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ABSTRACT 

Quantitative characterization of crack behavior in thin-film materials is a fundamental issue in solid 

mechanics and is of necessity for the development of high-performance flexible electronics. 

However, such analysis largely relies on the complicated in-situ microscopy technique and the 

operational skills of experienced researchers, thus leading to difficulties in its widespread 

applications. To address this challenge, we report herein a facile and efficient characterization 

method based on the asymmetrical bending strategy to achieve the quantitative analysis of the crack 
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features in thin-film materials without any need for specialized testing instruments. The key to this 

method is to bend two unparallel edges of the trapezoid-shaped thin film/substrate to form an 

asymmetrical configuration, in which the local bending radius changes linearly along the bending 

axis. As such, a large number of bending radii can be achieved on one single sample in one 

experiment, which significantly simplifies the process of quantitatively relating crack features to 

mechanical deformation. As a proof-of-concept demonstration, we employ this method for the one-

step in-situ investigation of the crack behavior of the Cu film on a polymeric substrate. 

 

Keywords: asymmetrical bending, cracking behavior, thin-film, in-situ characterization, flexible 

electronics 

 

1. Introduction 

Thin-film materials, such as metals, semiconductors, and ceramics, are widely deposited on 

deformable substrates for the subsequent fabrication of a variety of flexible electrodes and electronic 

devices, performing their electronic functions in fields of human-machine interactions [1], energy 

storage and harvesting [2, 3], sensors [4-6], and smart wearables [7-10]. Since these electronic 

devices are largely subject to mechanical deformation in use, materials failure may easily occur and 

one of the failure modes is crack [11-13]. Even cracks initiate and propagate at the microscale, the 

performance of cracked materials, such as the conductivity of metal [14, 15], the mobility of 

semiconductor [16], and the dielectric property of ceramics [17] will significantly degrade, which 

may lead to the device failures. As such, many effective strategies have been developed to avoid 

cracks in the functional materials, enhancing the performance stability of the as-made interconnects, 
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electrodes, and devices [18-22]. On the other hand, the crack formation is not always an undesirable 

process. The control of crack formation can be fully utilized for the realization of many advanced 

applications, such as, film patterning [23, 24], lithography [25], surface-enhanced Raman scattering 

[26], and ultrasensitive gas [27], strain [28-31], or vibration sensors [32, 33]. Therefore, no matter 

in what way the crack is considered, i.e., to be inhibited, to be promoted or even to be controlled, a 

quantitative understanding of crack behaviors of thin-film materials in response to mechanical 

deformations could greatly favor the design, fabrication, performance evaluation and optimization 

of the flexible electronic devices.  

 

To date, a general approach to characterize crack behaviors is to observe the evolution of the 

micro-scale crack patterns on the thin-film/substrate when it is strained by either uniaxially 

stretching (Fig. 1a) or bending (Fig. 1b). An in-situ microscopic technique, using, for example, 

scanning electron microscopy (Fig. 1c [34]) or optical microscopy [35], is applied to record the key 

geometrical features of the cracks (e.g., crack density, ρ) as a function of the deformation (usually, 

applied strain, ε, Fig. 1d). This in-situ technique can provide results that are close to the condition 

where the thin film material undergoes deformation in practice, and therefore, has been widely 

adopted in the academia [36-42]. Nevertheless, the application of such a quantitative analysis highly 

relies on the complicated setup of in-situ microscopy and the operational skills of experienced 

researchers, leading to the difficulties in widespread applications. Many researchers, alternatively, 

carry out a quasi-in-situ approach by observing the crack in-situ (e.g., in the SEM chamber), while 

applying the strain to the observed substrate ex-situ (e.g., outside of the SEM chamber [38]). Though 

this quasi-in-situ approach does not require a complicated characterization apparatus, tedious and 
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time-consuming processes for sample preparation are involved: the testing specimen has to be 

changed into a specific deformation status and then be placed onto the sample stage of the 

microscopy for crack observation for every deformation condition. Since a large number of data 

(i.e., ρ vs. ε) for each sample are essentially required to exclude the possibly random factors in 

cracking, this quasi-in-situ approach may not be preferrable for efficiently capturing the crack 

behaviors of thin-film materials. 

