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Chapter 1    Introduction 

 

Materials with submicron or nanoscale dimensions exhibit superior electronic, magnetic, 

chemical and mechanical properties, benefitting from their large surface-to-volume ratios, 

the quantum size effects and the limitation on defect size [1, 2]. Various advanced nano-

materials characterizing minute feature sizes can play essential roles in the development of 

intelligent wearable devices with specific functions. Low dimensional materials are a broad 

class of nanomaterials with extremely reduced sizes in some dimensions, represented by 

zero-dimensional nanoparticles, one-dimensional (1D) carbon nanotubes and two-dimen-

sional (2D) materials. In this dissertation, mechanical behavior of 2D material thin films in 

applications targeting functional wearable devices will be focused. Theoretical modeling 

and numerical simulation investigations will be conducted to understand the mechanics of 

these film systems together with existing experiment results.  

Two-dimensional materials, the ultrathin layers of atomic lattice with thickness of sin-

gle or a few atoms, have experienced a global research boom since the seminal research on 

graphene in 2004 [3], highlighted by the 2010 Nobel Prize in Physics to Geim and Novo-

selov "for groundbreaking experiments regarding the two-dimensional material graphene". 

With great potential future in broad fields including physics, chemistry, biology, medicine, 

mechanics and electronics [4-9], 2D materials have now grown into a large family consist-

ing of hundreds of members with various atomic structures, chemical compositions and 

physical properties. Different synthesis approaches have been developed for 2D materials, 

such as micromechanical exfoliation, ultrasonic exfoliation and chemical vapor deposition 

(CVD). These 2D materials are exploited in more and more practical applications, 
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including energy storage [10, 11], flexible electronics [12], semi/super-conductors [13, 14] 

and water purification [15-17].  

 

1.1   2D Material Thin Films 

Monolayer and multilayer 2D materials are both typical thin film systems. For example, 

monolayer graphene is a membrane with single-atom thickness, composed of sp2 hybrid-

ized carbon atoms within hexagonal lattice (Fig. 1.1a); monolayer hexagonal boron nitride 

(hBN) is also single-atom thick, but each boron atom is surrounded by three nitrogen atoms 

and vice versa (Fig. 1.1b); whereas monolayer transition metal dichalcogenide (TMD, e.g., 

MoS2, MoSe2) has a staggered structure with the metal atom plane sandwiched by two 

chalcogen atom planes (Fig. 1.1c). Atoms in the monolayer 2D materials are covalently 

bonded, leading to large in-plane stiffness and strength. The out-of-plane stiffness, how-

ever, is much smaller due to extremely small thickness and weak interlayer interaction.  

 

 

Fig. 1.1. Atomic structure of different 2D material monolayers. (a) Graphene. (b) Hexagonal boron 

nitride. (c) Transition metal dichalcogenide. Left: top view; right: side view. 

 

The out-of-plane bending stiffness can be enhanced by stacking multiple monolayers 

in the normal direction. The 2D nanosheets are linked mainly by van der Waals (vdW) 
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interaction which is much weaker than covalent bonds. The multilayer 2D material thin 

films of mm-level or above sizes contain large number of monolayers not only in the out-

of-plane direction but also in the in-plane directions (Fig. 1.2a). For example, GO thin film, 

which is the first reported paper-like 2D material thin film, consists of hundreds to thou-

sands of stacked GO nanosheet layers with the brick-and-mortar structure (Fig. 1.2b) [18]. 

Limited by the current preparation techniques, the stacking order is always random and 

uncontrolled. The intralayer interactions are also dominated by vdW force, whereas small 

amount of covalent bonds and hydrogen bonds exists between the edges of neighbor 

nanosheets in some 2D material thin films.  

 

 

Fig. 1.2. Microscopic structures of multilayer 2D material thin films. (a) Schematic diagram. (b) 

GO [18]. (c) exfoliated Ti2COx [23]. 

 

Multilayer 2D material thin films also include those with only a few layers in the nor-

mal direction. Compared with the monolayer counterparts, some interesting behavior like 

stick-slip shear [19], Moiré pattern [20] and superconducting magic angle [14] may occur 

in few-layer systems. However, these systems are not the objective of the research in this 

dissertation, and multilayer 2D material thin films ONLY refer to the paper-like films with 

many layers in thickness, unless stated otherwise. 
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Multilayer 2D material thin films usually inherit superior mechanical properties of their 

monolayer building blocks and particularly exhibit outstanding in-plane stiffness and 

strength. Benefiting from the excellent properties of GO monolayers as well as the inter-

locked laminate structure, the average tensile modulus and fracture strength of GO thin 

films can reach 32GPa and 120MPa, respectively, outperforming many conventional thin 

film materials [18]. Other examples of 2D material thin films include graphene film, re-

duced GO (rGO) film, MXene film and MoS2 film, each possessing its own advantageous 

properties. For example, graphene thin film is intrinsically hydrophobic and resistant to 

water intercalation into the gallery between graphene nanosheets, resulting in strong sta-

bility in water solutions [6, 21]; MXene thin films (Fig. 1.2c) are transition metal carbides, 

nitrides, or carbonitrides layers that combine metal conductivity and hydrophilicity [11, 22, 

23]. Compared with the strict requirements of high-quality 2D monolayers synthesis on 

defect density and crystal growth control, properties of multilayer 2D material thin films 

are insensitive to defects and grain boundaries in nanosheets and thus they can be produced 

at lower costs and in larger scale. 

 

1.2    Synthesis Methods 

Since graphene was first prepared through mechanical cleavage in 2004 [3], a wide variety 

of synthesis methods have been developed. As more and more types of 2D materials are 

discovered, some synthesis methods are designed to target some specific types of 2D ma-

terials, while others are found to be much more general. Although each method has its 

merits, unfortunately, no “perfect” method has been found to produce high-quality, high-

purity and large-area monolayer 2D materials in low cost and large scale. Nevertheless, 
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remarkable advances have been made in the past years and new methods are still emerging 

to satisfy different requirements and resolve different issues in 2D material synthesis. 

Multilayer 2D material thin films can be prepared by assembling 2D monolayers in 

some standard ways. Generally, the production of multilayer films is easier to enlarge, even 

to the industry scale, compared with that of monolayer films. 

1.2.1   Synthesis of 2D Monolayers 

As to 2D monolayers, the synthesis of graphene might be the one that has attracted the 

most attention and is investigated most widely. Synthesis methods for graphene can be 

divided into two classes: top-down and bottom-up methods [24, 25], according to the strat-

egy transferring carbon precursors into graphene monolayers (or few layers). The top-down 

methods start from carbon assemblies such as graphite (graphene layers stacked and as-

sembled by vdW force) and create delamination between nanosheets, while the bottom-up 

methods deposit carbon atoms onto a substrate to form graphene. 

The top-down methods mainly include graphite exfoliation path and graphene oxide 

(GO) reduction path by mechanical, chemical, thermal or electrochemical means. The ear-

liest method adopted by Geim and Novoselov uses scotch tape to cleavage graphitic planes 

from graphite [3]. This mechanical exfoliation can be repeated until monolayer graphene 

is obtained on the tape. The graphene flakes obtained by this method show strong electric 

field effect and high mobility in room temperature. However, mechanical exfoliation can-

not control the layer numbers of resulting graphene precisely, and the production yield is 

low. A more efficient mechanical exfoliation method is taking advantage of large shear 

force produced by high blending shear rate (>10−4s−1) in stabilizing liquids [26], which 

is simple and easy to scale up. The problems are the decreasing yield with shear rate and 
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the limited sizes of the resulting nanosheets. A similar strategy is breaking up the interlayer 

interaction by sonication [27], which is usually conducted in suitable solvent and also 

known as liquid phase exfoliation (LPE). After sonication, the graphene nanosheets tend 

to re-stack together due to the vdW force. Surfactants or dispersing agents can be therefore 

added to avoid the re-stacking [28]. Besides, other exfoliation methods include chemical 

exfoliation (by intercalating alkali metal ions between nanosheets) [29], supercritical fluid 

exfoliation (by intercalating supercritical fluid such as supercritical CO2) [30] and electro-

chemical exfoliation (by applying voltage to dissolve graphite) [31].  

The alternative approach to mechanical cleavage is to reduce graphene oxide (GO) to 

obtain graphene nanosheets. Graphene oxide powders are composed of nanosheets with 

the same structure to graphene nanosheets except that a large amount of oxygen-containing 

functional groups exist on the surfaces of GO nanosheets. Due to the functional groups, the 

interlayer spacing in GO can be larger than that in graphene and the stacked assembly is 

easier to be exfoliated by sonication. Reducing agents like ascorbic acid [32] can be used 

to reduce GO in solvent, or alternatively, the reduction can be achieved by thermal modi-

fication [33]. While the reduction method is easy to operate and scale up, high-purity gra-

phene nanosheets without functional groups are difficult to obtain. In addition, some 

surface defects may be introduced during the reduction process. 

There are some other top-down methods to synthesize graphene monolayers, such as 

pyrolysis method which produces graphene by pyrolyzing the solid solvothermal product 

of sodium and ethanal [34]. Basically, top-down methods are appropriate for large-scale 

production of graphene without high requirements on the crystalline structure control and 

microscale defects.  
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The bottom-up methods to synthesize graphene mainly include chemical vapor depo-

sition (CVD) and epitaxial growth. The CVD method uses gas-phase carbon precursors 

which are prone to adsorb onto the surface of transition metal substrate, such as nickel [35] 

and copper [36] substrates, where carbon atoms will dissolve and diffuse into the metal in 

high temperatures above the melting point. Upon decreasing the temperature to lower the 

solubility of the metal, carbon atoms will precipitate out and deposit on the surface to form 

single-layer or few-layer graphene. Large-area, single-crystal graphene can be obtained 

with CVD method, but the synthesis process must be operated in high vacuum, making the 

CVD method expensive. The epitaxial growth method uses silicon carbide (SiC) substrate 

as the carbon source [37]. The SiC substrate is heated to a high temperature in vacuum 

until SiC decomposes. With subsequent annealing, silicon atoms will form a thin layer 

between the substrate and the carbon atoms that form the graphene layers. The epitaxial 

growth method can produce graphene that remains good electronic properties, yet it suffers 

the same problem in cost. 

The other 2D materials, excluding graphene, can be classified as elemental, binary, 

ternary and multi-element molecules. Synthesis methods of elemental 2D materials such 

as borophene (boron monolayer), silicene (silicon monolayer), germanene (germanium 

monolayer), stanine (tin monolayer) and phosphorene (phosphorous monolayer) vary ac-

cording to the physical and chemical properties of the element as well as the selected pre-

cursor types. The common strategies include mechanical cleavage, physical vapor 

deposition (PVD), CVD [38] and epitaxial growth [39]. Transition metal dichalcogenides 

(TMD), regarded as good platforms to explore semiconductor physics, are a typical class 

of binary 2D materials, and have been reported to be synthesized by molten-salt-assisted 
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CVD [40] and epitaxial growth [41, 42]. Another representative binary 2D material, hex-

agonal boron nitride (hBN), has been synthesized through exfoliation methods [43, 44], 

CVD [45] and epitaxial growth [46]. Ternary TMD (e.g., MoxW2-xS2, Cr2Ge2Te6) and metal 

phosphorous trichalcogenides (MPT, e.g., MnPS3, CrPS4) are mainly prepared using CVD 

[47] and chemical vapor transport (CVT) methods [48, 49]. MXenes are also ternary 2D 

materials and their synthesis usually adopts a strategy of selectively etching out some lay-

ers in the MAX phase precursor [22], where “M” denotes an early transition metal, “A” a 

group IIIA or IVA element, and “X” the carbon or nitrogen. Alternatively, preparation of 

ternary MXene has also been explored using CVD [50]. By comparison, the synthesis of 

multi-element 2D materials are underexplored. Notwithstanding, there are works showing 

that some multi-element 2D materials can be effectively prepared by CVD [40].  

1.2.1   Preparation of Multilayer 2D Thin Films  

Synthesized 2D monolayers are usually deposited on substrates or dispersed in liquid or 

solvent, whereas multilayer 2D material thin films composed of hundreds to thousands of 

monolayers in thickness direction can be fabricated into freestanding devices. Dmitriy et 

al. first proposed flow-directed assembly of GO nanosheets to prepare paper-like GO thin 

films [18]. The interlocking-tile structure of GO nanosheets makes the film outperform 

many other thin film materials in stiffness (32GPa in average) and strength (~120MPa). 

Since then, a wide variety of multilayer 2D material thin films have been prepared and 

studied. For example, reduced graphene oxide (rGO) thin films with thickness of about 

6.5μm were obtained by reducing the prepared GO paper with HI and acetic acid [51]; the 

hBN thin films with thickness from 10μm to 100μm were produced by vacuum filtration 

of the hBN solution prepared by liquid exfoliation [52]. Besides, introducing functional 
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groups in the nanosheets in multilayer 2D thin films can be of interest in improving thermal 

or chemical properties of the films [17, 53].  

The approaches to preparing multilayer 2D material thin films mainly include drop-

casting, spin-coating and vacuum filtration. The drop-casting method is simple and easily 

operated. Some amount of 2D material solution is dropped onto the substrate and heated to 

evaporate the water, forming films with micron-sized thickness [54]. However, one prob-

lem in this method is that the film thickness is not strictly uniform after the film is dried, 

due to the “coffee ring” effect that causes thicker edges of a dried coffee drop. Appropriate 

selection of the substrate may alleviate this effect by suppressing the concentration of 

nanosheets on the edge [55]. In the spin-coating method, 2D material nanosheet solutions 

are spin-coated in high spinning speed for 0.5~2mins and dried in an oven in appropriate 

temperature [56, 57]. This method can prepare films with small thickness and high uni-

formness. The vacuum filtration method uses nanoporous membrane to filtrate 2D material 

solutions based on that the liquid can permeate through the membrane while 2D nanosheets 

are obstructed ending up with forming a thin film [58]. In this method, the thickness of the 

resulting film can be precisely controlled by both the solution concentration and filtration 

volume. Apart from the methods mentioned above, spray-coating [59] and dip-coating [60] 

are also used to prepare large-area 2D material thin films. 

During the preparation process, introducing ions, molecules and micro-components as 

crosslinkers into multilayer 2D material thin films is a significant and effective tool to tune 

mechanical properties of the film. For example, a small amount of divalent alkaline earth 

metal ions (Mg2+ and Ca2+) can tightly bind to carboxylic acid groups at the edges of 2D 

nanosheets and effectively enhance the strength of the thin film [61]. This strategy needs 
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the participation of oxygen-containing functional groups and can be readily applied to GO 

and MXene films. Alternatively, polymer can induce esterification reactions which create 

strong crosslinks between nanosheets. There are many options for polymer crosslinkers 

such as poly(vinyl alcohol) (PVA) [62]. An important parameter that influences crosslink-

ing is the length of the polymer chain, as too short chains may not bridge adjacent 

nanosheets while too long chains cannot induce sufficient esterification [63]. Furthermore, 

one-dimensional (1D) materials (e.g., carbon nanotube, silver nanowire) can be introduced 

to reinforce 2D nanosheet films through shear interaction and entanglement forces [64, 65]. 

This strategy does not necessarily require functional groups on the basal plane of 

nanosheets and can be applied to a broad variety of 2D materials including rGO films. 

 

1.3    Mechanical Test and Modeling 

Mechanical characterization of 2D material thin films is the primary concern of engineers 

when these films are used in applications with complicated and extreme mechanical envi-

ronments such as flexible electronic devices, ion sieving (desalination) and strain sensors. 

The performance of 2D monolayers is basically determined by their elastic modulus, fail-

ure strength and fracture toughness, whereas multilayer thin films also need to bear shear 

loading and interfacial interaction in some cases. Some common tests for characterizing 

mechanical properties of 2D material thin films will be discussed in this section. 

1.3.1   Uniaxial Tension Test 

Uniaxial tension test is the simplest and most basic one to measure elastic modulus and 

fracture properties of a specimen in engineering. When applied to ultrathin 2D materials, 

however, the usual uniaxial tension tester is difficult to firmly grip the thin films. Besides, 
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due to the small dimensions of 2D material specimen, testers of high precision in measuring 

film deformation and reaction force are also required.  

To characterize fracture behavior of graphene, Zhang et al. used a homemade platform 

consisting of a micromechanical device and a nano-indenter to apply tensile loading on the 

graphene sample with a central pre-crack cut by focused ion beam (FIB) [66]. The testing 

process can be closely monitored by real-time scanning electron microscope (SEM) obser-

vation. The test results show that classic Griffith fracture theory can be applied to the brittle 

fracture of graphene, and the measured fracture toughness and facture energy of graphene 

are 𝐾𝐼𝑐 = 4.0MPa√m and 𝐺𝑐 = 15.9Jm
−2 , respectively. Although the film used in this 

work was bilayer graphene, the measured results are expected to be consistent with those 

for monolayer graphene due to the weak interlayer interaction. Cao et al. used a push-to-

pull micromechanical device to test intact single-crystal graphene monolayer (without pre-

crack) synthesized by CVD [67]. The measured Young’s modulus is about 1TPa which is 

close to the theoretical limit, with high fracture tensile strength 50~60GPa and wide elas-

tic strain up to ~6%. These results indicate that large-area single-crystal graphene, even 

with edge defects, can display near ideal mechanical performance. With the similar exper-

imental devices, researchers also tested Ag nanowire/graphene hybrid films [68] and mul-

tilayer graphene films (10~1000 layers) [69]. The fracture strength of multilayer graphene 

films is found to decrease with film thickness, presumably resulting from increasing num-

ber of defects and the weak interfacial interaction between graphene nanosheets.  

1.3.2   Bulge Test 

Bulge test, also known as blister test, is a method to measure mechanical properties of 

homogeneous thin films in tension, such as Young’s modulus, Poisson’s ratio, adhesion 
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energy and residual stresses (eigenstress). In bulge test, uniform pressure (gas/liquid pres-

sure) is applied on a thin film window over a hole in substrate (Fig. 1.3a, b). The deflection 

of the thin film approximately obeys power laws with respect to the applied pressure. Me-

chanical properties of the thin film can be obtained by fitting experiment data based on the 

known scaling laws. In contrast to the uniaxial tension test, the bulge test measures aver-

aged in-plane properties of the thin film and is usually applied to homogeneous materials. 

For ultrathin films, especially 2D monolayers, the gripping problem in uniaxial tension test 

will no longer be a concern in the bulge test, since the interfacial adhesion is much larger 

than film bending stiffness (per volume) so that interfacial sliding can be neglected.  

 

 

Fig. 1.3. Bulge tests. (a) The initial configuration [70]. (b) The bulged configuration [70]. (c) The 

partially bulged configuration in the island/post bulge test [73]. 

 

Koenig et al. designed a bulge test device where a silicon oxide chamber was sealed by 

a graphene film with the initial internal and external pressures being both equal to 𝑝0 [70]. 

Then the device was moved to an environment with the pressure below 𝑝0 so that the gra-

phene would bulge up. Due to the impermeability of graphene to gases [71, 72], the number 

of gas molecules in the chamber can be considered as constant during the bulging process. 

By minimizing the free energy of the system and applying ideal gas law, the graphene/sub-

strate adhesion energy can be obtained as a function of the film deflection. A variant of this 



13 

 

bulge test, with an additional island in the chamber center (Fig. 1.3c), was developed to 

study bulge state instability when the external pressure changed [73]. With the external 

pressure being below a critical pressure, the graphene film bulges into an annular blister. 

If the pressure continues to decrease, the central part of graphene film will delaminate from 

the island and a common spherical blister will form. Before the pressure difference across 

the film is large enough to cause further delamination on the outer edge of the chamber, 

the transition from annular to spherical blister is reversible [74]. This method can also be 

applied to other 2D material thin films, for both monolayer and multilayer [75, 76]. 

Note that the method to estimate adhesion energy through bulge test does not need the 

knowledge of elastic modulus of the film. After the central deflection is measured, the 

elastic modulus can be calculated according to the Hencky’s solution [77]. 

1.3.3   Membrane Indentation Test 

The membrane indentation test is such that an indenter (usually with a spherical or flat tip) 

is pressed onto a freestanding thin film/membrane clamped on the edge, as shown in Fig. 

