed that crack can propagate both in cement and aggregate depending on the cement age [20]. We use cohesive elements to 

define the adhesion between two beams and he parameters that define the used law were selected based on the fracture toughness 

of CNC. Fig. 3a shows the bi-linear law that is commonly used for brittle solids and the area below the curve shows the fracture 

toughness of the material. Fig. 3b demonstrates the insertion of cohesive element between two solid triangular element. The 

properties of the bulk and cohesive element are presented in Table 1.  

 

                               
            (a)                                                                         (b) 

Figure 3: (a) Bi-linear traction-separation law used in the cohesive zone model (b) The cohesive element (Orange 

rectangular element) is embedded between traditional elements.     

 

Table1. Mechanical and interfacial propretores of CNC film used for bulk and cohesive respectively. 

Properties: E (GPa) ν   (mJ/m2)                       

Values 20 0.3 100 350 0.1 0.5 

 

E. FEM package and protocol 

2D plane strain model with ABAQUS standard library elements for bulk and cohesive elements were used in this work. Elements 

in the solid material were represented by 3-node linear triangle continuum elements (CPEG6) and the interface was represented by 

a 4-node interface element (COH2D4). Mesh sensitivity analysis has been done for different mesh refinement to find the accurate 

and computationally affordable mesh. We found meshes with 30,000-40,000 number of element to be accurate and affordable for 

our analysis (final mesh for all the interfaces are shown in Fig. 4). For loading condition, a total displacement of 5  m (2.5  m for 

top and bottom surface) was applied incrementally. All the simulations are performed using ABAQUS non-linear static analysis 

with 20,000 total increments and maximum increment of 0.005 were used.  
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Figure 4: Selected fine mesh for this study. (a) No pattern. (b) Triangular pattern. (c) Trapezoidal pattern. (d) Circular 

pattern.      

III. RESULTS 

This section represents the results from our analysis. The section has been divided into sub sections for each pattern interface. In 

each section, the force-half displacement (upper beam), and dissipated energy-crack length plots are presented. Also, the value of 

toughness is compared with the fracture toughness of the interface (Gc, the area below cohesive law). First, the no pattern interface 

is used as the benchmark and validation point, then the pattern interfaces are represented and finally all the pattern and no pattern 

interfaces are compared.   

A. Validation of DCB test for no pattern interface  

No pattern interface geometry is the best candidate to validate our model setup and assumptions. It is expected that the value of 

fracture toughness for no patter interface to be approximately equal to the Gc. Fig. 5a and Fig. 5b show the force (P)-half 

displacement ( ) and energy dissipation-crack length respectively for the no pattern interface. The obtained value for fracture 

toughness from the slope of the dissipated energy-crack length curve is compared with Gc in table 2. The result shows that the 

model can accurately predict Gc with less than 1% error.  

                                   

   (a)                                                                                            (b) 

Figure 5: (a) force (P)-half displacement for no pattern interface (b) Dissipated energy through cohesive element  as the 

crack grows. 

 

 

 

Table 2: Fracture tougness from DCB test (  ) are comparad fracture toughness of material Gc. 

Case Gc (mJ/m2)  (mJ/m2) Error (%) 
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1 100 99.0 1.0 

B. Pattern interfaces 

III.B.1 Triangular pattern interface 

For triangular pattern interfaces, four specimens with changing the geometric parameters, e.i., a and b which represent the height 

and side length of the triangle, are shown in Fig. 6. Fig. 6a and Fig. 6b show the force (P)-half displacement ( ) and energy 

dissipation-crack length respectively for the triangular pattern interfaces. The obtained value for fracture toughness from the slope 

of the dissipated energy-crack length curve is compared with Gc in table 3 for different a and b values. The result shows that 

triangular interfaces significantly improve the fracture toughness of the material and for a=3 and b=2, 120% improvement was 

observed (Table. 3).The results also indicate that by increasing the height (a) rather than side (b), higher fracture toughness is 

achievable. It is worth mentioning that both beams are elastic and therefore we ignored the effect of higher stress concentration for 

triangular interface due to sharp corners.  

 

                 

                 (a)                                                                                   (b) 

Figure 6: (a) force (P)-half displacement for triangular pattern interface (b) Dissipated energy through cohesive element  

as the crack grows for triangular pattern interface.  

 

Table 3: Fracture tougness from DCB test (  ) are comparad fracture toughness of material Gc. 