 

To address the trade-off among operational simplicity, observation efficiency, and data accuracy, 

we report herein a facile and efficient strategy, named asymmetrical bending strategy, for the 

quantitative characterization of the crack behavior of the thin-film materials on a polymeric 

substrate. Differing from the typical loading modes in previous studies where two parallel 

boundaries are uniformly displaced, the thin-film/substrate in the proposed asymmetrical bending 

mode is bent at two unparallel edges (Fig. 1e). The bent configuration is considered to be 

asymmetrical because of its only one symmetrical plane (i.e., zy plane), which is one less than those 

in typical loading modes (zy and zx planes). As such, the bending radius linearly changes along the 

direction of the bending axis (y axis) rather than keeping as a constant value. The corresponding 

applied strain can be thus easily determined as a function of position. Via the observation of the 

cracks in different positions, the quantitative relation between crack density and applied strain can 

be eventually obtained (Fig. 1f). In principle, our method enables a large number of bending radii 

(continuously changed) in one single sample in one experiment without any complicated testing 

equipment, which is much more efficient than the quasi-in-situ method and can also provide the 

result as accurate as those obtained by the in-situ method. Through the implementation of this 
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asymmetrical bending strategy, we measured the crack density of the Cu thin films with different 

film thicknesses as a function of the applied strains. We found that the two length-scale-dependent 

material properties, i.e., initial defects and yield strength, are competitive in determining the crack 

resistance of the film. 

 

Fig. 1. Schematic illustration of characterization of crack behavior in response to deformation. a) 

Uniaxially stretching and b) bending can generate a tensile strain on the upper film, thus inducing 

the cracking. c) In-situ test in a SEM chamber. By applying a series of displacements, u, different 

strains can be applied on the upper film. d) Identification of crack features (crack density, ρ) 

corresponding to deformation (applied strain, ε) leads to quantitative results of crack behavior (ρ vs. 

ε data). e) Proposed asymmetrical bending strategy. Two unparallel edges (dotted lines) are bent and 

approach each other. The local bending radius is not constant, but changes linearly along the bending 

axis. f) With the observation of cracks on the upper surface at different y positions, the crack 

behavior can be also obtained quantitatively (the data in d)). 

 

2. Sample preparation and characterization 

As a proof-of-concept demonstration, this asymmetrical bending strategy was adopted to study 

the crack behavior of the ductile Cu thin film on polymeric substrate. The Cu film was thermally 

evaporated on a 120-μm-thick polyethylene naphthalate (PEN) at 1×10-4 Pa vacuum degree with a 

deposition rate of 0.5 Å/s. Four samples with different film thicknesses of tf=50 nm, 75 nm, 120 nm 

and 240 nm were under investigation, which were further confirmed by the SEM cross-sectional 
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images (Fig. 2). To obtain high-quality cross-sectional views, samples with a notch were fractured 

in the liquid nitrogen, and then were observed by the field emission scanning electron microscopy 

(TESCAN, MAIA3, Brno, Czech Republic) with an operation voltage of 25 kV. The surface 

morphology of the film was characterized by the atomic force microscopy (AFM, XE-100, Park 

Systems) with the non-contact mode (NCM). The resonance frequency and force constant of the 

probe in the AFM apparatus (PPP-SEIHR-W, purchased from the NANOSENSORS) were 96-175 

kHz and 5-37 N m-1, respectively. The scan rate and Z servo gain for all samples were set as 0.5 Hz 

and 1.0, respectively. The root mean square (RMS) roughness of the four samples ranged from 0.6-

0.8 nm due to the growth of the grain [43], and no texture was observed on the surface (Fig. 3). The 

crystal structure of the Cu films was analyzed by the X-ray diffraction (XRD) method on the Rigaku 

Smartlab using Cu Kα radiation (λ=1.546 Å) within 2θ in the range of 5–90°. Fig. 4 shows the XRD 

patterns of the bare PEN and Cu-coated PEN samples. The peaks of 43.3, 50.4, 74.1, and 89.9°, 

ascribed to the (111), (200), (220), and (311) crystallographic plane of Cu, demonstrate its 

polycrystalline Cu phase depositing on the PEN substrate without preferential orientation. 