1.4a. For the convenience of operation and theoretical analysis, the thin film is usually 

chosen to be circular, and the indentation position is in the center of the film.  

Theoretical study on this problem was done by E. Schwerin in 1929 following the 

works of A. Föppl and H. Hencky on the deformation of membrane under uniform pressure. 

For linear elastic thin films under small load or large pretension, a linear stage dominates 

where the indentation force is linear in the deflection of the thin film (i.e., 𝐹~𝛿); otherwise, 

the applied indentation force is found to be cubic in the deflection, i.e., 𝐹~𝛿3 [78-82]. To 

fully solve the stress and deformation distributions in the indented film, the Föppl-Hencky-

von Kármán equations for membrane and plate with large-deflection should be used.  
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The spherical tip indenter problem was solved for incompressible, hyperelastic mem-

brane materials allowing large rotation and large strains [83]. This problem is governed by 

three first-order ordinary differential equations and only numerical solutions can be ob-

tained. For substantially thick or soft films, however, local deformation of the thin film 

near the indenter tip should also be taken into account. Basically, this part can be approxi-

mated by superimposing the Hertz contact solution to the Schwerin deflection solution to 

obtain the total indenter displacement [84]. 

 

 

Fig. 1.4. Membrane indentation test. (a) A membrane indented by a spherical tip indenter [84]. (b) 

Suspended graphene sheet indented by AFM tip [85].  

 

The membrane indentation test can be used to measure in-plane homogeneous mechan-

ical properties of 2D material thin films indented by microscopic tip (Fig. 1.4b). Since the 

indentation force and central deflection can be measured in experiment, material properties 

like Young’s modulus can be obtained by fitting experiment data with the established mod-

els. C. Lee et al. used the fitting equation combining the linear with the cubic stages in the 

deflection process to determine the 2D elastic modulus and pretension of graphene mono-

layer [5]. The Young’s modulus was found to be as high as 𝐸 = 1.0 ± 0.1 TPa. The ulti-

mate strength and third-order elastic modulus can be accordingly obtained as 𝜎m = 130 ±

10GPa and 𝐷 = −2.0 ± 0.4TPa, respectively. Few-layer graphene with thickness between 
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2 and 8nm was tested using the same method, and an averaged elastic modulus of 0.5TPa 

was obtained for eight different samples [85]. As monolayer and few-layer 2D materials 

are ultrathin and their bending stiffness is negligible, the deformation due to the interaction 

between the indenter tip and suspended 2D nanosheets can be substantial and will affect 

the estimation on second- and third-order moduli by membrane indentation test [86]. How-

ever, for paper-like multilayer 2D material thin films, the effect of interfacial interaction 

can be neglected compared with that of film bending stiffness.  

1.3.4   Lap Shear Test 

Lap shear test is a common experimental method to measure the adhesive properties be-

tween two bonded strips (i.e., the adherends) under shear loading. Sometimes the thickness 

of the adhesive layer is so small that it can be neglected, so the two strips are considered to 

interact through adhesive interfaces. There are mainly two types of lap shear test configu-

rations: double lap joint and single lap joint (Fig. 1.5a, b). Theoretically, the double lap 

joint can be regarded as two single lap joints bonded in mirror if the two adherends have 

the same geometry and are made of the same material. In this case, the single lap joint setup 

is more convenient for theoretical analysis and thus more widely adopted.  

 

 

Fig. 1.5. Lap shear test. (a) Double lap shear configuration. (b) Single lap shear configuration.  

 

The lap shear problem was first systematically investigated by M. Goland and E. Reiss-

ner [87] considering the pure elastic adherends. Forces applied on the joint and stress 
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distributions in the joint were solved for two extreme cases: thin adhesive layer and thick 

adhesive layer. Hahn then extended the classic problem to the one with dissimilar ad-

herends [88]. By considering the plasticity of the adhesive, Hart-Smith obtained explicit 

closed-form solution to the adhesive shear stress distribution [89]. Three failure modes can 

be identified: adherend bending failure due to eccentricity in load path, peel failure due to 

transverse tension and shear failure of the adhesive. M. Tsai and J. Morton corrected some 

errors in the Goland-Reissner theory and took the Poisson effect into account [90].  

Like the bulge test discussed in subsection 1.3.2, the lap shear test is another effective 

method to measure the interfacial adhesion between 2D nanosheets and the substrate. How-

ever, applying lap shear test to monolayer 2D materials is very challenging, because it is 

difficult to attach both sides of the 2D nanosheet to the adherends firmly without large area 

of gaps. Nevertheless, it is feasible to conduct lap shear test for 2D material composite thin 

films (e.g., polymer-graphene composite). For example, the graphene-embedded compo-

site adhesives have been widely tested and studied using the lap shear method [91-93]. On 

the other hand, lap shear tests using multilayer GO and MoSe2 thin films as adhesives have 

also been implemented to measure the fracture energy of multilayer 2D material thin films 

[94]. The fracture energy was found to exceed that needed to delaminate ordered stacks of 

continuous 2D nanosheets, presumably due to energy dissipation and chaotic crack motion 

during nanosheet film disassembly at the crack tip. 

1.3.5   Peeling Test 

Peeling test is another method that can be used to measure interfacial properties like inter-

facial strength and toughness. The standard configuration of peeling test contains a thin 

film adhered to a flat substrate and peeled by a force on the end (Fig. 1.6a). The peel force 
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is usually within the plane perpendicular to the crack front and may orients with different 

peeling angles which are the angle between the peel force and substrate surface. For pure 

elastic thin films, K. Kendall developed a classical model describing the steady state peel-

ing process from the energy point of view [95]. Dissipation energy due to plastic bending 

of the thin film was then considered to extend Kendall’s model to the case of elastic-plastic 

thin film [96, 97]. One result of the plastic term is that the minimum peel force for an 

elastic-plastic thin film will occur with a peeling angle less than 180°, while in Kendall’s 

model the peel force is minimum with the peeling angle of 180°. The reason for this dif-

ference lies in that, large peeling angle basically results in large moment on the crack front 

and small critical peel force, while in the case of elastic-plastic thin film, it also induces 

more plastic dissipation and less change in adhesive energy. The two competing factors 

contribute to a minimum peel force at the peeling angle less than 180°. Except the classic 

configuration, the peeling test has some other variants, like the T peeling test and double 

cantilever beam peeling test, which will not be discussed in detail here. 

 

 

Fig. 1.6. Peeling test. (a) Schematic diagram of the peeling of an elastic thin film on substrate. (b) 

Peeling of a tape from the substrate with rGO paper as the adhesive [100]. 
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It is difficult to prepare apparatus of the standard peeling test for monolayer 2D mate-

rials, as the peel force that can be applied on the edge of 2D nanosheets is too small to peel 

the film off the substrate. To avoid this problem, the configuration with a multiwalled car-

bon nanotube attached on graphene was adopted [98]. The end of the carbon nanotube was 

attached to an atomic force microscope (AFM) cantilever and peeled off from graphene. In 

another configuration, with the assistance of a scanning electron microscope (SEM) nano-

probe and a metal disk, MoS2 multilayers were peeled to form a circular truncated cone 

[99]. This method, however, might not be applicable to the 2D monolayers attached to the 

substrate more tightly than to the metal disk. For paper-like multilayer 2D material thin 

films, the standard peeling test becomes feasible. For example, thermally reduced graphene 

oxide layers were peeled off from polymer substrate in the mixed mode of rGO-rGO co-

hesive failure and rGO-substrate adhesive failure (Fig. 1.6b) [100]. The percentage of the 

two failure modes can be measured with image processing technique, and the correspond-

ing failure energies can be determined based on established mathematical models.  

 

1.4    Numerical Investigation Tools 

There are a variety of numerical approaches that have been used to study mechanical, elec-

tronic, magnetic and thermal properties and behavior of 2D material thin films. These tools 

are suitable for different systems in different scales. 

In the atomic scale, density functional theory (DFT) simulations can be utilized to ob-

tain electronic structures, properties of crystal lattice, and mechanical deformation of mon-

olayer or few-layer 2D materials under static loading. DFT simulations are based on first 

principles and quantum mechanical modeling, and powerful in predicting the intrinsic 
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properties of nanoscale 2D materials when experimental data are difficult to obtain [101]. 

However, the computational cost increases amazingly with the number of simulated atoms 

due to the curse of dimensionality. Therefore, for larger systems with more atoms or large 

molecules, molecular mechanics (MM) and molecular dynamics (MD) methods find their 

applications in simulating deformed configuration and movement as well as predicting dy-

namic properties of the systems [102, 103].  

When the scale further increases, MM and MD simulations will encounter the same 

problem of rapidly increasing computational cost as DFT method does. On the other hand, 

the behavior of individual atom or molecule becomes insignificant to the whole system, 

and instead the averaged meso- or macro-scale response is of primary concern. In this sit-

uation, phase field method can be a good choice, especially for problems with complex 

material morphologies and interfaces, such as grain growth and coarsening, as well as crack 

propagation [104-106]. In this method, grain boundaries and crack surfaces in 2D materials, 

which are difficult to deal with in continuum models, can be represented by a phase field 

that smoothens the discontinuities over a small region [107-109]. Evolution of the discon-

tinuities is governed by a system of partial differential equations. The phase field method 

is sometimes combined with finite element methods (FEM). The latter turn out to be effec-

tive and powerful tools to study the macroscale behavior of 2D material thin films. 

 

1.5    Outline of the Present Work 

In the light of the excellent performance of 2D materials in various fields, novel applica-

tions combining with superior properties of 2D materials are worth more scientific and 

engineering attentions. In this dissertation, the potential applications of 2D material thin 
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films in functional wearable devices is focused and a specific function of concern is mos-

quito bite prevention. Theoretical modeling and numerical simulation were taken, together 

with existing experiment results, to reveal the capability of the graphene-based thin films 

in preventing mosquito bite as well as the underlying mechanisms. These tools and testing 

methods provide effective protocols for searching 2D material candidates for mosquito/in-

sect bite prevention. 

One prospective feature of functional wearable devices is the integration of flexible 

photovoltaics and electronics to achieve visual interaction interface, telecommunication 

and real-time health sensing, among others. In this aspect, the application of graphene has 

been limited due to the lack of electronic bandgap, but graphene nanoribbon was found to 

exhibit tunable bandgap the size of which inversely scales with the ribbon width [110]. 

Although many efforts have been done to synthesize nanoribbons of graphene and its de-

rivative heterolayers using different strategies [111-113], it is still difficult to achieve the 

production in large scale for practical applications. This problem will be discussed in this 

dissertation by developing effective theories and models for the novel mechanical nanofab-

rication technologies that were developed recently and potential to produce 2D nanorib-

bons in large scale.  

The rest of this dissertation will be organized as follows. 

In Chapter 2, graphene-based thin film barriers were proposed to prevent mosquito 

bites. Mechanical properties and breathability of two graphene-based thin films (GO and 

rGO) in both dry and wet states were investigated through theoretical modeling and simu-

lations, together with experiment results. The capability of the two films in preventing 

mosquito biting includes the effects of molecular and mechanical barriers. How to balance 
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the strength and breathability of the barriers in both dry and wet environments is the key 

problem to design feasible wearable devices with mosquito bite prevention. 

In Chapter 3, the shear stability of two kinds of 2D material thin films, i.e., multilayer 

GO and MoSe2 films, was studied through the lap shear test. The 2D material thin films of 

different thickness were sandwiched between two polymer adherends which were applied 

with lap shear loading. Based on a cracked lap shear model and finite element calculation, 

a shear-to-tensile failure mode transition was proposed to explain the experiment phenom-

enon that the critical shear forces for GO and MoSe2 films exhibit distinct dependence on 

film thickness in the studied range. The modeling and simulation also imply that the ex-

traordinary fracture energies of the multilayer films are associated with the mixed cohesive 

and interfacial failure mode. This study is useful for us to understand the mechanical be-

havior of 2D material thin films under shear when embedded in wearable devices. 

In Chapter 4, a necking-affected shear lag model was developed to explain the con-

trolled fragmentation of monolayer 2D materials embedded in a fiber cladding or attached 

on a substrate, both made of ductile polymer. By applying uniaxial tension, the neck local-

ized in the cladding/substrate will propagate and cause ordered fragmentation of 2D 

nanosheets near the necking zone. It turns out that the stress distribution in nanosheets 

predicted by conventional shear lap model will be affected by the neck, and a peak tension 

will occur near the neck front, leading to sequential fragmentation in nanosheets. The frag-

mentation size can be tuned by changing the interfacial shear strength and geometrical 

dimensions. This study provides a potential solution to the large-scale production of 2D 

material nanoribbons which may promote development of flexible electronics in wearable 

devices.  
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In Chapter 5, the works introduced in this dissertation will be summarized and the key 

messages from the results obtained in these studies will be reviewed. Based on the com-

pleted works, some extended potential directions that are undergoing and to be done will 

be briefly introduced.  
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Chapter 2    Strong and Breathable Graphene Barriers 

for Mosquito Bite Prevention 

 

2.1    Introduction 

The experiment parts in this chapter were designed and performed by our collaborator Prof.  

Robert H. Hurt group (including Cintia Castilho and Muchun Liu) at Brown University. 

Mosquitos are one of the world’s most important and dangerous vectors for the trans-

mission of infectious diseases such as malaria, zika, yellow fever and dengue fever [114-

116]. Mosquito-borne illnesses affect nearly 700 million people with over 1 million global 

deaths each year. According to the World Health Organization (WHO), more than 400,000 

deaths were caused by malaria in 2015 alone. The dengue cases and associated deaths in 

many regions like Southeast Asia and South America have witnessed new highs in the past 

few years. 

Mosquito is naturally endowed with capabilities of sensing, biting and sucking blood 

through human skin: 1) it can detect carbon dioxide plume from human breathing as far as 

10 to 50 meters away; 2) at closer distance, it takes volatile chemical substances from hu-

man sweat as clues for tracking; 3) within about 20 centimeters the thermal and moisture 

plume can be detected by mosquito [117, 118]. Mosquito’s long and sharp fascicle can bite 

through thin fabric and even soft polymer membranes. People are often bitten by mosquitos 

carrying viruses without any awareness until symptoms appear. At present, mosquito bite 

prevention relies almost exclusively on various categories of chemical repellents (e.g., di-

ethyltoluamide (a.k.a. DEET), Icaridin and Ethyl butylacetylaminopropionate), most of 

which are to different degrees toxic to human, especially pregnant females and babies, as 
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well as to the ecosystem. Another problem is that mosquitos can develop resistance to 

chemical repellents and reduce the efficacy of chemical repellents [119]. 

In contrast, a physical-based approach to mosquito bite prevention has the advantages 

of being less toxic, more environmentally friendly, sustainable and cost effective without 

the need to address the drug resistance problem. However, many fabrics are not physically 

protective to mosquito bite due to the sparse yarns and insufficient mechanical property to 

resist mosquito biting. Considering the physical features of functional wearable devices 

and outstanding mechanical properties of 2D materials, it is of great interest to explore if 

graphene-based thin films can serve as barriers to prevent mosquito fascicle penetration.  

Two graphene-based thin films, i.e., GO and rGO film, were prepared as candidates for 

mosquito bite prevention. The freestanding GO thin films were obtained through drop-

casting [54] of homogenous colloidal suspensions of GO nanosheets prepared by a modi-

fied Hummers’ method [120]. The dispersed GO nanosheets have lateral sizes ~1μm and 

a C/O atomic ratio of ~2.1. The polymer substrates were cut into squares, washed with 

ethanol and treated with pure oxygen plasma to facilitate wetting. The GO suspension was 

drop-cast onto substrates which were then dissolved in DCM, and the freestanding GO 

films were used after washed with DCM, acetone and ethanol in sequence. The rGO thin 

films were obtained by reducing the prepared GO films. The reduction was carried out by 

exposing the GO films to HI vapor at 85°C for 1 to 5 minutes. The exposure time was var-

ied according to the thickness of the film. A beaker with 2mL of HI was heated to the 

specified temperature and the films were then placed on a layer of cheesecloth on top of 

the beaker and exposed to HI vapor. The films were rinsed with ethanol to remove residual 

HI and dried in an oven at 60°C. 
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2.2    Breathability of Graphene-Based Thin Films 

A significant consideration for wearable materials is the breathability which measures how 

fast the water vapor permeates through the material under specific conditions. A well 

breathable thin film allows fast evaporation of sweat secreted by human skin and does not 

bring uncomfortable feeling to the wearer. Since the paper-like graphene-based thin films 

have the brick-and-mortar structure where the nanosheets are stacked in an interlocked way, 

the interlayer gallery spacing makes it possible for water molecules to permeate across the 

films. Furthermore, it turns out that the interlayer spacing of GO films in wet environment 

can be expanded to some extent [17], promoting the passing of water molecules. The gra-

phene-based thin films with high water permeation above a critical value are considered as 

breathable films in this study.  

To measure the permeation rate of water molecules (and toxicant molecules in the air) 

across graphene-based thin films, a breathability measurement device (Fig. 2.1a) was de-

signed where water vapor concentration gradients on the two sides of the thin film could 

be controlled [121]. This device consists of an inner vessel containing water as the recep-

tacle for collecting soluble molecules. The inner vessel is capped with an opened glass 

cover and a copper plate with a 1cm hole for the GO films placed in between the vessel 

and the cover. O-rings are used to further seal the system. An outer vessel creates the sim-

ulated atmosphere and is placed in a thermostatic bath to control temperature during the 

experiment. The outer vessel is mechanically stirred using a fan while the inner vessel is 

mechanically stirred using a magnetic stir bar (stir plate is shown in black under the vessels 

in Fig. 2.1a), ensuring that the transport resistances are minimized and only the film re-

sistance is measured. The simulated atmosphere in the outer vessel is created by passing 
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dry air through a column of water. The water permeation is measured gravimetrically. The 

thin film is supported by a copper plate and fixed on the plate using an adhesive. A layer 

of aluminum foil is then used to further seal the system. No mass loss was detected after 6 

hours at 𝑇 = 20°C, confirming the lack of cracks and holes in the graphene films as well 

as the quality of the seals in the device. 

 

 

Fig. 2.1. Breathability measurement of GO thin films [121]. (a) The home-made devices for breath-

ability measurement (the top and middle) and the diagram showing the molecule permeation paths 

(the bottom). The inner vessel in the top contains a liquid water inventory and serves the source of 

simulated perspiration. (b) Breathability of GO films with different thicknesses. Toxicant mole-

cules can be obstructed in most cases while water molecules can pass through GO films freely with 

a much larger breathability than the standard (the dashed line).  

 

By using the permeation measurement device, one can measure the breathability for 

different 2D material thin films. Note that the water permeation rate value of 2000 g m−2 ⋅ 

day−1 is the commonly cited minimum standard to define a breathable fabric [122]. The 

experiment results show that in wet state GO films with thickness ranging from 10nm to 
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10μm have a thickness-independent breathability, more than one order higher than the 

standard value (Fig. 2.1b) [121]. 

 

2.3    Experimental Tests for Biting Resistance 

To test whether GO and rGO thin films are effective barriers to mosquito biting and also 

to reveal the underlying mechanisms, we conducted mosquito biting test and microneedle 

penetration test. The former test provides phenomenological results, which will be ana-

lyzed by combining the thin film mechanical response obtained from the latter test with the 

mathematical modeling results which will be introduced in detail in section 2.4.  

2.3.1   Mosquito Biting Test 

In the mosquito biting test, captive pathogen-free Aedes aegypti mosquitos were raised in 

a homemade mosquito enclosure with the environment of controlled temperature and hu-

midity. During the test, rectangular skin patches of typical area 4~6cm2 were exposed for 

5-min intervals to batches of ~100 mosquitos in the enclosure while being monitored by 

video microscopy and macrophotography. Mosquito behavior (landings, residence times, 

head positions indicating penetration, and abdominal swelling/red coloration indicating 

blood feeding) were observed for bare and graphene-coated skin patches (Fig. 2.2a-c). Bite 

numbers were determined by postexposure skin examination confirmed by video review 

of head positions and abdominal swelling. 