Case a(nm) b(nm) Gc (mJ/m2)  (mJ/m2) Error (%) 

1 2 2 100 182 82.0 

2 3 2 100 220 120.0 

3 2 3 100 135 35 

4 3 3 100 168 68 

 

C. Trapezoidal pattern interface 

For trapezoidal pattern interfaces, four specimens with changing the geometric parameters, e.i., a and b which represent the height 

and side length of the trapezoid, are shown in Fig. 7. Fig. 7a and Fig. 7b show the force (P)-half displacement ( ) and energy 

dissipation-crack length respectively for the triangular pattern interfaces. The obtained value for fracture toughness from the slope 

of the dissipated energy-crack length curve is compared with Gc in table 3 for different a and b values. The result shows that 

trapezoidal interfaces significantly improve the fracture toughness of the material and for a=3 and b=2, 140% improvement was 

observed (Table. 4). The results also indicate that by increasing the height (a) rather than side (b), higher fracture toughness is 

achievable. It is worth mentioning that both beams are elastic and therefore we ignored the effect of higher stress concentration for 

triangular interface due to sharp corners. This trend of results is very similar to those observed in triangular pattern  interface.  
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             (a)                                                                                            (b) 

Figure 7: (a) force (P)-half displacement for trapezoidal pattern interface (b) Dissipated energy through cohesive element  

as the crack grows for trapezoidal pattern interface.  

 

Table 4: Fracture tougness from DCB test (  ) are comparad fracture toughness of material Gc. 

Case a(nm) b(nm) Gc (mJ/m2)  (mJ/m2) Error (%) 

1 2 2 100 195 95 

2 3 2 100 240 140 

3 2 3 100 150 50 

4 3 3 100 160 60 

 

D.  Circular pattern interface 

For Circular pattern interfaces, two specimens with changing the geometric parameters r (which represent the radius of circle) are 

shown in Fig. 6. Fig. 6a and Fig. 6b show the force (P)-half displacement ( ) and energy dissipation-crack length respectively for 

the circular pattern interfaces. The obtained value for fracture toughness from the slope of the dissipated energy-crack length 

curve is compared with Gc in table 5 for different r values. The result shows that circular interfaces can improve the fracture 

toughness by 80% for r=3 (Table. 3). The circular shape shows a smaller increase in the fracture energy compared to the other 

geometries, but due to less sharp corners, less stress intensity factor is observed.  

                     

   (a)                                                                          (b) 

Figure 8: (a) force (P)-half displacement for circular pattern interface (b) Dissipated energy through cohesive element  as 

the crack grows for circular pattern interface.  

 

 

 

Table 5: Fracture tougness from DCB test (  ) are comparad fracture toughness of material Gc. 
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Case r(    Gc (mJ/m2)  (mJ/m2) Error (%) 

1 2 100 145 45 

2 3 100 180 80 

 

E. Comparing different patterns 

Fig. 8a and Fig. 8b compare the force (P)-half displacement ( ) and energy dissipation-crack length respectively for the all 

interfaces of this study. The obtained value for fracture toughness from the slope of the dissipated energy-crack length curve is 

compared with Gc in table 6 for highest fracture energy of different pattern interfaces (a=3, b=2 and r=3). The result indicate that 

trapezoidal interface has the highest fracture toughness, then triangular, then circular and finally the no pattern interface. However, 

for all pattern interfaces, the result showed significant improvement. The force-displacement shows that triangular and trapezoidal 

have very similar behavior with very slight improvement in trapezoidal.  

 

                                         

                                                 (a)                                                                                               (b) 

Figure 8: (a) force (P)-half displacement for all interfaces (b) Dissipated energy through cohesive element  as the crack 

grows for all interfaces.  

 

Table 6: Fracture tougness from DCB test (  ) are comparad fracture toughness of material Gc. 

Case Gc (mJ/m2)  (mJ/m2) Error (%) 

No pattern 100 99 1 

Triangular 100 220 120.0 

Trapezoidal 100 240 140.0 

Circular 100 180 80 

IV. CONCLUSION AND DISCUSSION 

In this work the effects of three pattern interfaces with different geometric parameters on the fracture toughness for a double 

cantilever beam was presented. Results show that all the pattern interfaces could improve the fracture toughness, while the 

maximum improvement was 140% for trapezoidal interface with a=3 and b=2.  Therefore, for brittle polymers such as highly 

aligned CNCs, using pattern interfaces could help to prevent early crack propagation and failure.  There were many assumption 

and limitation for this study that could be extended in the future. For example, we assume the properties of the beams to be elastic 

and no fracture was assumed in the bulk material. As a result the stress concentration produced by the edges of the pattern did not 

have any effect on the results. Considering the crack to be able to propagate in the bulk will provide more realistic study. This 

study only focuses on the mode I fracture properties, while considering mode II could be as important as mode I and could be an 

interesting to study.  
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