 

Fig. 2. SEM images showing the cross section of the Cu-film/PEN assembly for tf=50 nm, 75 nm, 

120 nm, and 240 nm, respectively (tf denotes the film thickness). The scale bars are 100 nm. 
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Fig. 3. AFM images showing the surface morphology of the Cu film for tf=50 nm, 75 nm, 120 nm, 

and 240 nm, respectively. No obvious texture was found in these Cu films.  

 

Fig. 4. XRD characterization of bare PEN and Cu-coated PEN (tf=240 nm) with 5°<2θ<90°. The 

XRD pattern indicates that the evaporated Cu film is polycrystalline.  

 

3. Results 

Based on the neutral plane theory, when a film/substrate assembly (thickness: t) is bent at a 

specific bending radius (R), the actual strain (ε’) applied on the upper film is given by [44]:  

𝜀𝜀′ = 𝜀𝜀 1+2𝜂𝜂+𝜒𝜒𝜂𝜂2

(1+𝜂𝜂)(1+𝜒𝜒𝜒𝜒)                                                            (1) 

where 𝜀𝜀 = 𝑡𝑡 2𝑅𝑅⁄   is the applied (nominal) strain that is usually taken as a measure of the 

deformation, 𝜂𝜂 = 𝑡𝑡𝑓𝑓 𝑡𝑡𝑠𝑠⁄  is the ratio of the thickness of the deposited thin film materials (tf) to that 

of the substrate (ts), and 𝜒𝜒 = 𝐸𝐸𝑓𝑓 𝐸𝐸𝑠𝑠⁄  is the ratio of Young’s modulus of the film (Ef) to that of the 
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substrate (Es). For a thin film case where the thickness of the deposited thin-film material (tf) is far 

thinner than that of the substrate (ts), 𝜂𝜂 → 0, Equation (1) reduces to  

𝜀𝜀′ = 𝜀𝜀                                                                    (2) 

Equation 2 relates the applied strain to the actual strain on the material. It indicates that bending 

a t-thick sample with a bending radius of R could be equivalent to uniaxially stretching it with the 

strain of 𝜀𝜀 = 𝑡𝑡 2𝑅𝑅⁄ . If Equation 2 cannot be satisfied (e.g., η is not close to 0), a corrective factor 

has to be introduced to the ρ-ε data to ensure that the crack behavior is comparable with the uniaxial 

stretching approach.  

 

Therefore, Equation 2 for our strategy needs to be validated before experiments. We established 

a simple finite element (FE) model, which involved a geometry of an isosceles trapezoid shell part 

with the height (H), shorter (d1) and longer (d2) edges in arb. units. A composite shell section with 

two plies was adopted to model the thin film/substrate system, where the thickness of the upper and 

lower ply was 1×10-4 and 0.2 arb. units, respectively. All the materials were homogenous, isotropic 

and linearly elastic. The Young’s modulus of the upper ply was 1/50 of the lower one. The geometry 

was meshed into more than 5000 four-node doubly curved thin shell elements with reduced 

integration method (S4R). Two unparallel edges were bent along with the y axis at 90° angle, and 

then approached each other (Fig. 5a). The model was performed in the commercial FE software 