Fig. 2.2d shows example raw data on bite counts (bites per 5-min experiment) presented 

in the order in which the randomized trials were performed. Bare skin and cheesecloth-

covered skin experiments were conducted as controls, with the cheesecloth (a thin, loose-

weave fabric) being used to hold graphene films directly against the skin. Compared with 
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the control groups, no bites were recorded during any experiment with dry GO films. Ba-

sically, the results for dry rGO films are the same as those for dry GO films. These results 

imply that in dry state (equilibrated with laboratory room air measured at 51% relative 

humidity) GO and rGO thin films can effectively prevent mosquito bites. 

 

 

Fig. 2.2. Mosquito biting tests for bare skin, cheesecloth, GO and rGO thin films. (a) Typical mos-

quito behavior observed during bare skin control experiments. (b, c) Mosquito landing behavior on 

GO thin films in dry and wet states, respectively. (d) Example raw data on bite counts presented in 

the order in which the randomized trials were performed. (e) Experimental statistics on mosquito 

contact frequency on dry and wet graphene films compared to control experiments. (f) Plot of mos-

quito biting frequency on dry and wet graphene films compared to control experiments. 

 

However, when the GO and rGO thin films were in wet state (smeared with human 

sweat or water), this barrier effect failed to protect the skin from detection of mosquito. On 

the contrary, mosquitos contacted the films with frequencies even higher than those in the 

controls, as shown in Fig. 2.2e. This is because human sweat and water can be attractive to 
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mosquitos. Mosquitos have olfactory and gustatory receptors that can sense the chemical 

attractants from human sweat, which were trapped beneath the impermeable graphene-

based thin films in dry state. Nevertheless, from the biting frequency data shown in Fig. 

2.2f, the wet rGO films could still resist mosquito biting probably due to their good me-

chanical strength. The GO films after absorbing water, however, converted to mechanically 

soft hydrogels that became nonprotective. 

2.3.2   Microneedle Penetration Test 

To explore the mechanism of persistent resistance of wet rGO films to mosquito bite, the 

microneedle penetration test was implemented. In this test, a microneedle was driven to 

indent and penetrate the film suspended over a hole of 0.5cm in diameter and clamped 

between two plexiglass supports. The movement of the needle was stopped after the film 

was penetrated. The penetration force and tip displacement were tracked during the test. 

The critical penetration force (CPF), defined as the maximum indentation force during the 

loading, indicates the resistance of the film to the tip indentation. Since the loading was 

assumed to be quasi-static and the radius of needle tip was much smaller than the film size, 

a membrane indentation model [79-83] (Fig. 2.3a) could be adopted to relate the measured 

CPF to the insertion force associated with mosquito bite. 

Fig. 2.3b shows an example indentation force data in terms of indenter displacement. 

The initial part is characterized by a load-free stage with small fluctuation, because there 

are always some imperceptible gaps between the indenter tip and the surface of thin film. 

Once the tip contacts the film surface, the indentation force increases in a power-law way. 

After the point of the CPF, the load drops immediately and remains at a small value due to 
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friction. This phenomenon shows that the graphene-based thin films fail and fracture in 

quite a brittle way.  

 

 

Fig. 2.3. Microneedle penetration test and experiment results. (a) Schematic diagram of the mi-

croneedle penetration model. (b) The histories of indentation force with respect to tip displacement 

for four samples.  

 

2.4    Modeling and Simulation 

To help understand the mechanical response of GO/rGO films in needle penetration tests 

and to validate the mechanical barrier hypothesis, we adopted a continuum membrane 

model where a circular, elastic membrane with clamped edges was indented by a rigid 

spherical indenter at the center (Fig. 2.3a). Both mathematical formulation and finite ele-

ment simulations were implemented for the membrane indentation model.  

2.4.1   Membrane Indentation Model 

In the membrane indentation model, the membrane is assumed to be linearly elastic until 

failure occurs when the maximum tensile stress in the membrane reaches a critical value. 

To reduce the complexity of the problem and to be consistent with experiment setups, the 

following simplifications were made without losing essential features: (1) In modeling the 

GO/rGO films as a thin membrane, we neglected the effect of bending which is insignifi-

cant compared to membrane tension since the thickness of thin films in test was at least 
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two orders smaller than the other dimensions; (2) The membrane boundary was assumed 

to be perfectly clamped, which is expected to provide a lower bound to the CPF in case 

some boundary sliding occurs; (3) The indenter tip was assumed to be rigid as the defor-

mation of the tip is usually negligible compared to that of a flexible membrane. 

Even though the size of the indenter tip is much smaller than the membrane radius, its 

effect on the membrane stress distribution cannot be ignored. By assuming that the indenter 

tip has the radius 𝑟𝑡, the membrane can be divided into two regions: the contact region 0 ≤

𝑟 ≤ 𝑟𝑐 where 𝑟𝑐 is the radius of contact area, and the free region 𝑟𝑐 < 𝑟 ≤ 𝑎 (Fig. 4b) with 

𝑎 being the membrane radius. The contact region is loaded by the pressure 𝑝(𝑟) from the 

indenter tip, and the outer edge of the free region is clamped.  

 

Table 2.1. Dimensional and dimensionless quantities in the membrane indentation model. 

Dimensional variables Dimensionless variables 

Radial coordinate 𝑟 𝜌 = 𝑟/𝑎 

Radius of indenter tip 𝑟𝑡 𝜌𝑡 = 𝑟𝑡/𝑎 

Radius of contract area 𝑟𝑐 𝜌𝑐 = 𝑟𝑐/𝑎 

Membrane thickness ℎ 𝐻 = ℎ/𝑎 

Axial deflection 𝑤 𝑊 = 𝑤/𝑎 

Radial displacement 𝑢 𝑈 = 𝑢/𝑎 

Stress components 𝜎𝑟, 𝜎𝜃 𝑆𝑟 = 𝜎𝑟/𝐸, 𝑆𝜃 = 𝜎𝜃/𝐸 

Indentation/Penetration force 𝐹, 𝐹𝑝 𝐹̅ = 𝐹/(𝐸𝑎2), 𝐹̅𝑝 = 𝐹𝑝/(𝐸𝑎
2) 

Pressure in contact area 𝑃 𝑃 = 𝑝/𝐸 

 

Föppl-Hencky membrane theory [77], which can also be obtained from von Kármán 

equations by neglecting the bending terms, was adopted to model the indented membrane. 

With the introduction of dimensionless variables listed in Table 2.1, the out-of-plane/axial 

equilibrium equation and the compatibility equation can be expressed as [78, 79]: 
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−𝐻𝑆𝑟(𝜌)
d𝑊(𝜌)

d𝜌
=
1

𝜌
∫ 𝑃(𝜌)𝜌d𝜌
𝜌

0

,                                       (2.1) 
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𝜕

𝜕𝜌
[𝜌2𝑆𝑟(𝜌)]} +

1

2
[
d𝑊(𝜌)

d𝜌
]

2

= 0.                                 (2.2) 

The normalized circumferential stress component 𝑆𝜃 can be obtained through the in-

plane/radial equilibrium equation: 

𝑆𝜃(𝜌) =
d

d𝜌
[𝜌𝑆𝑟(𝜌)].                                                    (2.3) 

Then the normalized radial displacement 𝑈 can be calculated as 

𝑈(𝜌) = 𝜌𝜀𝜃(𝜌) = 𝜌[𝑆𝜃(𝜌) − 𝜈𝑆𝑟(𝜌)]                                     (2.4) 

where 𝜀𝜃 is the circumferential strain component and 𝜈 the in-plane Poisson’s ratio. 

In the contact region 0 ≤ 𝜌 ≤ 𝜌𝑐 , the normalized membrane deflection 𝑊  is deter-

mined by the indenter tip profile which is commonly assumed to be spherical: 

𝑊(𝜌) = 𝑑̅ + √𝜌𝑡
2 − 𝜌2, 0 ≤ 𝜌 ≤ 𝜌𝑡 ,                                  (2.5) 

where 𝑑̅ is the normalized downward displacement of the indenter tip (by membrane radius 

𝑎). Actually, the tip profile can be of a more complex form using the present method, the 

case of which will be discussed in subsection 2.5.4. Substituting Eq. (2.5) into Eq. (2.2) 

and integrating the resulting equation twice yield 

𝑆𝑟(𝜌) = −
𝜌𝑡
2 − 𝜌2

8𝜌2
ln(𝜌𝑡

2 − 𝜌2) +
4𝑐1 − 1

8
+
𝑐2
𝜌2
                            (2.6) 

where 𝑐1 and 𝑐2 are constants. Since the radial stress component is finite at the center of 

the membrane, we have the condition 𝑆𝑟(0) < ∞, which leads to 

𝑐2 =
𝜌𝑡
2 ln 𝜌𝑡
4

.                                                           (2.7) 

In the free region 𝜌𝑐 < 𝜌 ≤ 1, the axial equilibrium Eq. (2.1) can be expressed as 
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−𝐻𝑆𝑟(𝜌)
d𝑊(𝜌)

d𝜌
=

𝐹̅

2𝜋𝜌
                                                 (2.8) 

where the normalized indentation force 𝐹̅ = ∫ 𝑃(𝜌) ⋅ 2𝜋𝜌d𝜌
𝜌𝑐
0

. Combining Eq. (2.8) and 

Eq. (2.2) yields 
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The solution to Eqs. (2.8) and (2.9) can be written in the form of polynomial series as 

𝑊(𝜌) = 𝑄
1
3∑𝑎𝑛 (1 − 𝜌

4𝑛+2
3 )

∞

𝑛=0

,                                     (2.10a) 
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∞
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                                          (2.10b) 

where 𝑄 = 𝐹̅/(2𝜋𝐻) is a dimensionless loading variable. {𝑎𝑛} and {𝑏𝑛} are coefficients 

whose values can be determined through Eqs. (2.8) and (2.9) together with the boundary 

condition on the outer edge of the membrane. For the clamped boundary condition, 

𝑈(1) = [(1 − 𝜈)𝜌𝑆𝑟(𝜌) + 𝜌
2
𝜕𝑆𝑟(𝜌)

𝜕𝜌
]
𝜌=1

= 0.                          (2.11) 

The corresponding values of the first few entries in the coefficient arrays {𝑎𝑛} and {𝑏𝑛} are 

listed in the Table 2.2 for two values of Poisson’s ratio. 

 

Table 2.2. Values of coefficient series {𝑎𝑛} and {𝑏𝑛} for different Poisson’s ratios. 

𝜈 = 0.17 𝜈 = 0.30 

𝑎0 1.817 𝑏0 5.50 × 10−1 𝑎0 1.817 𝑏0 5.50 × 10−1 

𝑎1 6.05 × 10−2 𝑏1 −5.50 × 10−2 𝑎1 1.45 × 10−2 𝑏1 −1.31 × 10−2 

𝑎2 5.18 × 10−3 𝑏2 −2.35 × 10−3 𝑎2 2.96 × 10−4 𝑏2 −1.35 × 10−4 

𝑎3 5.75 × 10−4 𝑏3 −2.00 × 10−4 𝑎3 7.87 × 10−6 𝑏3 −2.74 × 10−6 

𝑎4 7.21 × 10−5 𝑏4 −2.14 × 10−5 𝑎4 2.36 × 10−7 𝑏4 −7.00 × 10−8 
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At the boundary between the contact and free regions, three continuity conditions should 

be satisfied: 

[
d𝑊

d𝜌
]
𝜌=𝜌𝑐

−

= [
d𝑊

d𝜌
]
𝜌=𝜌𝑐

+

,                                             (2.12a) 

[𝑊]𝜌=𝜌𝑐
− = [𝑊]𝜌=𝜌𝑐

+ ,                                                (2.12b) 

[𝑆𝑟]𝜌=𝜌𝑐
− = [𝑆𝑟]𝜌=𝜌𝑐

+                                                  (2.12c) 

where (−) and (+) represent quantities on the point within the contact and free regions, 

respectively. The Eq. (2.12a-c) is used to determine the values of the normalized contact 

radius 𝜌𝑐, constants 𝑑̅ in Eq. (2.5) and 𝑐1 in Eq. (2.6). Once these variables are obtained, 

the displacement and stress fields in the contact and free regions can be calculated from 

Eqs. (2.3) - (2.7) and (2.10). 

In the present membrane indentation problem, it turns out that the radial stress compo-

nent monotonically decreases from the center to the edge of the membrane. Eq. (2.3) indi-

cates that 𝑆𝜃 is smaller than 𝑆𝑟 everywhere except at the center where we have 𝑆𝑟 = 𝑆𝜃. 

Therefore, the maximum tensile stress in the membrane corresponds to the radial stress at 

the center 𝑆𝑟(0). According to the maximum tensile stress criterion, we have 

𝑆𝑟(0) ≤ 𝑆𝑡                                                           (2.13) 

where 𝑆𝑡 = 𝜎𝑡/𝐸 is the normalized tensile strength of the membrane. The corresponding 

indentation force is taken as the CPF of the membrane. 

It can be verified that the above solution to our membrane indentation problem con-

verges to the classical Schwerin’s solution [80] to the problem under a point load. Fig. 2.4a 

compares Schwerin’s solution, finite element (FE) results and our analytical solution. 
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Relevant FE setups will be introduced in the subsection 2.4.2. Note that FE simulations 

will encounter convergence problems as the tip radius becomes very small. In Fig. 2.4b, 

the penetration forces predicted by the analytical solution are in good agreement with the 

FE results. There is some difference in radial stress in the large deformation regime due to 

the intrinsic approximations of Föppl-Hencky membrane theory. 

 

 

Fig. 2.4. Responses of an indented freestanding membrane. (a) The central deflection of the mem-

brane for different tip radii. The solution converges as the tip radius goes to zero. (b) The histories 

of indentation force and radial stress at the center obtained from the analytical model and FE sim-

ulations. 

 

Note that, in the analytical solution, Eq. (2.12a-c) does not ensure smoothness in the 

radial stress and continuity in the radial displacement at the edge of the contact area. The 

reason lies in that the polynomial series in Eq. (2.10) are approximate solutions to the gov-

erning equations. Nevertheless, the present analytical solution should be applicable for the 

problem in hand since the radial displacement is expected to be very small in our cases. 

2.4.2   Finite Element Simulation 

FE analysis was performed to verify the mathematical modeling and take more sophisti-

cated configurations into account. An axisymmetric FE model (Fig. 2.5a) was implemented 

in the commercial FE analysis software Abaqus (Dassault Systèmes Simulia Corp., 
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Providence, RI) to investigate the effect of a hyperelastic substrate, which mimics human 

skin, on the CPF 𝐹𝑝. The bottom of the substrate was fixed, while the lateral boundaries of 

the substrate and edges of the membrane were free. A spherical indenter tip moved down-

ward at the center of the membrane. Hard contact in the normal direction and frictionless 

interaction in the tangential direction were applied to the interfaces between the tip and the 

membrane as well as between the membrane and the substrate.  

 

 

Fig. 2.5. Effects of hyperelastic substrate on the indentation force of thin film. (a) The FE model 

of the tip-membrane-substrate system (b) Indentation force for different substrate stiffness coeffi-

cients. The values of 𝐶10 = 0 and 𝐶10/𝐸 = 0.006, where 𝐸 is the membrane Young’s modulus, 

correspond to the cases without and with substrate, respectively. (c) Critical penetration forces for 

different substrate stiffness coefficients. The inset shows the details when 𝐶10 is small. The mem-

brane thickness is assumed to be ℎ/𝑎 = 0.002, where 𝑎 is the membrane radius, in all cases in (b) 

and (c). (d) Changes of critical penetration force with truncations on the membrane size. 

 

The Young’s modulus 𝐸 of the membrane was estimated by nonlinear fitting with mi-

croneedle penetration experiment data. A cubic power law between the CPF and central 

deflection can be identified in the theoretical model [79-80], and then utilized for the fitting 
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process. The average fitted Young’s moduli of GO/rGO films (2.28GPa/2.55GPa) are 

lower than previously reported values [18, 123-125] probably due to differences in GO/ 

rGO nanosheet sizes, drying conditions and reduction conditions (for rGO films). The Pois-

son’s ratio for GO/rGO films was taken as 𝜈 = 0.17, and small deviation from this value 

has been shown to have limited influence on the results (see subsection 2.5.3). 

The membrane element with zero bending stiffness was used to mesh the thin mem-

brane, and the indenter tip was treated as a rigid object. Other model parameters were taken 

from the needle penetration experiment for dry GO/rGO films (Table 2.3).  The substrate 

was assumed to obey the following Neo-Hookean constitutive law for an incompressible 

hyperelastic material: 

𝑈 = 𝐶10(𝐼1̅ − 3)                                                       (2.14) 

where 𝑈 is the strain energy per unit volume in the reference configuration, 𝐶10 is a coef-

ficient associated with the stiffness of the substrate, and  𝐼1̅ = 𝜆̅1
2 + 𝜆̅2

2 + 𝜆̅3
2  is the first 

invariant of the deviatoric strain tensor where 𝜆̅𝑖, 𝑖 = 1,2,3  are deviatoric principal 

stretches in the substrate. The stiffness coefficient of stratum corneum of human skin 𝐶10 =

13.8 MPa [126] was used in this study. The freestanding membrane model serves as a ref-

erence to be compared with the model with substrate. 

 

Table 2.3. Parameters in the needle penetration tests and membrane indentation model. 

 
Young’s mod-

ulus (GPa) 
Poisson’s ratio 

Membrane 

thickness (µm) 

Membrane ra-

dius (mm) 

Tip radius 

(µm) 

GO film 2.28* 0.17† 0.5–5.0 2.5 9.0 

rGO film 2.55* 0.17† 0.5–5.0 2.5 9.0 

* Obtained by fitting experimental data 

† Values reported in literature [127] 
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Fig. 2.5b shows the comparison between the freestanding membrane case and sup-

ported membrane cases with the membrane tensile strength taken to be 𝜎𝑡/𝐸 = 0.05. The 

central membrane deflection of the substrate in all supported membrane cases is only 1/16 

or less of that in the freestanding membrane case. The corresponding CPFs are plotted in 

Fig. 2.5c. The freestanding membrane case has the lowest penetration force, implying that 

the membrane without support of substrate is the most vulnerable to penetration of a sharp 

tip. The CPF in supported cases decreases approximately linearly with the stiffness coeffi-

cient 𝐶10 of the substrate, and the point representing the freestanding case also lies close to 

this line. In particular, the penetration resistance of the thin membrane with human skin is 

almost twice that in the freestanding case. Fig. 2.5d confirms that the predicted penetration 

force is not sensitive to the selected membrane size in the model as along as the membrane 

radius is sufficiently large compared with the tip radius.  

 

2.5    Results and Discussion 

2.5.1   Fitting Young’s modulus of GO/rGO films 

Young’s modulus of GO/rGO film is a significant material parameter and may vary in a 

broad range due to different preparation conditions [18, 123-125]. The value of Young’s 

modulus of GO/rGO film can be estimated by fitting the microneedle penetration experi-

ment data and taking advantage of the membrane penetration theoretical model.  

In the indentation force plot of a GO film sample shown in Fig. 2.6a, the loading pro-

cess starts from the contact between the indenter tip and the membrane, indicated by the 

abrupt increase in indentation force, and ends with the failure of the membrane. However, 
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it is difficult to identify when the indenter tip touches the membrane surface directly from 

the plot. Here, we utilize the scaling law between indentation force 𝐹 and membrane cen-

tral deflection 𝑤0 to determine the moment of contact. For a thin membrane, the indenta-

tion force scales with the central deflection following the law [79, 80] 

𝐹

𝐸𝑎2
= 𝑔(𝐸, 𝜈, 𝑎, ℎ, 𝑟𝑡) (

𝑤0
𝑎
)
𝜉

                                           (2.15) 

where 𝜉 = 3 and the function 𝑔 depends on material and geometrical parameters of the 

membrane as well as the tip radius.  Our membrane indentation model and FE simulations 

(Fig. 2.4b) also support this scaling law, with the fitted exponents 𝜉 = 3.01 and 𝜉 = 2.94, 

respectively. Therefore, for each force curve, we can adjust the starting point such that the 

curve fits best with that predicted by the cubic scaling law, as shown in Fig. 2.6b-d. 