Abaqus using the standard Newton-Raphson numerical algorithm. Two different radii formed at the 

two free ends of the shell (i.e., R1<R2), leading to the formation of nonuniform actual strain ε’, with 

a maximum strain value at y=0 (R=R1, Fig. 5b). The local bending radius R was then obtained by 

fitting the curved cross section with a circle (e.g., y=8, R=1.28, Fig. 5c). We analyzed ε’ at the center 
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of the upper ply (dotted line, Fig. 5b) and R as functions of the y position, and found that, 1) ε’=ε 

still held true (Fig. 5d), and 2) R changed linearly with y (lower inset of Fig. 5d) for different d1, d2, 

and H. Given that H, R1 and R2 are all known, one can easily obtain the local ε for an arbitrary y 

position, and then correspond ε to the crack features, ρ, to quantify the crack behavior. Notably, 

since the two relationships that ε’=ε and that R is linearly related to y are valid with independence 

of the shell sizes (i.e., d1, d2 and H), the sample in experiment can be bent in arbitrary shape. There 

is no need to constrain any one of the geometrical dimensions in sample preparation, which largely 

simplifies the experiment especially when a set of samples are under investigation.  

 

Fig. 5. Finite element (FE) results indicating that Equation 2 is valid for the asymmetrical bending 

strategy. a) Geometrical model for bending simulation. Two unparallel edges were bent along with 

the y axis. b) Shape after bending. Two different bending radii form at the two free sides of the bent 

part with non-uniform actual strain on the upper film (R1<R2). c) Curved cross section at the position 

of y=8. The local bending radius R=1.28 can be estimated by fitting the curve with a circle. d) 
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Relationship between actual strain ε’ and applied strain ε for different d1, d2 and H. The dotted line 

denotes where 𝜀𝜀′ = 𝜀𝜀. The color of the symbols denotes the R value ranging from 0.95 to 4.2. The 

upper inset shows the evolution of the non-uniform ε’ at the center of the upper ply along the y axis 

(dotted line in b)). The lower inset shows R as a linear function of y.  

  

Fig. 6a shows a representative sample bent asymmetrically, which only involves a very common 

foldback clip to fix the two unparallel edges. The inset shows the SEM image of the cross section 

before bending (tf=75 nm). For this sample, H, R1, and R2 are 2.25 cm, 1 mm, and 1.9 mm, 

respectively (Figs. 6b and 6c). The surface cracks were observed by SEM, and then the as-captured 

SEM images were post-processed as described by Talab et al. [45]. Fig. 6d compares the as-captured 

(upper panel) and post-processed SEM images (lower panel). The good match between them 

indicates the correctness of our image processing. Fig. 6e displays the evolution of the cracks for 

different local bending radii. Zigzag cracks propagate along the direction perpendicular to the tensile 

direction (arrow). With the increase of R from 1.1 mm to 1.85 mm, the number of the cracks, N, 

which is an average number of the total cracks forming on 25 equally spaced detection lines parallel 

to the tensile direction within the image width (~55 μm), decreases from N=10.6 to N=0.8. Note that 

the R or the corresponding ε value for each crack image is approximated as, although strictly not, a 

constant for simplicity. This approximation does not result in significant error in quantifying the 

crack behavior, because the change of R within an image is very slight (e.g., from 4.8 % to 4.72 % 

for the second image in Fig. 6)  
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Fig. 6. Representative results showing sample bent asymmetrically and cracks for different bending 

radii. a) Photograph of a bent sample. Only a very common foldback clip is used to fix the two 

unparallel edges. The inset shows the SEM image of the cross section. b) and c) Photographs 

showing R1=1 mm and R2=1.9 mm by fitting the curved cross section with a circle, respectively. d) 

Comparison of as-captured (upper panel) and post-processed SEM image (lower panel) of cracked 

surface. e) Evolution of cracks as local R changes. The arrows indicate the tensile direction. N is an 

average number of cracks counted on 25 equally-spaced detection line in the tensile direction. The 

bottom-right semicircles scale with R ranging from 1.15 mm to 1.8 mm. 

 

We therefore used this method to analyze crack images. Fig. 7 shows the post-processed SEM 

images of the crack evolution for different Cu film thicknesses (from left to right, tf=50, 75, 120, 

and 240 nm, respectively), and local bending radii R. With the increase of tf, the crack opening 

increases, while with the increase of R, fewer cracks initiate. Interestingly, the cracks propagate 

solely without any other obvious crack interactions that may induce different fragmentations of the 

film, e.g., mid-point cracking, transverse buckling failure, delamination and even dynamic fracture, 

which were often observed for many inorganic thin films (e.g., SiOx, ZnO, and ITO) on a polymeric 

substrate [11, 46-48]. It indicates that the crack behavior of the ductile thin film (Cu) differs 
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significantly from the brittle one [49], which will be discussed in details latter. 

 

Fig. 7. Post-processed SEM images showing crack evolution for different film thicknesses tf and 

local bending radii R. From left to right, tf=50, 75, 120, and 240 nm, respectively. The size of each 

image is 52 μm × 45 μm (width × height). 

 

We then performed statistics on the geometrical feature of the cracks. Fig. 8 depicts the crack 

density ρ as a function of the applied strain ε for different film thickness tf, where the crack density 

is defined as the number of cracks (N) per unit length in the tensile direction. The shadow regions 

denote the standard deviation in averaging N. ρ raises with ε for different tf. However, the thicker 

film has smaller crack density at the same strain, and is more likely to reach the saturation state, 

where no more cracks form as the strain increases (i.e., ρ no longer raises with ε, and e.g., ε>10% 

for tf=120 and =240 nm). This result implies the strong thickness dependence of the crack behavior 

[36]. 

 

It should be pointed out that since the strain of an asymmetrically bent sample changes 

continuously along the bending axis, the crack behavior may be partially the result of the 

neighboring region that undergoes different strains (or namely, neighboring effect). To address this 
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issue, we also bent the four samples by the typical bending strategy (Fig. 1b, two parallel edges 

were loaded, conducted ex-situ), and compared the results with those by the asymmetrical one. As 

shown in Fig. 8a, the ρ vs. ε data obtained by these two strategies are very close to each other for 

different tf (asymmetrical strategy: solid symbols; typical strategy: open symbols). Furthermore, the 

cracks also show nearly the same patterns for different tf and ε (SEM images, Fig. 8b). These results 

demonstrate that the asymmetrical strategy can exactly lead to the same crack behavior as the typical 

one. Note that our experiments cannot exclude the possible neighboring effect on the 

characterization of thin film cracking. This effect may be important in the certain material behavior 

that shows strong dependence on the strain distribution (e.g., abnormal grain growth in metal films 

[50]), but is negligible in our bending strategy, which aims at presenting the ρ-ε data.  

 

The critical strain of a thin film material, εc, defined as the strain for the crack initiation, can be 

further estimated by extrapolating the ρ-ε data back to ρ=0 (Experimental details of this method for 

determining the critical strain can be found in Ref. [38]). The inset of Fig. 8a shows εc as a function 

of tf. εc first increases (tf <120 nm), and then nearly unchanged (tf>120 nm) with the increase of tf. 

This result indicates that the strength of the Cu film can be enhanced by increasing the film thickness, 

while this enhancement may disappear for very thick film, which is in good agreement with the 

experiments reported by Kim et al. [51].  

 

It is also noted that our experimental results are different from those by some other researchers, 

e.g., Zhao et al. [52], Peng et al. [39], and Mora et al. [53]. In these studies, the thicker film is found 

to be easier to initiate the cracks than the thinner one, i.e., the larger tf leads to the smaller εc. This 
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contradiction on the thickness dependence of critical strain is not surprising, because the Cu film in 

this study and also in those by Lu et al. [36], Niu et al. [38], and Kim et al. [51] are ductile material, 

while the materials in the Refs. [39, 52, 53] are highly brittle. The brittle material behaves without 

any important yielding or plastic deformation even at the failure strain, thus can be approximately 

considered linearly elastic. For the ductile material, however, the strong material nonlinearity due 

to the strain hardening ability has to be taken into account.  