 

 

Fig. 2.6. Scaling laws in the indentation force from microneedle penetration experiment. (a) Inden-

tation force for GO paper with thickness ℎ = 1𝜇𝑚. Data points 1, 2, 3 are three potential starting 

points of the loading process. (b-d) Loading processes with points 1, 2, 3 taken as starting points, 

respectively. The exponents 𝜉 are obtained by fitting experimental data with Eq. (2.15). Point 2 

with 𝜉 = 2.91 is the closest point to the true starting point of the loading process. 
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After the starting and ending points of the loading process have been determined, the 

experimental data of indentation force versus central deflection can be used to estimate the 

Young’s modulus of GO/rGO film through the following least square fitting: 

Find    𝐸fit 

Min.    𝑆 =∑[𝑤0𝑖
∗ − 𝑤0(𝐹𝑖

∗; 𝐸fit)]
2

𝑘

𝑖=1

 

s. t.      𝑤0 = 𝑀(𝐹),   𝑖 = 1,  …𝑘                                      (2.16) 

where 𝐸fit denotes the fitted Young’s modulus and 𝑆 the sum of squared residue between 

the measured and calculated values of central deflection.  (𝐹𝑖
∗, 𝑤0𝑖

∗ ) represents the 𝑖-th pair 

of indentation force versus central deflection data extracted from experiment, and 𝑘 is the 

number of data points in the loading process. The membrane central deflection 𝑤0 in re-

sponse to the indentation force 𝐹 is predicted by the membrane indentation model denoted 

as 𝑀(⋅). The final value of Young’s modulus is taken as the average of the fitted values for 

samples with different thicknesses. The fitting results of Young’s modulus for GO/rGO 

film are listed in Table 2.3. 

2.5.2   Results on Penetration Force 

With the micromechanical model introduced above, we can extrapolate the CPFs from the 

measured values for microscale needles to the values expected for the submicron mosquito 

fascicle. From our analytical and FE results, the CPF behaves linearly with tip radius under 

the same membrane strength (Fig. 2.7a). Further, the lines in Fig. 2.7a should pass through 

the origin if considering the limit of tip radius approaching zero. The slopes of these lines 

can be determined from needle penetration experiment data for at least one tip radius. Then 
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the insertion force of mosquito to penetrate the same membrane can be extrapolated using 

the tip radius of mosquito fascicle. Based on the results from our needle penetration exper-

iment, the insertion force of mosquito to penetrate a 1.0μm thick GO/rGO film is estimated 

to fall in the range of 100~500μN assuming the tip radius of mosquito fascicle to be 

0.1~0.5μm [128]. Considering the idealization of the clamped boundaries in our model, 

the real forces needed in practice could be even larger. Since the insertion forces of mos-

quito to penetrate human skin are only 10~20μN [126], the above calculation suggests that 

the 1μm thick GO/rGO films can prevent fascicle insertion of mosquito and accordingly 

supports the mechanical barrier hypothesis.  

 

 

Fig. 2.7. Results from the theoretical membrane penetration model and finite element simulations. 

(a) Linear relationships between the critical penetration force and indenter tip size. The membrane 

thickness is taken as ℎ/𝑎 = 4 × 10−4. (b) Variations of penetration force with different film thick-

nesses for GO-rGO films in the dry state. Dashed lines for experimental data are used for reference 

to show the linear relationships. 

 

Membrane thickness is an important parameter for designing smart fabrics against mos-

quito bites. Under the assumption of a thin membrane with negligible bending stiffness, 

the CPF predicted from our membrane indentation model is linearly proportional to the 

film thickness, in agreement with the needle penetration experiments and FE simulations 
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(Fig. 2.7b). This can be understood from the fact that the indentation force 𝐹 and membrane 

thickness ℎ can be grouped into a dimensionless variable 𝑞 =
1

2𝜋𝐸𝑎
(
𝐹

ℎ
), where 𝑎 is the 

membrane radius. With the help of such a linear relationship and the experiment results for 

1.0μm thick GO/rGO films, the required force for mosquito to penetrate a 0.5 μm thick 

film is estimated to be within 50~250 μN, which is still far above the typical range of force 

that mosquito exerts in penetrating human skin.  

In some situations, GO/rGO films may be supported directly on the skin rather than in 

freestanding state. FE simulations have shown that the penetration forces in the presence 

of skin support are significantly larger than that in the freestanding case. Therefore, the 

freestanding model provides a safe, lower bound design for graphene-based protective 

wearable devices.  Overall, this membrane indentation model provides theoretical support 

for the experimental observation that dry GO/rGO films of 0.5~5.0μm thickness can be 

sufficiently stable mechanical barriers to mosquito fascicle insertion.  

2.5.3   Effect of Poisson’s Ratio 

In our FE simulations and theoretical analysis, we have taken the Poisson’s ratio of 

GO/rGO film to be  𝜈 = 0.17 [127]. It will be shown in this subsection that the detailed 

choice of  𝜈 will not significantly affect our conclusions.  

Different Poisson’s ratios are considered in both FE and theoretical models with the 

freestanding membrane (Fig. 2.8a, b). The relationships between indentation force and cen-

tral deflection are shown in Fig. 2.8a with the membrane tensile strength of 𝑆𝑡 = 0.19. It 

can be observed that the maximum difference in central deflection between the cases of 

Poisson’s ratios 𝜈 = 0.1 and 𝜈 = 0.4 is less than 10% in both FE and theoretical results.  
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Fig. 2.8. Effect of Poisson’s ratio on mechanical responses of a freestanding membrane under in-

dentation. (a) Indentation force for different Poisson’s ratios. The normalized membrane thickness 

is taken as 𝐻 = ℎ/𝑎 = 2𝜁 where 𝜁 = 2 × 10−4 is the reference thickness. (b) Effect of Poisson’s 

ratio on the penetration force for different membrane thicknesses. 

 

Fig. 2.8b shows that the CPFs do not exhibit significant dependence on Poisson’s ratio. 

This insensitivity can be clearly found in the FE results for membrane thicknesses of 𝐻 =

𝜁 and 2𝜁. For relatively large thicknesses of 𝐻 = 5𝜁 and 10𝜁, the CPFs increase slightly 

with Poisson’s ratios. However, compared with the results for 𝜈 = 0.1, the increases in 

CPF are all within 10%.  

2.5.4   Effect of Indenter Tip Shape 

If the indentation depth is much smaller than the radius of indenter tip, the tip profile can 

be approximated by a spherical or hyperbolic shape with the same radius of curvature at 

the apex of the tip. However, in the large indentation deformation cases, the contact region 

will cover a large portion of the indenter tip, and the stress distribution under the indenter 

tip will be sensitive to the shape of the tip. Compared with the existing solutions [78, 82, 

129], the solution introduced in subsection 2.4.1 can be easily extended to indenter tip 

profiles of more complex forms without too many additional efforts.  

Here we assume the tip profile to have a power-law shape:  
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𝑓(𝜌) =
𝜌𝑛

𝑛Λ
, 0 ≤ 𝜌 ≤ 𝜌𝑡 ,                                          (2.17) 

where 𝑛 is a positive real number and Λ is a shape factor. When 𝑛 = 1 and Λ is a positive 

constant, the tip in Eq. (2.17) reduces to a conical indenter; when 𝑛 = 2 and Λ = 𝜌𝑡, the 

tip becomes a hyperbolic or approximately spherical shape; and when 𝑛 → ∞ and Λ =

𝜌𝑡
𝑛−1, flat punch indenter can be obtained (Fig. 2.9a). For some irregular tip profiles, certain 

number of power-law terms in Eq. (2.17) with different 𝑛 values can be superimposed to 

fit the given profiles. However, the present solution only allows the contact region to ex-

pand continuously starting from the center, which means that the tip profile must be de-

scribed by a convex function. 

By adopting the tip profile in Eq. (2.17), the deflection of the membrane in the contact 

region 0 < 𝜌 < 𝜌𝑐 can be written as 

𝑊 = 𝑑̅ −
𝜌𝑛

𝑛Λ
                                                         (2.18) 

and the radial stress in the membrane as 

𝑆𝑟 =
𝑐1
2
−

𝜌2𝑛−2

8𝑛(𝑛 − 1)Λ2
.                                               (2.19) 

In the noncontact region, the deflection and radial stress are of the forms 

𝑊 = 𝑞
1
3 ∑ 𝑎2𝑚−1 (1 − 𝜌

4𝑚+2
3 )

∞

𝑚=0

,                                       (2.20) 

𝑆𝑟 =
3

2
𝑞
2
3 ∑ 𝑏2𝑚−1𝜌

4𝑚−2
3

∞

𝑚=0

,                                            (2.21) 

respectively. Like the derivation process in subsection 2.4.1, applying the boundary and 

continuity conditions Eqs. (2.11) and (2.12) results in the following system of equations 

which can give a closed-form solution: 
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{
 
 
 
 
 

 
 
 
 
 ∑(4𝑚 + 1 − 3𝜈)𝑏2𝑚−1

∞

𝑚=0

= 0,

2

3
𝑞
1
3𝛬 ∑(2𝑚 + 1)𝑎2𝑚−1𝜌𝑐

(4𝑚−3𝑛+2) 3⁄

∞

𝑚=0

= 1,

𝑑̅ = 𝑊+(𝜌𝑐) +
𝜌𝑐
𝑛

𝑛𝛬
,

𝑐1 = 2𝑆𝑟
+(𝜌𝑐) +

𝜌𝑐
2𝑛−2

4𝑛(𝑛 − 1)𝛬2
.

                          (2.22) 

 

 

Fig. 2.9. Indenter tips with power-law shapes. (a) The tip profiles with different powers. (b) The 

deformed configurations of thin film for different shapes of indenter tip. (c) The vertical pressure 

distributions under the tip for different shapes of indenter tip. (d) The evolution of maximum radial 

stress in the thin film for different shapes of indenter tip.  

 

Fig. 2.9b shows the deflection distribution of the membrane for different shapes of 

indenter tip. The tip profile has little influence on the deformation outside the contact area 

if the indentation load is the same. Therefore, the maximum membrane deflection is mainly 

             

 2 = 1/6.4

 2  = 1/4

 2  = 1/2.5  2  = 1/2

 2  = 1/1.56
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determined by the tip profile in these cases. In addition, it can be found from Fig. 2.9b that 

the contact area increases with the value of 𝑛, or decreases with the sharpness of the tip. 

The pressure distributions in the contact area are shown in Fig. 2.9c. When the tip ap-

proaches to be conical (i.e., 𝑛 → 1), corresponding to a point-load problem, the pressure is 

singular in the center of the membrane. In experiment, however, plastic zone will form near 

the tip and help reduce stress concentration. With a small value of 𝑛, the maximum pressure 

occurs in the center of the membrane; while for a blunter tip, the maximum pressure posi-

tion will move to the edge. As 𝑛 increases from 1 to 10, the pressure distribution curves 

transform from a convex to concave shape when 𝑛 is about 2, and transform to the convex 

shape again when 𝑛 continues to increase.  

Since no friction is considered between the indenter tip and the membrane, the maxi-

mum membrane radial stress always occurs in the center whatever tip profiles are adopted. 

Fig. 2.9d shows how the maximum stress changes with loading for different tip profiles. 

During the loading process, the maximum stress increases rapidly in the beginning stage, 

but the increasing rate slows down as the indentation force gets larger, due to the reason 

that as the membrane is bulged, the resistance of the membrane to vertical load is enhanced. 

The curves of maximum stress can be approximately fitted using the scaling law  

𝜎𝑟
𝐸
= 𝜁1 (

𝐹

𝐹0
)
𝜁2

                                                       (2.23) 

where 𝜁1 and 𝜁2 are constants for a given tip profile. Specifically, for the hyperbolic or 

approximately spherical tip profile (i.e., 𝑛 = 2), the square root relation holds between the 

maximum radial stress and the indentation force. Besides, for a blunt indenter tip (e.g., 𝑛 >

2), the distribution of maximum radial stress is insensitive to the tip profile and only has 

small changes when 𝑛 increases from 2 to 10.  
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2.6    Summary 

Considering the superior mechanical properties and functionality of graphene-based thin 

films, the possibility of applying GO/rGO films to wearable devices with mosquito bite 

prevention was explored by combined methods of experiment, theoretical modeling and 

numerical simulations in this chapter. The fundamental interaction between graphene-

based films and the globally important mosquito species, Aedes aegypti, was focused as a 

representative example study.  

Live mosquito tests show that dry GO/rGO films can serve as effective molecular bar-

rier to mosquito bite, benefiting from the good impermeability of graphene monolayers and 

the compact stacking of nanosheets. The skin-associated molecular attractants were trapped 

beneath these graphene-based thin films and thus unavailable to mosquitos’ olfactory and 

gustatory receptors. However, in wet environments such as films smeared with human 

sweat or water, the effect of molecular barrier became invalid, and the films failed to pro-

tect the skin from mosquito bite.  

The results from microneedle penetration test show that rGO films remain some me-

chanical resistance even in wet environment. To estimate the resistant capability of wet 

rGO films to mosquito bites quantitatively, the membrane indentation modeling and asso-

ciated finite element simulations were conducted. It turned out that the freestanding rGO 

films with thickness of 0.5μm could serve as a mechanical barrier to mosquito bite, imply-

ing that the same films attached on the skin or fabrics are safer from mosquito bite. The 

wet GO films, however, became hydrogel state and too soft to resist mosquito bites.  
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The GO and rGO thin films can be potential candidates to the mosquito bite resistant 

materials used in wearable devices, yet some challenges remain to be solved. For example, 

the breathability of rGO films is relatively poor even in wet state; wet GO films easily 

disintegrate under small mechanical loading, though they have good breathability. Methods 

to increase breathability while remaining mechanical properties and those to enhance me-

chanical performance while remaining breathability (e.g., crosslinking) need to be devel-

oped to solve these problems. Relevant studies will be done in the future.  
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Chapter 3    Shear Resistant 2D Material Thin Films for 

Wearable Devices 

 

3.1    Introduction 

The experiment parts in this chapter were designed and performed by our collaborator Prof. 

Robert H. Hurt group (including Cintia Castilho and Yiheng Xie) at Brown University. 

It is clearly promising to integrate 2D material thin films in wearable devices consid-

ering the excellent properties of these films such as conductivity and breathability. How-

ever, the responses of these thin films under complex mechanical loadings are 

underexplored, which limits the application of 2D material thin films in relevant fields. 

When embedded in wearable devices, the 2D material thin films are supported by and 

attached to the network frames formed by fabrics or other fiber materials. Under stretch, 

bending and distortion of the wearable devices in daily life, the embedded thin films will 

be exerted by combined forms of loading. The membrane indentation test exhibits the per-

formance of 2D material thin films in stretching and bending, while it is still unknown how 

their behavior is under shear loading and how the failure happens on the interfaces with 

other solids. These questions will be discussed in this chapter through the lap shear test.  

On the other hand, the interlayer cohesion energies of few-layer 2D crystal films are 

reported to be in the range of 50~500 mJ/m2 [130, 131]. By comparison, these values are 

much lower than the fracture energies of polymers that are typically toughened by covalent 

bonding and chain entanglement [132, 133]. Therefore, the interlayer toughness is an im-

portant limitation to the practical applications of 2D materials. In addition, the interfacial 

adhesion energy between 2D materials and solid substrate is also of the same significance. 



50 

 

This study will also investigate the cohesive and adhesive (interfacial) failures of multi-

layer 2D material films.  

 

3.2    Methods and Models 

By adopting the lap shear test where 2D material thin films serve as the adhesive and pol-

ymer plates as the adherends, the shear deformation and interfacial failure behavior of the 

films can be characterized by experimental means. Two representative thin films prepared 

from liquid phase deposition, GO and MoSe2 films, were adopted in the experiment. A lap 

shear model with a pre-crack in the adhesive was developed to explain the distinct behavior 

of GO and MoSe2 films as well as the extraordinary fracture energies of multilayer 2D 

material thin films compared with their few-layer counterparts. 

3.2.1   Characterization and Experiment 

The GO and MoSe2 thin films were prepared from aqueous stock suspensions using drop 

casting method. The GO suspensions were obtained by a modified Hummers’ method [120] 

and the MoSe2 suspensions by organolithium chemical exfoliation [134]. The nanomaterial 

aqueous suspensions were drop-casted onto a cleaned polyester substrate strip of 

5cm × 0.5cm, and the dimensions of the multilayer film were 2cm × 0.5cm. Immediately 

after, an identical polyester strip was placed above the suspension. The GO samples were 

then left to dry for 48h at room temperature (22°C), or inside an oven at 60°C to 70°C. The 

MoSe2 samples were left to dry for 48h at room temperature inside a glove box. 

The thicknesses of the thin films range from 0.2 to 5μm. Lateral dimensions charac-

terized by SEM are 0.5~2.0μm  for GO and < 0.4μm  for MoSe2 (Fig. 3.1a, b). The 
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volume-weighted average lateral sizes are 1.0μm for GO and 0.36μm for MoSe2. Both 

films have the similar structures as reported before [18].  

The overlap region of the polymer substrate strips contains the nanosheet film. The free 

ends of the two polymer strips were grasped in the tester and stretched uniaxially in con-

stant speeds. Tests were performed at speeds from 0.01 to 1mm/min, and results show no 

significant effect of loading speed within this range. 

 

 

Fig. 3.1. Characterization and lap shear tests of GO and MoSe2 thin films. (a, b) SEM images of 

as-produced GO and MoSe2 nanosheets on silicon surfaces. Scale bar, 1𝜇𝑚. (c) Measured critical 

forces and maximum shear stresses for GO and MoSe2 films of varying thicknesses. Data is pre-

sented as mean ± s.e.m. (d) Fracture energies for GO and MoSe2 films of varying thicknesses. Data 

is presented as mean ± s.e.m. All tests were performed at speed of 1𝑚𝑚/𝑚𝑖𝑛. 

 

Two failure modes can be identified via the digital optical scanning: the cohesive fail-

ure occurred within the thin film and the interfacial failure occurred along the interfaces. 

In fact, most samples show a mixed mode failure. From the load-displacement data, we can 
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calculate the fracture energy of the thin film. The results (Fig. 3.1d) show that GO films 

have basically higher fracture energies than MoSe2 films, probably due to larger aspect 

ratio of GO nanosheets and more frictional energy dissipation. However, an obvious phe-

nomenon is that the GO and MoSe2 films show the opposite behavior on critical shear force 

and fracture energy with respect to the film thickness (Fig. 3.1c, d). Besides, the fracture 

energies of the two films are much larger than interlayer cohesion energies of few-layer 

2D crystal films, and close to fracture energies of polymers. This may be due to the energy 

dissipation and chaotic crack motion during nanosheet film disassembly at the crack tip. 

3.2.2   Lap Shear Modeling 

To explain the different dependence of GO and MoSe2 films on film thickness and under-

stand the failure mechanics of 2D material films under shear, a lap shear model with a pre-

existing edge crack within the adhesive was proposed (Fig. 3.2). Since multilayer 2D ma-

terial thin films are laminate materials comprising of massive stacking nanosheets, many 

defects such as voids and wrinkles exist in the films [124, 125], acting as microcracks and 

being ready to propagate under loading. Therefore, in the mechanical model the edge crack 

is used to simulate a critical defect (near the location of maximum local stress) in the thin 

film, which is thought to be responsible for the initiation of failure. Under lap shear loading 

conditions, stress concentration regions occur in the thin film near the corners attached to 

the middle part of substrate (denoted by red dots in Fig. 3.2, as opposed to the corners 

attached to the substrate edge). The edge crack was thus placed in the left half of the thin 

film on the consideration that cracks usually start to develop first in high stress regions. 

The distance from edge crack to the nearest film-substrate interface was kept constant 

based on the assumptions that microcracks are uniformly distributed and crack density is 
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the same for thin films of different thicknesses. The latter assumption is made because all 

the samples in experiment were prepared with the same method and in the same environ-

ment. Only one end of the thin film needs to be focused since the structure (excluding the 

edge crack) and boundary conditions are centrosymmetric about the film center. The struc-

tural deformation in width direction can be ignored (i.e., the model is assumed to be in 

plane-strain state), because the width of the structure is much larger than the thicknesses 

of the thin film and substrates. 

 

 

Fig. 3.2. The cracked lap shear model for finite element analysis. Defects like voids and wrinkles 

of nanosheets in the 2D material thin films act as pre-existing cracks on the edge. The cracks can 

be assumed to be uniformly distributed. Upon lap shear loading, the edge crack near the stress 

concentration zone starts to propagate first. 

 

3.3    Finite Element Implementation 

Due to the complicity of the cracked lap shear model, explicitly analytical solutions are 

difficult to seek. Therefore, finite element (FE) simulations were implemented to analyze 
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the fracture mechanics problem for the 2D material thin films in lap shear and study the 

effect of film thickness on the behavior of GO and MoSe2 films.  

3.3.1   Finite Element Setups 

A plane-strain single-lap FE model (Fig. 3.2) was built based on the commercial computer-

aided engineering software Abaqus (Dassault Systèmes Simulia Corp., Providence, RI). 

The geometry of the structure is consistent with that in experiment except that the aspect 

ratios of thin film and substrates are reduced to 1/50 of the original ones for the computa-

tional efficiency consideration without loss of the essential physics. Reduction in aspect 

ratio of the structure does not change our conclusions, and its effect will be discussed in 

subsection 3.4.5. 

 

Table 3.1. Parameters in the mechanical finite element model. 

Parameters and description Normalized parameters (value) 

*Length of substrate 𝑙 𝑙 ̅ = 𝑙/𝑙r (= 700) 

Width of substrate 𝑤 𝑤̅ = 𝑤/𝑙r (= 100) 

Thickness of substrate 𝑡 𝑡̅ = 𝑡/𝑙r (= 100) 

Young’s modulus of substrate 𝐸s 𝐸s̅̅ ̅ = 𝐸s/𝐸r (= 4.48 × 10
6 ) 

*Length of thin film 𝑙0 𝑙0̅ = 𝑙0/𝑙r (= 400) 

Width of thin film 𝑤0 𝑤0̅̅̅̅ = 𝑤0/𝑙r (= 100) 

Thickness of thin film 𝑡0 𝑡0̅ = 𝑡0/𝑙r (= 0.2~2.0) 

*Film modulus in parallel direction 𝐸p 𝐸p̅̅ ̅ = 𝐸p/𝐸r (= 2.28 × 10
6 ) 

Film modulus in normal direction 𝐸n 𝐸n̅̅ ̅ = 𝐸n/𝐸r (= 𝐸p̅̅ ̅, 10𝐸p̅̅ ̅, 100𝐸p̅̅ ̅ or 1000𝐸p̅̅ ̅) 

Crack size 𝑎 𝑎̅ = 𝑎/𝑙r (= 0.5, 1.0 or 2.0) 

Crack-to-interface distance 𝑑 𝑑̅ = 𝑑/𝑙r (= 0.1) 

*Prescribed displacement 𝛿 𝛿̅ = 𝛿/𝑙r (= 1.0) 

(Optional) Loading force 𝐹 𝐹̅ = 𝐹/(𝐸r𝑤̅𝑙r)  

* Values of the normalized parameters may vary in subsections 3.4.3 and 3.4.5. 
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Structural and material parameters used in the FE model are listed in Table 3.1. Me-

chanical properties of polymeric substrates were from the information provided by the ven-

dor and verified through uniaxial tension test, while properties of 2D material thin films 

were measured through membrane indentation experiment. Unless otherwise stated, me-

chanical properties of GO films are used for the thin film in the FE model, and the effect 

of different film properties will be discussed in subsection 3.4.4. In Abaqus, the parameters 

were normalized using the characteristic length 𝑙r = 1μm and reference modulus 𝐸r =

1kPa. All dimensionless variables are represented by symbols with a bar above. 

Both the thin film and substrates were meshed by 4-noded bilinear quadrilaterial, re-

duced integration, solid elements (CPE4R). At least 4 layers of elements were meshed 

along the film thickness. The mesh was refined in the film and substrate regions near the 

edge crack. Translational and rotational degrees of freedom of the edge of the left substrate 

in Fig. 3.2 were fixed, while for the edge of the right substrate, only transversal movement 

was fixed, and prescribed displacement was applied in the longitudinal direction. 

3.3.1   Results 

The catastrophic failure of the thin film is determined by the condition under which cracks 

in the film start to propagate. In the mechanical model, this condition was assumed to be 

the failure criterion for brittle materials: 𝐺̅ = 𝐺c̅̅ ̅ [105, 135] where 𝐺̅ and 𝐺c̅̅ ̅ are the energy 

release rate (ERR) and critical ERR of the edge crack tip, respectively. Here and in other 

parts, (∙)̅̅ ̅ stands for dimensionless variables. The assumption of the ERR-based failure cri-

terion is supported the experiment results that the film failure processes exhibit typical 

brittle failure features. Anisotropic materials are considered for the thin film in FEM 
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calculations since 2D material thin films generally have a smaller elastic modulus in the 

normal direction 𝐸n̅̅ ̅ compared to that in the parallel direction 𝐸p̅̅ ̅ [127]. Different modulus 

ratios of 𝐸p̅̅ ̅ 𝐸n̅̅ ̅⁄  are considered (Fig. 3.3a, b), and in particular, 𝐸p̅̅ ̅ 𝐸n̅̅ ̅⁄ = 1 represents the 

case of isotropic film material as reference. The calculated ERRs in all cases in Fig. 3.3a 

decrease with film thickness when the film is thin, while turn to increase for thicker films. 

This implies that the critical shear force at catastrophic failure of the thin film first increases 

and then decreases with film thickness, consistent with the observed experiment results for 

GO films (Fig. 3.3c). The ERR simulation results also show that compared to the isotropic 

film, responses of anisotropic thin films are more sensitive to film thickness.  

 

 

Fig. 3.3. Shear-to-tensile failure mode transition. (a) Energy release rates (ERRs) at the crack tip 

for films of different thicknesses. 𝐸𝑝̅̅ ̅ and 𝐸𝑛̅̅̅̅  denote elastic moduli of the film in the directions par-

allel and normal to the film basal plane, respectively. (b) Ratios of mode-I and mode-II stress in-

tensities of crack tip for films of different thicknesses. In all cases in (a, b), 𝐸𝑝̅̅ ̅ was chosen as 

2.28𝐺𝑃𝑎 [21] and the crack size as 𝑎̅ = 1.0. (c) Extended data on the critical shear forces for GO 

films of varying thicknesses. Data is presented as mean ± s.e.m. All tests were performed at testing 

speed of 1𝑚𝑚/𝑚𝑖𝑛. 

 

The upturn trend of the ERR curves in Fig. 3.3a, or the downturn trend of the critical 

shear force curve for GO film in Fig. 3.3c, can be explained by a shear-to-tensile failure 

mode transition. The ratio of stress intensities 𝐾I̅ 𝐾II̅̅ ̅̅⁄  (Fig. 3.3b) reflects the relative pro-

portion of the two driving force components (i.e., mode-I and mode-II ERRs) for the crack 
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propagation, from which we can identify the dominant failure mode in the thin film failure 

process. The simulation results show that shear failure mode dominates in small film thick-

ness regime, while tensile failure mode becomes more significant when the films are 

thicker. This failure mode transition can be identified in all cases of anisotropic film mate-

rials though is not obvious for the isotropic film material (𝐾I̅ 𝐾II̅̅ ̅̅⁄  being always greater than 

1). Besides, compared with the isotropic film, anisotropic films have a smaller proportion 

of tensile failure mode, probably due to their weaker stiffness and load-bearing capability 

in the normal direction.  

The modelling identifies two major contributions to the shear-to-tensile failure mode 

transition as film thickness increases: weakening substrate confinement on the edge crack 

and increasing rotational deformation near the film edge with film thickness. First, the two 

substrates confine the film from deforming in the normal direction though allow its shear 

deformation in the parallel direction. The calculated crack opening profiles (Fig. 3.4a) 

show that the substrate confinement on the edge crack is weakening as the film thickness 

increases. Therefore, for very thin films (i.e., film thickness smaller than the typical crack 

size), the confinement effect of substrate is very strong, which makes the crack fail mainly 

in shear mode. For thick films (i.e., film thickness greater than the typical crack size), how-

ever, the confinement effect of substrate is reduced, and the crack increasingly fails in ten-

sile mode. To better demonstrate the confinement effect of substrate, the lap shear model 

was reconsidered under the same conditions except the two substrates being set as rigid. In 

this scenario, we can exclude the influence of elastic deformation of substrate and focus 

our attention on how the thin film is constrained by the substrates. As shown in Fig 3.5, the 

driving force of crack tip under rigid substrate 𝐺rigid̅̅ ̅̅ ̅̅ ̅ is very high when film thickness is 
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small, implying that the crack opening is strictly confined. As film thickness increases, 

however, the driving force decreases dramatically and becomes flat gradually, which 

clearly characterizes the relaxation of confinement effect of substrate on the edge crack. 

On the other hand, the shear forces from two substrates are applied on the thin film in the 

opposite directions and cause rotational deformation of the joint part. The rotational defor-

mation increases with film thickness, resulting in larger load component projected in the 

normal direction and improved proportion of tensile failure mode.  

 

 

Fig. 3.4. The dependence of failure mode in lap shear test on the film thickness. (a) Edge crack 

openings for films of different thicknesses. The colors indicate von Mises stress distribution in the 

film. (b) Effect of crack size on the crack tip ERR and the shear-to-tensile failure mode transition. 

The film material with 𝐸𝑝̅̅ ̅/𝐸𝑛̅̅̅̅ = 100 was used. (c) Crack propagation direction in the film under 

lap shear loading conditions. The arrows indicate the directions of maximum opening stress in front 

of the crack tip. 
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The experimentally observed different critical shear force behavior for GO and MoSe2 

films (Fig. 3.1c) can be explained by the shear-to-tensile failure mode transition. The FEM 

results in Fig. 3.4b show the effect of edge crack size on the crack tip ERR. For a smaller 

crack size, the critical point of ERR curve moves toward left, implying that the film thick-

ness regime dominated by shear failure mode gets shrunk. This is because small edge 

cracks (compared with film thickness) cannot be confined by substrate as strictly as larger 

ones (see subsection 3.4.1) and thus prefer tensile failure. Since we assume that edge crack 

size is proportional to the feature size of 2D nanosheets (Fig. 3.2), the disparity between 

lateral dimensions of GO (~1µm) and MoSe2 (~0.36μm) nanosheets means that the crack 

size in MoSe2 film should be much smaller than that in GO film. Therefore, compared with 

the crack size in MoSe2 film, the thickness of MoSe2 film used in experiment is not small 

enough to induce a strong confinement effect of substrate. In other words, the failure in 

MoSe2 films is always dominated by tensile failure mode, and the measured critical shear 

force always decreases with film thickness in the studied regime in experiment.  

Given the lateral dimensions of 2D nanosheets, there always exists an optimum film 

thickness for the shear stability of 2D material thin films due to the shear-to-tensile failure 

mode transition. For films composed of small nanosheets, the film thickness should be as 

small as possible; whereas for those composed of relatively large nanosheets, the optimum 

thickness should be determined by the proposed model together with lap shear experiments. 

This optimal shear stability has potential applications in many fields, such as flexible elec-

tronics and wearable devices, where 2D material thin films act as adhesive or bridging part 

between substrates and primarily bear shear forces. One should also note that the present 

model cannot make quantitative predictions on the shear stability for various kinds of 2D 
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material thin films, because many other factors, such as intrinsic properties of 2D nanosheet, 

functional groups, water content [136] and surface roughness [137], can have complex ef-

fects that are difficult to be considered in the present model.  

The mechanical model with an edge crack in the thin film contains features of cohesive 

failure observed in experiment, while the post analysis on crack propagation can be used 

to further explain the phenomenon of interfacial failure (Fig. 3.4c). Since the edge crack is 

under a mixed mode (mode-I and mode-II) loading, the maximum opening stress direction 

in front of the crack tip is deflected clockwise from the normal direction, and the crack will 

propagate toward the film-substrate interface. The subsequent propagation path, however, 

depends on the sophisticated structural environment around the crack tip, as there will be 

many new defects created in the film or on the film-substrate interface under loading [138]. 

Without significant interference of defects and impurities the edge crack front will reach 

the interface and continue to propagate along the interface, forming interfacial failure of 

the thin film; otherwise, the crack may propagate following other random paths within the 

film if defects and weak nanosheet linkages are dense around the crack tip, forming cohe-

sive failure of the thin film.  

 

3.4    Discussion on Shear-to-Tension Transition 

The effects of some factors in FE simulations that may influence the fracture behavior of 

the films will be discussed in this subsection. These factors include the material properties 

and geometries of the thin film, substrate and edge crack. The shear-to-tensile failure mode 

transition may also be affected by the choice of these parameters.  
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3.4.1   Effect of Material Anisotropy 

The film is assumed to be anisotropic in the mechanical model due to its weaker properties 

in the normal direction than in the parallel direction. More specifically, the thin film is 

considered transversely isotropic, i.e., isotropic within the basal plane while possessing 

different modulus in the out-of-plane direction. Taking the loading direction as 𝑥, the di-

rection along width (inward) as 𝑦 and the normal direction as 𝑧 according to the right-hand 

rule, the constitutive relationship for the transversely isotropic film can be written as: 

𝝈 = 𝐂𝜺,                                                                (3.1) 

where 𝝈 = {𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧 , 𝜏𝑥𝑦, 𝜏𝑥𝑧 , 𝜏𝑦𝑧}
⊤

 and 𝜺 = {𝜀𝑥𝑥, 𝜀𝑦𝑦, 𝜀𝑧𝑧 , 𝛾𝑥𝑦, 𝛾𝑥𝑧 , 𝛾𝑦𝑧}
⊤

 are stress 

and strain vectors, respectively. The elastic matrix 𝐂 can be expressed as: 

𝐂 = [
𝐝11 𝟎
𝟎 𝐝22

]
−1

,                                                      (3.2) 

where 

𝐝11 = [

1 𝐸𝑥⁄ −𝜈𝑦𝑥 𝐸𝑥⁄ −𝜈𝑧𝑥 𝐸𝑧⁄

−𝜈𝑥𝑦 𝐸𝑥⁄ 1 𝐸𝑥⁄ −𝜈𝑧𝑥 𝐸𝑧⁄

−𝜈𝑥𝑧 𝐸𝑥⁄ −𝜈𝑥𝑧 𝐸𝑥⁄ 1 𝐸𝑧⁄

],                              (3.3a) 

𝐝22 = [

2(1 + 𝜈𝑥𝑦) 𝐸𝑥⁄ 0 0

0 1 𝐺𝑥𝑧⁄ 0

0 0 1 𝐺𝑥𝑧⁄

].                               (3.3b) 

In Eqs. (3.2) and (3.3), 𝐸𝑥 = 𝐸p and 𝐸𝑧 = 𝐸n are the moduli of the thin film in the parallel 

and normal directions, respectively; 𝜈𝑖𝑗  and 𝜈𝑗𝑖  (𝑖𝑗 = 𝑥𝑦, 𝑥𝑧) are Poisson’s ratios in 𝑖-𝑗 

plane with 𝜈𝑗𝑖 = 𝜈𝑖𝑗𝐸𝑗 𝐸𝑖⁄ ; and 𝐺𝑥𝑧 denotes the shear modulus of the thin film in 𝑥-𝑧 plane. 

The elastic matrix 𝐂  has five independent components; however, only two (𝐸𝑥 and 𝜈𝑥𝑦) 

can be determined using the present experimental tools. To investigate the effect of film 

elastic modulus in the normal direction (𝐸𝑧), we take different values of 𝜂 = 𝐸𝑥 𝐸𝑧⁄  with 
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𝐸𝑥 being fixed in FE simulations. For specific 𝜂, the values of 𝜈𝑥𝑧 and 𝐺𝑥𝑧 are determined 

from Table 3.2. Some results have been shown in Fig. 3.3. 

 

Table 3.2. Part of elastic constants of the thin film in FE simulations. 

𝜂 1 10 100 1000 

𝜈𝑥𝑦 𝜈𝑥𝑧⁄  1 2 4 16 

*𝐺𝑥𝑦 𝐺𝑥𝑧⁄  1 5 50 500 

* 𝐺𝑥𝑦 = 𝐸𝑥/2/(1 + 𝜈𝑥𝑦). 

 

3.4.2   Effect of Substrate Confinement 

The edge crack has different opening displacements in thin films with different thicknesses 

(Fig. 3.4a) due to the weakening confinement effect of the substrates on crack opening. 

This confinement effect can be best demonstrated by setting the substrates as rigid and 

focusing on the response of the edge crack. The crack tip ERR with rigid substrates (𝐺rigid̅̅ ̅̅ ̅̅ ̅) 

is a quantitative measure of the substrate confinement because strict substrate confinement 

on the crack in the normal direction leads to high ERR under the lap shear loading. 

Fig. 3.5 shows the crack tip ERR under rigid substrates for thin film materials of dif-

ferent anisotropy. In all cases, the ERR is much higher for small film thickness than that 

for relatively large film thicknesses. When the film is very thin, the opening displacement 

of the crack in the thin film is strictly confined by the rigid substrates, and tensile defor-

mation is thus very difficult to happen; whereas when the film is relatively thick, the sub-

strate confinement will be significantly reduced, and tensile failure mode will gradually 

become dominant in place of shear failure. 
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Fig. 3.5. The crack tip ERR for thin films of different anisotropic materials confined between rigid 

substrates. (a-d) The modulus ratio of thin film 𝐸𝑝̅̅ ̅/𝐸𝑛̅̅̅̅ = 1, 10, 100, 1000, respectively. In partic-

ular, the thin film material is isotropic for the case of 𝐸𝑝̅̅ ̅/𝐸𝑛̅̅̅̅ = 1. 

 

In all cases in Fig. 3.5a-d, the substrate confinement decreases dramatically with in-

creasing film thickness in the range of 𝑡0̅ < 0.5, and changes little as the film thickness 

continues to increase. Nonetheless, the maximum values of ERR under rigid substrate are 

prominently different in the four cases. Since the film modulus in the parallel direction 𝐸p̅̅ ̅ 

is fixed, the larger the modulus ratio of 𝐸p̅̅ ̅/𝐸n̅̅ ̅, the weaker the thin film in normal stiffness. 

Therefore, Fig. 3.5 indicates that for thin films made of weaker materials in the normal 

direction, the maximum value of 𝐺rigid̅̅ ̅̅ ̅̅ ̅ is smaller and the crack opening is less confined by 

the substrates, presumably due to the larger compliance of the thin film which facilitates 

larger normal deformation and causes smaller shear driving force near the crack tip. 
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3.4.3   Effect of Pre-crack Size with Rigid Substrates 

Since the nanosheet lateral dimension and crack size of MoSe2 films are much smaller than 

those of GO films, it is of great interest to study the influence of defect size on the substrate 

confinement for the two types of thin films and the shear-to-tensile failure mode transition.  

 

 

Fig. 3.6. Effect of crack size on crack tip ERR for films between rigid substrates. 

 

The effect of crack size on substrate confinement is shown in Fig. 3.6 by considering 

edge cracks of different sizes with rigid substrates. In all cases, the substrate confinement 

(i.e., the crack tip ERR with rigid substrate 𝐺rigid̅̅ ̅̅ ̅̅ ̅) is strong for films of small thickness, 

while much weaker for relatively thicker films. This provides evidence for the general ex-

istence of the shear-to-tensile failure mode transition for 2D nanosheets of different lateral 

dimensions when film thickness changes. 

In small film thickness regime (e.g., 𝑡0̅ < 0.5 in Fig. 3.6), the substrate confinement on 

crack opening is much weaker for smaller cracks, because the tensile deformation of small 

defects (compared with film thickness) in thin films cannot be effectively constrained by 

the substrates. This is consistent with our conclusion from experiment and simulation that 
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the thicknesses of MoSe2 films used in experiment are not small enough (compared with 

defect sizes in film) to induce strong substrate confinement, and thus no shear-to-tensile 

failure mode transition happens for MoSe2 films in our experiment. For the same reason, 

in the large film thickness regime in Fig. 3.6, all crack sizes are small by comparison and 

substrate confinements in all cases become very weak. 