 

Fig. 8. a) Experimental results of crack density ρ as functions of applied strain ε for Cu film with 

different thicknesses tf on PEN by asymmetrical (solid symbols) and typical bending strategies 

(open symbols). The critical strain, εc, defined as the strain for crack initiation, can be estimated by 

extrapolating the ρ-ε data back to ρ=0. The inset shows εc as a function of tf. b) Comparison of crack 

patterns by the typical (upper panel) and the asymmetrical (lower panel) strategies for different film 

thicknesses tf, and different bending strains ε, respectively. The scale bar is 10 μm. The results 

demonstrate that these two strategies exactly lead to the same ρ-ε data and crack patterns. 
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4. Discussion 

For a better understanding of the role of material nonlinearity in the crack behavior of the Cu film, 

we measured the morphology of cracked surface by AFM (ε=5%, Fig. 9a). With the increase of the 

film thickness, both the depth and width of the cracks under the same strain increase, which is in 

consistent with the results by Park et al. [54]. The surface profile near the cracks is not horizontal, 

but show a slope instead (Fig. 9b). As the slopes at the two sides of the cracks are symmetrical about 

the valleys, the sloped profiles should not result from the possible levelling error of the sample stage. 

Actually, the sloped profiles imply the ductile fracture mechanism of the Cu film. Before the 

formation of a channel crack, large scale plastic deformation is accumulated near somewhere with 

strain localization. In this process, a traction due to the film necking may exceed the adhesion, and 

thus cause the interfacial debonding, which, as positive feedback, promotes the necking of the film 

[36, 55]. As a result, a thinned zone symmetrically presents at the two sides of the crack (called 

plastic zone, the inset in Fig. 9b).  

 

Knowledge of this ductile fracture mechanism allows us to explain the correlation between the 

strength of ductile thin film material (e.g., Cu here) and film thickness. Regarding the length scale 

dependence of material properties, thicker film could generally have more initial defects (e.g., voids 

and dislocation of grain boundaries [56, 57]), and thus shows a lower material strength with smaller 

crack resistance to the strain. However, the increase of film thickness can additionally lead to the 

decrease of the yield strength for a ductile material because of the growth of the grain size [36]. 

Material with lower yield strength exerts a weaker traction in the necking process. The positive 

feedback is thus weakened and the crack initiation delays [58]. In other words, the initial defects 
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and yield strength of the material are competitive with each other in determining the crack resistance 

of a ductile thin film material on substrate. According to our experiments (see Fig. 8), with the 

increase of film thickness, the reduction of the yield strength may dominate the enhancement of the 

material strength for small tf, while on the contrary, i.e., large tf, the statistical effect of initial defects 

becomes so important that this enhancement tends to disappear.   

 

Fig. 9. Evidence for ductile fracture mechanism of Cu film. a) AFM images showing surface 

morphology near the crack tip for different film thickness, from left to right, tf=50, 75, 120 and 240 

nm, respectively. b) Surface profile measured at the position coded with dotted lines in a). Near the 

cracks, the profiles present slopes, indicating the plastic zone here due to the typical necking process 

of a ductile material. The inset illustrates the development of a crack in a ductile thin film material 

by tensile load.   

 

5. Conclusions 

In summary, we developed an asymmetrical bending strategy to enable the efficient and 

quantitative characterization of the crack behavior of the thin-film/substrate. This strategy, by 

bending two unparallel edges, leads to the local bending radius as a linear function of the position 
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along the bending axis. The main advantage of our strategy is that the continuously changed bending 

radius (i.e., continuous deformation degree), in principle, can be achieved by a single experiment in 

a single sample without any complicated in-situ tester, thus largely fascinating the sample 

preparation and crack characterization. As a proof-of-concept demonstration, we studied the crack 

behavior of Cu film with different thicknesses on PEN substrate. We found that two length-scale-

dependent material properties, i.e., initial defects and yield strength, may be competitive in 

determining fracture mechanism and the crack resistance to strain of the ductile materials. We 

believe that such a one-step investigation approach enabled by asymmetrical bending strategy could 

further benefit the in-depth understanding on the electrical performance of the thin film materials 

and devices associated with their mechanical deformations. 
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