3.4.4   Effect of Thin Film Stiffness 

Primarily determined by the mechanical and chemical properties of 2D nanosheets (e.g., 

intrinsic stiffness, and interlayer functional groups), MoSe2 and GO films have some dif-

ference in elastic modulus in the parallel direction (𝐸p̅̅ ̅). To demonstrate the effect of this 

difference, the crack tip ERR was calculated using different film moduli in the parallel 

direction (Fig. 3.7a). 

 

 

Fig. 3.7. Effect of film modulus in the parallel direction. (a) Variation of the ERR of crack tip with 

film thickness for different film moduli in the parallel direction. Here 𝐸𝑝
𝐺𝑂̅̅ ̅̅ ̅ denotes the modulus 𝐸𝑝̅̅ ̅ 

of the GO vdW film used in experiment. (b) Changes of critical film thickness (left axis) and cor-

responding ERR (right axis) for different film moduli in the parallel direction. 

 

The crack tip ERRs in all cases in Fig. 3.7a tend to decrease in small film thickness 

regime while increase in large film thickness regime, indicating that all the corresponding 



66 

 

critical shear forces first increase and then decrease with film thickness. The critical film 

thickness at which the minimum of the ERR curve locates is closely associated with the 

shear-to-tensile failure mode transition. From the results shown in Fig. 3.7b, the film mod-

ulus in the parallel direction has no significant influence on the failure mode transition in 

the sense that the critical film thickness changes slightly with the film modulus in the par-

allel direction. 

Fig. 3.7a also shows that when the thin film material is very soft (e.g., the case of 𝐸p̅̅ ̅ =

𝐸p
GO̅̅ ̅̅ ̅/5), the change in crack tip ERR after the minimum of the curve becomes inconsider-

able. Basically, this implies that for soft films as the adhesive, the shear stability and critical 

shear force will not be reduced significantly above a critical film thickness. This phenom-

enon has great potential in applications where 2D material thin films are embedded be-

tween substrates with rough surfaces. Since the films are prepared by drop-casting and 

drying the nanosheet suspensions between polymer substrates, the film thickness will also 

vary if the substrate surfaces are not flat. Nevertheless, if the thin film is soft enough, e.g., 

with relatively small modulus or porous structure, the average film thickness can be tuned 

to be above the critical value so that the film shear stability will not be significantly weak-

ened at troughs of the substrate asperity where the film is thickened. 

3.4.5   Effect of Overlap Length 

In the present study, the aspect ratio of the structure has been reduced to 1/50 that of the 

experimental sample to ensure precision of calculation and reduce computational cost. 

However, the reduced aspect ratio is still large enough to preserve the essential features 

and deformation modes of the original structure. To further demonstrate that the reduced 

aspect ratio has no significant influence on our conclusions, three additional FE models 
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with different overlap lengths were built. For each film length or overlap length 𝑙0̅, the 

length of the substrates and the prescribed displacement are adjusted correspondingly. Fig. 

3.8 shows the effects of overlap length on the crack tip ERR and the stress intensity ratio 

at the crack tip. 

 

 

Fig. 3.8. Effect of aspect ratio of film/substrate. (a) Variation of the ERR at the crack tip with film 

thickness for different aspect ratios of the structure. (b) Variation of the stress intensity ratio at the 

crack tip with film thickness for different aspect ratios of the structure. 

 

For different overlap lengths, there exists a minimum in the ERR curve (Fig. 3.8a), 

implying that the critical shear force should first increase and then decrease with film thick-

ness irrespective of the aspect ratio of the film and substrates. On the other hand, the posi-

tion of the minimum, i.e., the critical film thickness corresponding to the minimum ERR, 

only changes slightly (0.91~0.93) in different cases. Therefore, the influence of overlap 

length on the shear-to-tensile failure mode transition can be negligible. The magnitude of 

crack tip ERR in different cases, however, is influenced by the overlap length, i.e., the 

crack tip ERR is relatively low for large overlap lengths. This phenomenon can be ex-

plained through the expression of ERR associated with the structural compliance 𝐶̅: 
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𝐺̅ =
1

2
𝐹̅2
𝜕𝐶̅

𝜕𝑎̅
,                                                           (3.4) 

where 𝐹̅ is the load applied on the structure. Since the edge crack remains the same, the 

structural compliance is less sensitive to the change in crack size 𝑎̅ (i.e., 𝜕𝐶̅ 𝜕𝑎̅⁄  decreases) 

as the lengths of the thin film and substrates increase, resulting in smaller ERR values for 

larger overlap lengths. 

Similarly, the overlap length exhibits insignificant influence on the stress intensity ratio 

at the crack tip. All curves of 𝐾I̅/𝐾II̅̅ ̅̅  in Fig. 3.8b keep increasing with film thickness and 

the magnitude show slight reduction as the overlap lengths increase. This implies that the 

proportion of shear failure mode (due to 𝐾II̅̅ ̅̅ ) in the film failure process is increasing slowly 

as the overlap length increases, presumably due to the larger shear stress zone on the film-

substrate interfaces and less rotational deformation of the joint. 

 

3.5    Summary 

In addition to the in-plane mechanical properties of multilayer 2D material thin films which 

have been widely studied, their shear behavior (along the direction parallel to the basal 

plane of the film) and interfacial interaction with solid substrates are also of significant 

importance and great interest if the films are applied to wearable devices. In this chapter, 

the lap shear tests for two types of 2D material thin films, GO and MoSe2, as the adhesives 

were conducted to study their shear stability and failure behavior under shear. 

Both thin film adhesives show brittle failure after a linear loading process. The fracture 

energies are much higher than the interlayer cohesion energies of few-layer 2D crystal 

films. The extraordinary fracture energies of multilayer films are associated with the mixed 

mode of cohesive and interfacial failure, which indicates chaotic and crooked crack 
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propagation paths in the adhesives of interlocking laminate structure. The critical shear 

force and fracture energy for both films show obvious dependence on the film thickness. 

However, the two quantities increase with the thickness of GO film, while decrease with 

that of MoSe2 film.  

A lap shear model with a pre-existing edge crack was proposed and analyzed with finite 

element method to interpret the results from experiment. The edge crack was used to sim-

ulate the interlayer defects in the thin film, which are most likely to initiate fracture under 

the lap shear loading. The analysis suggests that a shear-to-tensile failure mode transition 

exists associated with film thickness and crack size. In cases of small film thickness and 

large crack size, the crack opening is strictly confined by the substrate in the normal direc-

tion and shear failure mode is dominant; while in cases of large film thickness and small 

crack size, the substrate confinement becomes weak and the failure is dominated by tension 

mode. This shear-to-tensile failure mode transition results in a minimum ERR and a corre-

sponding maximum critical shear force with respect to film thickness. The different dimen-

sions of GO and MoSe2 nanosheets and defect sizes in the films, together with the failure 

mode transition theory, account for their distinct behavior in experiment. 

The mixed mode of cohesive and interfacial failure can also be explained by the pro-

posed model. Under the mixed mode-I and mode-II loading, an edge crack will deflect to 

the interface between the thin film and substrate when defects are sparse locally, leading 

to the interfacial failure. However, if there are dense interlayer and intralayer defects near 

the crack tip, they may guide the crack propagation path to other random directions, leading 

to the cohesive failure.  
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Chapter 4    Necking-Affected Controlled Fragmentation 

of 2D Thin Films for Nanoribbon Fabrication 

 

4.1    Introduction 

Graphene nanosheets have drawn a lot of attention due to their high conductivity and po-

tential applications in flexible photovoltaics and electronics used for functional wearable 

devices. However, the challenge arises that the 2D planar graphene nanosheets have zero 

energy bandgap. A feasible solution is graphene nanoribbon which is a strip of graphene 

nanosheet with nanoscale width. The electronic band structure of graphene is changed by 

introducing lateral confinement on charge carriers in the nanoribbons [110]. Furthermore, 

the energy bandgap size can be tuned by changing the nanoribbon width.  

To synthesize graphene nanoribbons of narrow widths and high quality, various strat-

egies have been explored [139]. These strategies can be divided into top-down and bottom-

up schemes. The top-down scheme includes unzipping nanotubes by plasma etching or 

chemical cutting carbon nanotube, lithographic patterning and plasma etching of graphene 

nanosheet, and nanoparticle catalyzed cutting. The bottom-up scheme is mainly repre-

sented by the CVD and chemical synthesis methods. However, an all-around method is 

lacking that can produce high-quality, width-tunable graphene nanoribbons in large scale. 

  Among numerous fabrication methods which mostly adopted chemical routes, a 

purely mechanical strategy based on cold drawing has recently emerged as a powerful plat-

form to produce structures at micron and sub-micron scales [140-144]. Cold drawing is a 

mature and widely adopted technique in the shaping of metallic and polymeric materials in 

industry. The application of cold drawing in polymers started in 1930s when the 
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mechanical properties of materials were found to improve after being cold drawn. Cold 

drawing can align polymer chains along the loading direction and make them oriented in a 

more crystalline manner. For a long time, cold drawing was mostly applied to single ma-

terials but recently, this technique has been revisited in composite structures and led to the 

discovery of “controlled fragmentation" as a particularly promising approach to producing 

nanostructures of various geometries with a simple and versatile strategy. In the novel cold 

drawing approach, local necking induced by uniaxial cold drawing of a ductile thermo-

plastic polymer gives rise to sequential, controlled fragmentation in an attached brittle tar-

get material (e.g., a brittle core inside a polymer fiber cladding or a brittle film on a polymer 

substrate), from which micron-sized rods and ribbons can be obtained. In this chapter, a 

theory of sequential fragmentation in cold drawing was built to help understand the under-

lying mechanisms and key control parameters. The theory shows that the fragmentation 

size depends on the interfacial shear strength, as well as the feature size and stiffness of the 

target material, and therefore can be reduced potentially toward nanoscale via increasing 

interfacial interaction and decreasing geometrical dimensions such as the core radius or 

film thickness. 

 

4.2    Necking of Ductile Materials 

In contrast to the common perception that necking and fracture are mostly to be avoided in 

material engineering, the discovery of controlled fragmentation by cold drawing has 

opened up a new research direction, where a combination of necking and fracture are being 

used to the benefit of fabricating desired micro- and nanostructures. In this process, a neck, 

with reduced sizes in the perpendicular directions to the loading, initiates in some ductile 
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materials like thermoplastic polymers upon uniaxial stretching and propagates the state to 

the distance without changing the shoulder profile (Fig. 4.1a). Studies of plastic necking in 

a material under tension can date back to the work of Considère [145], who proposed the 

critical condition for the onset of localization. Bridgman [146] pointed out the nonlinearity 

in necking problem and solved for the nonuniform stress distributions at the necking zone 

by adopting an approximate arcuated profile for the neck. On the other hand, with the de-

velopment of computers and computational mechanics, numerical approaches such as fi-

nite element methods were used to investigate the deformation and evolution process of 

the necking zone in plastic materials under large strain [147-149]. 

 

 

Fig. 4.1. Necking initiation and propagation in ductile materials. (a) Multiple-order necking in a 

polymeric bar [146]. (b, c) Reference and deformed configurations adopted in 1D models for slen-

der solids [163]. (d) Overall load-elongation behavior in a tensile test from necking initiation till 

steady-state propagation [165].  
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The incipience of the necking phenomenon, as an important implication to material 

failure, was usually thought by engineers to occur when the tensile load reaches a maxi-

mum. From the stability point of view, the theory of bifurcation and uniqueness in plastic 

solids due to Hill [150] was used to determine the onset conditions of necking in nonlinear 

elastic [151] and elastic-plastic materials [152, 153] under tension, which could slightly 

deviate from those determined by the maximum load criterion. For incompressible elastic-

plastic materials, it was shown that the strain at the maximum load serves as the lower 

bound to that determined from bifurcation, and the difference is smaller for slenderer spec-

imens [153]. Specific interests on stability of necking under tension were also paid on elas-

tic-plastic cylinders with circular cross-section [154] and arbitrary simply connected cross-

section [155], as well as plain-strain sheets under uniaxial [156, 157] and biaxial [158] 

loadings. 

Alternatively, approximate one-dimensional (1D) models focusing on slender solids 

[159, 160] were developed for nonlinear elastic specimens to study the (post-) bifurcation 

conditions leading to necking (Fig. 4.1b, c). Coleman and Newman [161] estimated the 

error due to such approximation to be the order of the fourth power of the specimen thick-

ness, and derived the solutions exhibiting configurations with either a completely formed 

neck or periodic necks. Mielke [162] used the central manifold theorem to construct an 

asymptotically exact dimensional reduction approach from 2D or 3D continuum mechanics, 

which was later applied to prismatic solids possessing arbitrary cross-section and made of 

an orthotropic material [163]. Furthermore, the effect of rate-dependence of material be-

havior on necking retardation was studied numerically for viscoplastic materials [164] un-

der the dimensional reduction modeling framework. 
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For some nonlinear elastic and elastic-plastic materials, failure may not immediately 

occur upon necking; instead, under continuous drawing the necking state can propagate 

over the entire specimen without any damage induced in the specimen (Fig. 4.1d). In both 

axisymmetric [165] and plane strain [166] scenarios, the steady-state neck propagation 

conditions for nonlinear elastic solids were derived from the continuity conditions of mass, 

momentum and energy, while fully three-dimensional analysis was necessary to determine 

the propagation state of the neck in inelastic solids. Specifically, in quasi-static, elastic case, 

neck propagation models showed that the deformation and stress states on both sides of 

necking zone are only related to the difference in strain energy in the two regions and thus 

can be solved merely from the knowledge of material constitutive relations (see details 

below). The evolution of specimen profile and stress/strain distributions during the entire 

loading history have been obtained based on finite element computation [167]. 

 

4.3    Sequential Controlled Fragmentation by Cold Drawing 

Benefiting from the steady-state necking propagation in ductile materials, Shabahang et al. 

developed a nanostructure fabrication strategy by using simple uniaxial tension of the com-

posite fiber systems containing thermoplastic polymers as the cladding and brittle materials 

like silicon and glass as the core [140]. Upon the cold drawing applied on the fiber cladding, 

the neck will form, grow and propagate from some location to the entire fiber. It can be 

observed that sequential fragmentation occurs in the fiber core along with continuing draw-

ing of the fiber. What is of great interest is that the position of each fragmentation is always 

located near the necking zone (a region with the shoulder profile around the necking front). 

Therefore, the fragmentation follows the necking front to propagate over the entire fiber 
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and thus can be controlled by controlling the necking state, such as moving speed and 

terminating position. After dissolving the polymer cladding, large number of nanorods 

formed by the sequential fragmentation can be obtained.  

This strategy is facile and versatile in that the cross-section of the fiber can be fabricated 

into many shapes in addition to the common circular one. For example, the cladding cross-

section can be rectangular with brittle thin film materials as the core embedded in the clad-

ding [140]. Upon continuing drawing, progressive fragmentation with necking propagation 

fractures the intact thin film into many small ribbons with microscale width. This process 

can be approximately described by a model which is equivalent in principle to the axisym-

metric model for the circular cross-section fiber. 

The fiber cold drawing system can also be modified into the film-substrate configura-

tion for the fabrication of micro/nano scale ribbons [140, 141, 144]. This approach is suit-

able for monolayer or few-layer 2D material thin films since these synthesized films are 

usually deposited on a substrate. As opposed to the core-cladding fiber system, the film-

substrate system may lead to irregular crack propagation along the width direction, proba-

bly due to asymmetric substrate confinement on the thin film. By coating the thin film with 

another polymer layer (e.g., PMMA layer), ordered fragmentation can be achieved [141, 

144]. In this way, monolayer graphene ribbons with width of ~0.93μm can be obtained by 

cold drawing of the polycarbonate substrate. Therefore, both the rectangular fiber and the 

film-substrate systems can be utilized with the cold drawing method to fabricate 2D mate-

rial ribbons in nanoscale by further reducing the ribbon width.  

Despite the systematic experiment works on the necking-induced controlled fragmen-

tation, a theory of the cold drawing process is lacking considering the interfacial 
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interactions between a necking ductile material and an attached brittle target material. In 

the present study, we develop such a theory for two important systems, namely the axisym-

metric core-cladding system and the plane-strain film-substrate system, to understand the 

underlying mechanisms and key control parameters for the controlled fragmentation in-

duced by necking. It is revealed that controlled fragmentation is facilitated by a reversal 

shear lag effect which results in a peak tension in the target material near the necking zone. 

The peak tension moving with neck propagation produces the sequential fragmentation, 

instead of random fracture expected in a conventional shear lag model. Furthermore, the 

fragmentation size is shown to depend on the interfacial shear strength, as well as the fea-

ture size and stiffness of the target material. Our theory suggests potential approaches to 

reducing the size of fragmented components via increasing interfacial interaction and de-

creasing geometrical dimensions such as the core radius or film thickness. This insight may 

guide the development of a technological platform for large-scale manufacturing of struc-

tures in the nanoscale. 

 

4.4    Necking-Affected Shear Lag Models 

We develop axisymmetric and plane-strain cold drawing models for two systems: a circular 

fiber with concentric core-cladding structure, and a thin film supported by a substrate, as 

shown in Figs. 4.2 and 4.3, respectively. The fiber core and the thin film are both linear 

elastic materials with brittle fracture behavior characterized by the tensile strength 𝜎s , 

while the cladding and substrate are ductile materials that are prone to necking under draw-

ing. For the sake of simplicity, the radius of the brittle core is assumed to remain constant 

and the change in thickness of the thin film is also neglected in our analysis. The theory of 
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controlled fragmentation for the axisymmetric core-cladding system will be introduced in 

detail, and then extended to the film-substrate system. 

Without loss of generality, we assume that the neck propagation is in steady state, with 

a fully formed neck after the necking front. Fragmentation in otherwise scenarios will be 

discussed later. Since no relative interfacial displacement can be identified far ahead of the 

necking front in the unnecked region, the infinitely long models can be truncated to the 

point in the vicinity of which the two solids are well bonded. The cross-section of the core 

or thin film is free from loading at the end corresponding to the position of the last frag-

mentation.  

 

 

Fig. 4.2. Cold-drawing of a core-cladding circular fiber system. (a) Fragmentation of the fiber core 

near the necking zone in the cladding. The dashed rectangle shows the part on which the axisym-

metric cold drawing model is based. (b-c) The initial and deformed configurations of the core-

cladding system. 
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In our model, shear sliding is allowed along the interface, and interfacial shear stress 

𝜏int is assumed to follow a rigid-perfectly plastic constitutive law which, in the case of a 

very thin core or film, behaves approximately as 

𝜏int = {

0, |𝛿| = 0,
𝛿

|𝛿|
𝜏0, |𝛿| > 0,

                                                 (4.1) 

where 𝛿 is the relative interfacial sliding, and 𝜏0 the interfacial shear strength. 

 

 

Fig. 4.3. Cold-drawing of a film-substrate system. (a) Fragmentation of the thin film near the neck-

ing zone in the substrate. The dashed rectangle shows the part on which the plane-strain cold draw-

ing model is based. (b-c) The initial and deformed configurations of the film-substrate system. 

 

4.4.1   Deformation of Ductile Cladding/Substrate 

In steady-state necking of an incompressible, nonlinearly elastic solid, the cladding in the 

fiber system and the substrate in the thin film system can be divided into a necked region 

with uniform stretch 𝜆u and an unnecked region with uniform stretch 𝜆n, connected by a 
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transition zone. Although a homogeneous solid requires the true stress-strain constitutive 

curve to be increasing monotonically before ultimate failure, the engineering stress-strain 

curve could present a local maximum near the onset of necking. The latter will then exhibit 

an upturn induced by increasing hardening (Fig. 4.4), which forces the necking state to 

propagate toward the unnecked region.  

Under quasi-static uniaxial drawing, the necking state taking incompressibility condi-

tion into account can be described by [165, 166, 168]: 

𝜎̃(𝜆n − 𝜆u) = 𝑈n − 𝑈u,                                                  (4.2) 

where 𝜎̃ denotes the engineering stress or nominal stress in the necking material, and 𝑈n 

and 𝑈u are strain energy densities in the necked and unnecked regions, respectively, with 

𝑈 = ∫ 𝜎̃ d𝜆
𝜆

1

.                                                            (4.3) 

 

 

Fig. 4.4. Constitutive relation of an example material subject to ductile necking. 
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The true stress-strain constitutive relation of a nonlinear elastic polymeric material, for 

example, can take the form [169]: 

𝜎 = 𝑘 [1 − exp (−
𝜀

𝜀𝑣
)] exp(ℎ𝜀2),                                        (4.4) 

where 𝑘 , ℎ, and 𝜀𝑣  are material constants, and the values 𝑘 = 48.93MPa, ℎ = 1.0 and 

𝜀𝑣 = 0.05 are used in the numerical examples below. By inserting the relationships 𝜎 =

𝜆𝜎̃ and 𝜀 = ln 𝜆 into Eq. (4.4) we obtain the corresponding form of the constitutive law in 

terms of engineering stress and stretch. With this form, the engineering stress 𝜎̃∗ and asso-

ciated stretches 𝜆u∗ and 𝜆n∗ in steady-state neck propagation, as shown in Fig. 4.4, can be 

solved from Eqs. (4.2) and (4.3). For convenience, the superscript ‘*’ will be omitted below. 

The deformation state in the necking zone can be approximately obtained with the as-

sumption that any cross-section in the necking material remains flat in the deformed con-

figuration. Taking the core-cladding system as example, we note that the constant volume 

condition requires that for an infinitesimal portion of the core in the necking zone, 

𝜋(𝑅2
2 − 𝑅1

2)d𝑍̂ = 𝜋[(𝑟2
t)2 − 𝑟1

2](𝜆̂td𝑍̂),                                   (4.5) 

where 𝑅1 and 𝑅2 denote the inner and outer radii of the cladding in the initial configuration, 

respectively, whereas the corresponding lowercase letters denote quantities in the deformed 

configuration. As shown in Fig. 4.2b, c, 𝑍̂ and 𝑧̂ are the positions of a point in the cladding 

in the initial and deformed configurations, respectively, with the superscript ′t′ denoting 

the transition zone and the hat accent referring to quantities associated with the cladding. 

Note that we have assumed that the core radius remains constant, i.e., 𝑟1 = 𝑅1. A modified 

expression based on the form due to Hutchinson and Neale [165] is adopted in the present 

work to describe the profile of a neck: 
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𝑟2
t(𝑍) =

𝑟2
u + 𝑟2

n

2
+
𝑟2
u − 𝑟2

n

2
tanh [−

6

𝑙𝐴𝐵
(𝑍 −

𝑍̂𝐴 + 𝑍̂𝐵
2

)],                   (4.6) 

where 𝑙𝐴𝐵 = 𝑍̂𝐵 − 𝑍̂𝐴 is the size of the necking zone 𝐴𝐵 shown in Fig. 4.5. In Eq. (4.6), 𝑟2
u 

and 𝑟2
n denote the deformed outer radii of the cladding in unnecked and necked regions, 

respectively, and can be obtained from the constant volume conditions in the corresponding 

regions: 

𝑟2
u = √𝑅1

2 +
𝑅2
2 − 𝑅1

2

𝜆̂u
, 𝑟2

n = √𝑅1
2 +

𝑅2
2 − 𝑅1

2

𝜆̂n
.                          (4.7) 

 

 

Fig. 4.5. Schematics of interfacial shear distributions (red arrows) in the core-cladding system for 

different values of the characteristic size 𝑙𝑐𝑐. (a) The case of large 𝑙𝑐𝑐 with unnecked sticking zone 

𝑂𝐶 and shear lag zone 𝐶𝑃. (b) The case of intermediate 𝑙𝑐𝑐 with unnecked sticking zone 𝑂𝐷, re-

versal shear lag zone 𝐷𝐶 and shear lag zone 𝐶𝑃. (c) The case of small 𝑙𝑐𝑐 with unnecked sticking 

zone 𝑂𝐷, reversal shear lag zone 𝐷𝐸, necked sticking zone 𝐸𝐶 and shear lag zone 𝐶𝑃. The dashed 

lines indicate the boundary of two adjacent zones or regions. 
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With the values of 𝜆̂u, 𝜆̂n as well as Eqs. (4.5) and (4.6), the deformation of the cladding 

can be calculated as 

𝑧̂(𝑍̂) = ∫ 𝜆̂ d𝑍̂
𝑍̂

0

.                                                         (4.8) 

In the present theory the deformation of the cladding is assumed to be free from the 

influence of interaction with the core, as the core is much thinner than the cladding.  Nev-

ertheless, the core-cladding interaction plays crucial roles in accumulating axial tension 

and inducing fracture in the core, which will be discussed later. 

4.4.2   The Case of Large Characteristic Size 

In the axisymmetric core-cladding fiber system, the drawing force is applied on the termi-

nating cross-sections of the cladding, and tensile stress in the core is accumulated through 

interfacial shear, resembling a shear lag behavior. The interfacial shear distribution, how-

ever, could be different from that in the conventional shear lag model due to the presence 

of necking zone in the cladding. However, like in the conventional shear lag model, the 

interfacial deformation will decay far away from the loading end and necking zone. To 

estimate the size of the decay region of interfacial deformation, a characteristic size for the 

core-cladding fiber system can be defined as 

𝑙cc =
𝑅1𝐸

2𝜏0
,                                                              (4.9) 

where 𝐸 is the Young’s modulus of the core. Basically, the characteristic size 𝑙cc is related 

to the overall stiffnesses of the core and the strength of interfacial interaction. 

When the characteristic size 𝑙cc is so large that the interfacial sliding zone spans over a 

range 𝐶𝑃 (Fig. 4.5a) which extends beyond the necking zone, the stress state in the core 
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can be described by the conventional shear lag model. For an infinitesimal portion of the 

core in the shear lag zone 𝐶𝑃, we have 

d𝜎𝑧 ⋅ 𝜋𝑟1
2 = −𝜏0 ⋅ 2𝜋𝑟1d𝑧,                                             (4.10) 

where 𝑍 and 𝑧 denote the positions of a point in the core in the initial and deformed con-

figurations, respectively, and 𝜎𝑧 the Cauchy normal stress in the core in the axial direction. 

Since we have neglected the change in core radius after deformation, the Cauchy stress 𝜎𝑧 

can be approximately replaced by the first Piola-Kirchhoff stress 𝑃𝑧. Therefore, 

d𝑧 = 𝜆d𝑍 = exp (
𝑃𝑧
𝐸
)d𝑍,                                              (4.11) 

where 𝜆 and 𝜀𝑧 are the stretch and axial true strain in the core, respectively. Combining 

Eqs. (4.10) and (4.11) and integrating the result in 𝐶𝑃 yield 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 − 𝑍

𝑙cc
),                                         (4.12) 

where 𝐿 denotes the length of the truncated fiber. The stretch in the core can be readily 

obtained as 

𝜆 = (1 −
𝐿 − 𝑍

𝑙cc
)
−1

.                                                   (4.13) 

From Eq. (4.13), the stretch in the sliding zone of the core is zero at the end 𝑍 = 𝐿 and 

increases to the maximum at point 𝐶. 

In the sticking zone 𝑂𝐶, stress and stretch in the core remain constant since there is no 

interfacial shear transferring. Therefore, from continuity conditions of stress and defor-

mation we obtain 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 − 𝑍𝐶
𝑙cc

),                                        (4.14) 
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𝜆 = (1 −
𝐿 − 𝑍𝐶
𝑙cc

)
−1

= 𝜆̂u.                                            (4.15) 

Solving Eq. (4.15) yields 

𝑍𝐶 = 𝐿 − (1 −
1

𝜆̂u
) 𝑙cc.                                                (4.16) 

With the use of Eqs. (4.13) and (4.15), the deformed configuration of the core can be 

calculated through 

𝑧(𝑍) = ∫ 𝜆 d𝑍
𝑍

0

.                                                      (4.17) 

Note that the point 𝐶 must be in the unnecked region as any nonuniform deformation in 

the cladding is not allowed in the sticking zone 𝑂𝐶 with the use of interfacial constitutive 

law in Eq. (4.1). Consequently, the condition 𝑍𝐶 ≤ 𝑍𝐴 should be satisfied, resulting in 

𝑙cc ≥
𝜆̂u(𝐿 − 𝑍𝐴)

𝜆̂u − 1
,                                                     (4.18) 

which gives a lower bound to the characteristic size 𝑙cc associated with the interfacial dis-

tribution shown in Fig. 4.5a. 

4.4.3   The Case of Intermediate Characteristic Size 

It is easy to verify that the equality in Eq. (4.18) holds when point 𝐶 moves to the boundary 

𝐴, i.e., 𝑍𝐶 = 𝑍𝐴, which means that the sticking zone coincides entirely with the unnecked 

region in the cladding. As 𝑙cc decreases from the critical value in Eq. (4.18), the model will 

have no solution leading to interfacial shear distribution of the form in Fig. 4.5a. Instead, a 

“reversal shear lag” zone 𝐷𝐶 near the neck appears between the original sticking zone and 

sliding zone, as shown in Fig. 4.5b. Within the reversal shear lag zone 𝐷𝐶, the direction of 

interfacial shear is opposite to that in the shear lag zone 𝐶𝑃. The point 𝐷 must be in the 
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unnecked region for the same reason as that associated with Eq. (4.18), and the constraint 

on the point 𝐶 will be discussed below.  

In the shear lag zone 𝐶𝑃, the stress and stretch distributions are governed by the same 

equations as Eqs. (4.12) and (4.13). In the reversal shear lag zone 𝐷𝐶, however, the equi-

librium equation needs to be modified by changing the direction of interfacial shear in Eq. 

(4.10): 

d𝜎𝑧 ⋅ 𝜋𝑟1
2 = 𝜏0 ⋅ 2𝜋𝑟1d𝑧.                                               (4.19) 

Combining Eqs. (4.10) and (4.19) and integrating the result in 𝐷𝐶 yield 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 + 𝑍 − 2𝑍𝐶

𝑙cc
),                                   (4.20) 

𝜆 = (1 −
𝐿 + 𝑍 − 2𝑍𝐶

𝑙cc
)
−1

.                                            (4.21) 

In the sticking zone 𝑂𝐷, the stress and stretch are constant and can be determined based 

on continuity conditions of stress and deformation as 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 + 𝑍𝐷 − 2𝑍𝐶

𝑙cc
),                                  (4.22) 

𝜆 = (1 −
𝐿 + 𝑍𝐷 − 2𝑍𝐶

𝑙cc
)
−1

= 𝜆̂u.                                      (4.23) 

Solving Eq. (4.23) yields 

𝑍𝐷 = 2𝑍𝐶 − 𝐿 + (1 −
1

𝜆̂u
) 𝑙cc.                                          (4.24) 

With the use of Eqs. (4.13), (4.21) and (4.23), the deformed configuration of the core 

can be obtained through Eq. (4.17). Finally, the continuity condition of deformation on 

point 𝐶 needs to be applied to determine the only unknown 𝑍𝐶  left, i.e., 

𝑧(𝑍𝐶) = 𝑧̂(𝑍̂𝐶).                                                       (4.25) 
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Note that point 𝐶 is allowed to be located either in the necking zone 𝐴𝐵 or in the necked 

region of the cladding, depending on the value of the characteristic size 𝑙cc. 

The upper limit of 𝑙cc can be obtained by the constraints 𝑍𝐷 ≤ 𝑍𝐴 ≤ 𝑍𝐶  which lead to 

𝑙cc ≤
𝜆̂u(𝐿 − 𝑍𝐴)

𝜆̂u − 1
,                                                     (4.26) 

while the lower limit is determined by the constraint 𝜆(𝑍𝐶) ≤ 𝜆̂
n which gives 

𝑙cc ≥ 𝑙cc
∗ ,                                                           (4.27) 

where 𝑙cc
∗  is solved from Eq. (4.25) by inserting 𝑍𝐶 = 𝐿 − 𝑙cc(1 − 1 𝜆̂n⁄ ). Comparing Eqs. 

(4.18) and (4.26), we can find that the transition of interfacial shear distribution from Fig. 

4.5a to Fig. 4.5b is continuous as the value of 𝑙cc changes appropriately. 

4.4.4   The Case of Small Characteristic Size 

When the characteristic size 𝑙cc continues to decrease from the critical value in Eq. (4.27), 

the model will have no solution leading to interfacial shear distribution of the form in Fig. 

4.5b. In this case, another sticking zone 𝐸𝐶 will emerge in the necked region of the clad-

ding, as shown in Fig. 4.5c, and is named as the necked sticking zone to be distinguished 

from the region 𝑂𝐷, which we refer to as the unnecked sticking zone. 

In the shear lag zone 𝐶𝑃, the stress and stretch distributions are governed by the same 

equations as Eqs. (4.12) and (4.13). In the necked sticking zone 𝐸𝐶, the stress and stretch 

are constant and can be determined based on continuity conditions of stress and defor-

mation as 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 − 𝑍𝐶
𝑙cc

),                                        (4.28) 

𝜆 = (1 −
𝐿 − 𝑍𝐶
𝑙cc

)
−1

= 𝜆̂n.                                             (4.29) 
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Solving Eq. (4.29) yields 

𝑍𝐶 = 𝐿 − (1 −
1

𝜆̂n
) 𝑙cc.                                                (4.30) 

In the reversal shear lag zone 𝐷𝐸, the equilibrium equation is the same as Eq. (4.19). 

Therefore, combining Eqs. (4.10) and (4.19) and integrating the result in 𝐷𝐸 yield 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍 − 𝐿

𝑙cc
),                               (4.31) 

𝜆 = (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍 − 𝐿

𝑙cc
)
−1

.                                         (4.32) 

In the unnecked sticking zone 𝑂𝐷, the stress and stretch are constant and can be determined 

based on continuity conditions of stress and deformation as 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍𝐷 − 𝐿

𝑙cc
),                              (4.33) 

𝜆 = (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍𝐷 − 𝐿

𝑙cc
)
−1

= 𝜆̂u.                                  (4.34) 

Solving Eq. (4.34) yields 

𝑍𝐷 = 𝑍𝐸 − (
1

𝜆̂u
−
1

𝜆̂n
) 𝑙cc.                                              (4.35) 

With the use of Eqs. (4.13), (4.29), (4.32) and (4.34), the deformed configuration of the 

core can be obtained through Eq. (4.17). Finally, the continuity condition of deformation 

on either point 𝐶 or point 𝐸, i.e., 

𝑧(𝑍𝐶) = 𝑧̂(𝑍̂𝐶)  or  𝑧(𝑍𝐸) = 𝑧̂(𝑍̂𝐸),                                     (4.36) 

needs to be combined with Eq. (4.35) to determine the two unknowns 𝑍𝐷 and 𝑍𝐸 left. 

For the interfacial shear distribution in Fig. 4.5c, it can be proven that the upper bound 

of 𝑙cc
∗  is reached when the necked sticking zone is degenerated, i.e., 𝑍𝐶 = 𝑍𝐸. By compar-

ison with Eq. (4.27), it can be concluded that the transition of interfacial shear distribution 
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from Fig. 4.5b to Fig. 4.5c is continuous as the value of 𝑙cc changes appropriately. Deter-

mining the lower bound, however, is a tricky task and can be done by numerical methods. 

It should be noted that, when the characteristic size 𝑙cc is smaller than a critical value, no 

solution exists for this axisymmetric cold drawing problem with the use of the rigid-per-

fectly plastic interfacial constitutive law in Eq. (4.1). More sophisticated interfacial consti-

tutive laws enable the model to enlarge effective spectrum of 𝑙cc  and thus expand the 

solution space, which will be discussed in subsection 4.5.3. 

4.4.5   Plane-Strain Film-Substrate Model 

The plane-strain film-substrate system bears essential similarities to the axisymmetric core-

cladding system in the senses that necking occurs in the ductile material and load is trans-

mitted through interfacial shear. Yet, in the film-substrate system necking may influence 

the interface and result in deformation of the interface in the normal direction (Fig. 4.3), 

different from the case in core-cladding system where the interface always remains straight. 

Therefore, to better describe the configuration of the thin film and deformation of the in-

terface, we adopt a curved axis 𝑠 along the midplane of the deformed thin film in the plane-

strain model, as shown in Fig. 4.3c. 

For an incompressible, nonlinear elastic material, the constant volume condition ap-

plied to an infinitesimal portion of the substrate in the necking zone requires 

2𝑇2d𝑍̂ = 2𝑡2
t(𝜆̂td𝑍̂),                                                  (4.37) 

where 𝑇2 and 𝑡2 denote the half thicknesses of the substrate in the initial and deformed 

configurations, respectively. The superscript ′t′ denotes the transition zone and the hat ac-

cent refers to quantities associated with the substrate. Note that the width of the substrate 
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is assumed to be unity in the plane-strain model. Similar to Eq. (4.6), the deformed half 

thickness of the substrate can be expressed as 

𝑡2
t(𝑍) =

𝑡2
u + 𝑡2

n

2
+
𝑡2
u − 𝑡2

n

2
tanh [−

6

𝑙𝐴𝐵
(𝑍̂ −

𝑍̂𝐴 + 𝑍̂𝐵
2

)],                 (4.38) 

where 𝑡2
u and 𝑡2

n are the deformed half thicknesses of the substrate in the unnecked and 

necked regions, respectively, and can be obtained from volume constant conditions, in 

analogy to Eq. (4.37), in corresponding regions as 

𝑡2
u =

𝑇2

𝜆̂u
, 𝑡2

n =
𝑇2

𝜆̂n
.                                                 (4.39) 

To calculate interfacial displacement on the deformed interface, it is necessary to map the 

position of points on the substrate surface to the curved axis 𝑠 of the thin film: 

𝑠̂(𝑍̂) = ∫
d𝑠̂

d𝑍̂
d𝑍̂

𝑍̂

0

= ∫ √(
d𝑧̂

d𝑍̂
)
2

+ (
d𝑡2

t

d𝑍̂
)

2

d𝑍̂
𝑍̂

0

,                          (4.40) 

where d𝑧̂ d𝑍̂⁄ = 𝜆̂ is the stretch in the substrate.  

The film thickness is assumed to be so small that the bending effect due to out-of-plane 

deformation in the necking zone can be neglected. Therefore, a characteristic size in the 

plane-strain film-substrate model, like that in the core-cladding model, can be defined as 

𝑙fs =
𝑇1𝐸

𝜏0
,                                                            (4.41) 

where 𝑇1 and 𝐸 denote the initial thickness and Young’s modulus of the thin film, respec-

tively. Analytical solutions to the film-substrate system cold drawing problem are similar 

in forms to those in subsections 4.4.2-4.4.4, and details in the results are provided in Ap-

pendix A. 
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4.5    Results and Discussion 

4.5.1   Strength-Governed Controlled Fragmentation 

Typically, the controlled fragmentation technique is applied to the pair of brittle core and 

ductile cladding in the core-cladding system, and the pair of brittle thin film and ductile 

substrate in the film-substrate system. Considering the micro- and even nano-scale feature 

sizes of the core/thin film, the fracture process is likely governed by the material strength 

because of the flaw tolerance effect [170-172]. In the conventional shear lag model where 

the maximum tension is reached within a wide region, the fracture position is random and 

non-deterministic. This is also the situation for cold drawing models of the core-cladding 

and film-substrate systems with large characteristic size, as shown in Fig. 4.6a.  

 

 

Fig. 4.6. Results of axial tension in the core from the cold drawing theory. (a-c) Example axial 

tension distributions in the core for (a) large 𝑙𝑐𝑐, (b) intermediate 𝑙𝑐𝑐 and (c) small 𝑙𝑐𝑐. (d) Distri-

butions of interfacial shear (the upper) and axial tension (the lower) in the deformed configuration 

with intermediate 𝑙𝑐𝑐. (e) The enlarged view of the parts near the necking zone showing the peak 

tension on the sticking point. 
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However, when the characteristic size is intermediate, there exists a peak tension in the 

core/thin film near the neck (Fig. 4.6b). The presence of the peak tension is attributed to 

the reversal shear lag effect discussed in subsection 4.4.2 and marks the most dangerous 

position in the target material to fracture. We may take the deformed configuration of the 

core-cladding system (Fig. 4.6d, e) as example to better understand the underlying mecha-

nism. According to the stress solutions Eqs. (4.12), (4.20) and (4.22), the peak tension 

occurs at the junction of the shear lag and reversal shear lag zones, which is a sticking point. 

On the right side of the sticking point, the cladding has a larger deformation and moves 

toward the right relative to the core; whereas on the left side of the sticking point, the 

cladding accumulates less displacement due to the unnecked region and moves toward the 

left relative to the core. The core on the sticking point is therefore stretched toward the two 

sides, inducing peak tension therein. It should be noted that, the position of the peak tension 

is not necessarily in the necking zone, but can also occur in the necked region (e.g., in Fig. 

4.6d, e, the necking zone boundary is at 𝑍 = 70 while the peak tension is at 𝑍 = 71.22). 

In the latter case, the distance to the necking zone is associated with the difference of de-

formation in the necked and unnecked regions. Basically, a large deformation difference 

makes the positions of peak tension and resulting fragmentation close to the necking zone, 

which was also observed in experiment [140, 144].  

Furthermore, the deformation difference in the necked and unnecked regions of the 

cladding is responsible for the reduction of tension in the reversal shear lag zone. If the 

stretch in necked region 𝜆̂n approaches that in unnecked region 𝜆̂u, the distributions of in-

terfacial shear and axial tension will degenerate to those predicted by the conventional 

shear lag model. 
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The position of the peak tension moves with the necking front, and the tension value 

also increases due to the accumulation through interfacial shear in the enlarged necked 

region. Finally, the core will fracture once the peak tension reaches the material strength 

of the core. Upon continuing loading on the cladding, the fracture process repeats, and 

sequential fragmentation can be obtained.  

For the cold drawing systems with relatively small characteristic size, the reversal shear 

lag effect still holds. However, between the shear lag and reversal shear lag zones arises 

the necked sticking zone where the tension is maximum over the core, as shown in Fig. 

4.6c. Like the case with large characteristic size, the fracture position locates in the necked 

sticking zone and is non-deterministic. Nevertheless, the fragmentation size can be 

bounded from above by the sum of lengths of the necked sticking and shear lag zones.  

 

 

Fig. 4.7. Schematic illustration of (a) unnecked and (b) necked core-cladding systems with inter-

mediate characteristic size. The interfacial spacing is exaggerated to show interfacial deformation. 

The arrow in (b) indicates the position of peak tension in the core. 
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Therefore, in the core-cladding system without necking (Fig. 4.7a), the deformation of 

the cladding is never less than that of the core, and interfacial deformation is governed by 

a single shear lag zone. As aforementioned, the tension in the shear lag zone keeps increas-

ing as the distance to the loading end, and then saturates and forms a plateau which is wide 

in size for slender systems. Small inclusions or slight nonuniform distribution of defects in 

the core will lead to random fracture when the plateau tension reaches the material strength. 

Uncontrolled fragmentation will continue to happen in the previously fractured compo-

nents under ongoing loading. In contrast, the simultaneous presence of a shear lag and a 

reversal shear lag zones in the system with necking (Fig. 4.7b) produces a tension peak 

around which the interfacial forces are “drawing” the core toward two sides. In the reversal 

shear lag zone, the core has a larger deformation compared with the cladding, originating 

from the drastic deformation change of the necking material around the neck. The reversal 

shear lag effect changes the increasing trend of tensile stress in the shear lag zone, prevent-

ing the formation of a tension plateau as in the conventional shear lag model and facilitating 

the controlled fragmentation. 

4.5.2   Determination of Fragmentation Size 

Based on the results on tensile stress distribution in the target materials, only the fragmen-

tation sizes in cold drawing systems with intermediate characteristic sizes are deterministic. 

For given strength of the core or thin film material, 𝜎s, the position of the peak tension (i.e., 

the point 𝐶 in Fig. 4.5b) can be solved from Eq. (4.25) and the fragmentation size can be 

calculated as 

𝑙frag = 𝐿 − 𝑍𝐶 .                                                       (4.42) 
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For convenience, we still take the core-cladding system as example in the following. 

In fact, if Eqs. (4.26) and (4.27) for 𝑙cc have been satisfied, the fragmentation size can also 

be obtained by directly solving 𝜎𝑧(𝑍𝐶) = 𝜎s from Eq. (4.12), which yields 

𝑙frag = 𝑙cc [1 − exp (−
𝜎s
𝐸
)].                                           (4.43) 

For brittle materials, the value of 𝜎s 𝐸⁄  is a small number, so Eq. (4.43) can be approxi-

mated by 

𝑙frag ≈ 𝑙cc
𝜎𝑠
𝐸
(1 −

𝜎𝑠
2𝐸
).                                                (4.44) 

Eqs. (4.43) and (4.44) imply that the fragmentation size is proportional to the characteristic 

size when stiffness and strength of the core material are given. Considering the form of 𝑙cc 

in Eq. (4.9), this suggests that the fragmentation size can be reduced via increasing inter-

facial interaction and decreasing the core radius. On the other hand, Eq. (4.44) can be re-

written as 

𝑙frag ≈
𝑅1𝜎𝑠
2𝜏0

(1 −
𝜎𝑠
2𝐸
),                                               (4.45) 

from which we can see that core materials with lower stiffness also facilitate smaller frag-

mentation size obtained by cold drawing. It might be inefficient, however, to change the 

fragmentation size using the effect of material modulus, as the value of 𝜎𝑠 (2𝐸)⁄  is usually 

much smaller than 1 in experiment.  

To validate the cold drawing theory developed in this work, we implemented finite 

element (FE) simulations in Abaqus to compare with the analytical results. Three sets of 

numerical examples were considered for both the core-cladding and film-substrate systems. 

In the core-cladding system, for example, we changed the interfacial shear strength (Set 1), 

core radius (Set 2) and Young’s modulus of the core (Set 3), respectively, while kept the 
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other parameters unchanged in each set. In all examples, the user subroutine UINTER pro-

vided by Abaqus was used to apply the rigid-perfectly plastic interfacial constitutive law 

in Eq. (4.1). Tensile strengths of the core material and thin film material were assumed as 

𝜎𝑠
core = 1.5 GPa and 𝜎𝑠

film = 30 GPa, respectively. Other relevant parameters used in the-

oretical calculation and FE simulations are listed in Table 4.1.  

 

 

Fig. 4.8. Dependence of fragmentation size on characteristic sizes in the (a) core-cladding and (b) 

film-substrate systems with intermediate 𝑙𝑐𝑐 and 𝑙𝑓𝑠. 

 

The fragmentation sizes predicted by the cold drawing theory show excellent fit with 

FE results, as shown in Fig. 4.8. With the same stiffness and strength of the core material 

in Sets 1 and Sets 2, the fragmentation size turns out to be linear in 𝑙cc for the core-cladding 

system, and in 𝑙fs for the film-substrate system, consistent with the approximate solution 

in Eq. (4.44). For Sets 3, although the values of 𝑙cc and 𝑙fs change proportionally with 

Young’s moduli of the core and thin film, respectively, the fragmentation size remains 

almost the same due to the insensitivity to material modulus predicted by Eq. (4.45).  
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Table 4.1. Relevant parameters adopted in the numerical examples. 

Core-cladding Set 1 Set 2 Set 3 Film-substrate Set 1 Set 2 Set 3 

𝜏0 (MPa) / 30 30 𝜏0 (MPa) / 0.1 0.1 

𝑅1 (μm) 1.0 / 1.0 𝑇1 (nm) 0.3 / 0.6 

𝐸 (GPa) 40 40 / 𝐸 (GPa) 100 100 / 

𝑅2 (μm) 10 10 10 𝑇2 (μm) 50 50 50 

𝐿 (μm) 160 160 160 𝐿 (μm) 1000 1000 1000 

𝜎𝑠 (GPa) 1.5 1.5 1.5 𝜎𝑠 (GPa) 30 30 30 

 

The corresponding forms of Eqs. (4.44) and (4.45) for the film-substrate system should 

read as 

𝑙frag ≈ 𝑙fs
𝜎𝑠
𝐸
(1 −

𝜎𝑠
2𝐸
) =

𝑇1𝜎𝑠
𝜏0

(1 −
𝜎𝑠
2𝐸
).                                (4.46) 

Therefore, the fragmentation size in the film-substrate system can be reduced effectively 

by increasing interfacial interaction between the thin film and substrate and decreasing the 

film thickness.  

In practical applications, in order to reduce fragmentation size toward the nanoscale, 

one choice is decreasing the core radius in core-cladding system or the film thickness in 

film-substrate system by improving sample preparation techniques. On the other hand, in-

terfacial shear strength can be enhanced through at least two strategies to obtain smaller 

rods and ribbons. For the film-substrate system, one can select polymer substrates having 

stronger adhesion with the film, or use surface treatment techniques to attach functional 

groups or create surface patterns on the polymer substrates to alter adhesion with the film. 

Similar techniques could be used on the core-cladding system as well. 
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4.5.3   Effect of Interfacial Interaction Models 

In this subsection, we will briefly discuss the effect of different interfacial interaction mod-

els from the rigid-perfectly plastic one in Eq. (4.1). The interfacial interaction is usually 

governed by a linear elastic law when the interfacial sliding is small. In the cases where 

large sliding in included, the linear elastic law can be replaced by an elastic-perfectly plas-

tic version (inset in Fig. 4.9), which can approximate the linear elastic law by a very narrow 

elastic stage and approximate the rigid-perfectly plastic law by a very wide elastic stage. 

In this elastic-plastic law, the shear strength 𝜏0 is reached at the interface when the interfa-

cial shear displacement is 𝛿0.  

Fig. 4.9 shows the FE simulation results for the film-substrate system with different 

values of 𝛿0. Specifically, the case with 𝛿0 = 0 corresponds to the rigid-perfectly plastic 

constitutive law described in Eq. (4.1). The results show that interfacial interactions with 

reasonable portion of elasticity do not essentially influence the linear scaling of fragmen-

tation size with the characteristic size. The three curves of different 𝛿0 in Fig. 4.9 possess 

slopes very close to each other, implying that the sensitivity of fragmentation size on the 

characteristic size is only related to interfacial and material properties and independent of 

the form of interfacial constitutive law. Compared to the rigid-perfectly plastic law, any 

elastic stage in the elastic-plastic law will basically weaken the interfacial interaction, lead-

ing to a larger fragmentation size under the same conditions.  

For an elastic-plastic interfacial constitutive law, the interfacial shear distribution is 

continuously changing at junction points of two neighbor zones such as point 𝐶, 𝐷 and 𝐸 

in Fig. 4.5. In this case, the analytical solution of the interfacial shear distribution to the 

cold drawing theory will be more sophisticated than the present one, for example, alternate 
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shear lag and reversal shear lag zones probably occur near the necking zone to accommo-

date rapid changes in interfacial deformation. This situation can become even more com-

plicated if nonlinearity in the elastic stage or damage process is included in the interfacial 

constitutive law. Therefore, the present cold drawing model with the rigid-perfectly plastic 

constitutive law should be regarded as a low-order approximation to the problem, yet it can 

provide crucial insights for the controlled fragmentation in cold drawing. 

 

 

Fig. 4.9. Effect of interfacial sliding parameter 𝛿0 on fragmentation size in the film-substrate sys-

tem with intermediate 𝑙𝑓𝑠. The inset: the elastic-plastic interfacial constitutive law. 

 

4.6    Summary 

Graphene nanoribbons have tunable energy bandgap via ribbon width and can be poten-

tially applied to flexible photovoltaics and electronics used for functional wearable devices. 

The necking-induced controlled fragmentation, achieved by the cold drawing of composite 

fiber or film-substrate system, is promising for the large-scale manufacturing of graphene 

nanoribbons. This manufacturing strategy was also found to be suitable for nanoribbons of 

other 2D materials.  
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In this study, the necking-affected shear lag models were developed for the cold draw-

ing of the axisymmetric core-cladding fiber system and plane-strain film-substrate system, 

respectively. The models revealed how the fragmentations in the two systems occur in a 

controlled way upon cold drawing. For appropriate characteristic sizes determined by in-

terfacial and target material properties, a reversal shear lag zone appears near the necking 

zone, resulting in a peak tension which increases with the neck propagation and induces 

fragmentation when the ultimate strength is reached. Our cold drawing models show that 

the fragmentation size should scale with a characteristic size for given material stiffness 

and strength, suggesting that feature size of the fragmented components can be reduced 

toward nanoscale via increasing interfacial interaction and decreasing geometrical dimen-

sions such as the core radius or film thickness. 

For the sake of simplicity, we have assumed in the cold drawing theory that the neck 

propagation has reached a steady state with a fully formed neck after the necking front. 

Under some conditions such as extremely strong interfacial interaction, however, the frag-

mentation size can be so small that the fragmentation happens before the loading end is 

fully necked. Nevertheless, in these cases sequential fragmentation behavior can still be 

induced by the peak tension due to the reversal shear lag effect. Another simplification in 

the theory is that constitutive relation of the ductile necking material is not considered di-

rectly in the system balance but affects the fragmentation size through stretches in the 

necked and unnecked regions. Accordingly, the effect of properties of the necking material, 

which could be of concern when the necking material can be replaced by alternatives or its 

mechanical properties tuned in experiment, cannot be seen explicitly and can only be stud-

ied numerically using the cold drawing theory.  
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Chapter 5    Conclusions and Perspectives 

 

5.1    Concluding Remarks 

The mechanics of 2D material thin films (including monolayer and multilayer films) was 

investigated in this dissertation for the potential applications in wearable devices. Specifi-

cally, the applications in aspects of health and nanofabrication technologies were focused. 

These studies help understand the behavior of 2D material thin films in different mechan-

ical environments, the underlying mechanisms and the primary parameters influencing the 

performance of these films in practical applications.  

In Chapter 1, the basic material properties, synthesis methods, characterization ap-

proaches and numerical tools for both monolayer and multilayer 2D material thin films 

were introduced. Monolayer films can be synthesized by top-down methods or bottom-up 

methods, while multilayer films, which are composed of large amount of interlocked mon-

olayer nanosheets, are usually prepared from solutions/suspensions by drop-casting, spin-

coating or vacuum filtration. The common approaches to characterizing 2D material thin 

films in experiment and corresponding modeling include uniaxial tension test, bulge test 

(blister test), membrane indentation test, lap shear test, peeling test, among others. These 

tests can be combined with established mathematical models to determine the film proper-

ties such as elastic modulus, strength, fracture energy, and interfacial properties. The nu-

merical tools available for studies of 2D material thin films include atomistic simulations, 

phase field calculation and finite element methods.  

In Chapter 2, the potential application of multilayer graphene-based thin films in mos-

quito bite prevention, featured by functional wearable devices, was explored. Both GO and 
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rGO thin films with thickness of 0.5~5.0μm were tested in dry and wet states through the 

live mosquito biting test. The two films in dry state serve as molecular barriers and protect 

the skin from mosquito bite effectively. In wet environment, however, the molecular bar-

rier effect fails. The wet GO film, which has good breathability, converts to mechanically 

soft hydrogel and becomes nonprotective. However, the results from microneedle penetra-

tion test, micromechanical modeling and finite element simulation show that, the wet rGO 

film thicker than 0.5μm can act as mechanical barrier to resist mosquito bite.  

In Chapter 3, the shear stability and interfacial failure behavior of GO and MoSe2 thin 

films were studied considering the frequent shear loading exerted on the embedded films 

in wearable devices. The lap shear test was adopted to measure the critical shear force and 

fracture energy for GO and MoSe2 adhesives. The mixed interfacial and cohesive failure 

mode was observed in both adhesives, indicating the presence of chaotic crack propagation 

paths which account for the extraordinary fracture energies of the multilayer films. This 

failure mode is also supported by the developed lap shear model with a pre-existing edge 

crack in the adhesive. The model also proposes a shear-to-tensile failure mode transition 

that occurs as the adhesive thickness and crack size change. This transition explains the 

different dependence of the critical shear force of GO and MoSe2 films on film thickness, 

which turns out to result from the different dimensions of nanosheets and different edge 

crack sizes in the two films.  

In Chapter 4, a necking-affected shear lag theory was developed for the controlled frag-

mentation of monolayer 2D material thin films to fabricate nanoribbons useful in develop-

ing flexible electronics in wearable devices. Based on this theory, an axisymmetric core-

cladding fiber model and a plane-strain film-substrate model were developed to reveal the 



102 

 

mechanism through which the necking in the ductile material facilitates sequential frag-

mentation in the brittle material. It shows that a peak tension occurs in the brittle material 

near the neck due to the reversal shear lag effect. The peak tension, whose location moves 

with neck propagation, leads to the sequential fragmentation. Fragmentation size can be 

controlled by the interfacial interaction and geometrical dimensions of the brittle material 

such as the core radius or film thickness.  

 

5.2    Future Works 

The present studies focus on different 2D material thin films, from monolayer to multilayer, 

and cover different types of applications of the films, from health issues on mosquito bite 

prevention to nanofabrication technologies. However, some problems remain to be further 

investigated and solved.  

For the graphene-based thin films with mosquito bite prevention, rGO in wet state can 

serve as mechanical barrier, but its breathability is poor due to the hydrophobicity and 

reduced interlayer spacing compared with GO. Therefore, the current rGO films need to be 

modified to increase the breathability while maintain or even enhance the mechanical 

strength. On the other hand, GO in wet state becomes mechanically soft to resist mosquito 

bite, yet it has excellent breathability. Considering the two problems, a possible solution is 

to keep the graphene nanosheets partially oxidized and apply crosslinking methods to 

strengthen the thin film.  

The crosslinking methods dope some types of molecules, ions or microscopic compo-

nents into 2D material thin films to form an interacted network. Basically, there are three 

crosslinking strategies for 2D material thin films. (1) Doping metal ions. A small amount 
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of divalent alkaline earth metal ions (Mg2+ and Ca2+) can tightly bind to carboxylic acid 

groups at the edges of 2D nanosheets and effectively enhance the strength of the thin film 

[61, 173]. (2) Doping polymer molecules. Polymer can induce esterification reactions 

which create strong crosslinks between nanosheets. There are many options for polymer 

crosslinkers such as poly(vinyl alcohol) (PVA) [62] and polydopamine (PDA) [174, 175], 

among others [176-178]. An important parameter that influences crosslinking degree is the 

length of the polymer chain, as too short chains may not bridge adjacent nanosheets while 

too long chains cannot induce sufficient esterification [63]. (3) Doping one-dimensional 

(1D) materials. 1D materials (e.g., carbon nanotube, Ag nanowire, etc.) can be introduced 

to reinforce 2D materials through enhanced shear interaction and entanglement forces [64, 

65, 179]. To obtain strong and breathable films, the appropriate crosslinking method still 

needs further investigation to be determined.  

For the 2D material thin films under lap shear loading, the present study proposed a 

shear-to-tensile failure mode transition to reveal the dependence of critical shear force on 

film thickness and crack size. As the preliminary research on shear stability of multilayer 

2D material thin films, the effect of different nanosheet sizes was only studied by preparing 

two types of 2D materials (GO and MoSe2), rather than by changing the nanosheet sizes 

by experimental means for the same type of 2D material. The latter experiment scheme, if 

done appropriately, may provide more convincing evidence to support the transition theory.  

For the controlled fragmentation induced by necking, the mechanism facilitated by the 

reversal shear lag effect may be also applied to other cold drawing systems, beyond the 

core-cladding and film-substrate systems, to produce micro- and nano- structures of diverse 

morphology. For example, fragmented tubular components can be hopefully obtained by 
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coating the target material on a fiber core, followed by preparing a core-coating-cladding 

sandwiched system, cold drawing the system and etching out the core and cladding. Com-

pared with the simple core-cladding system, the sandwiched system needs more elaborate 

interface engineering to control the sequential fragmentation. In addition, cold drawing of 

multilayer thin film is a similar topic in the plane-strain system and has potential applica-

tions in fields such as preparation of nanoribbons of 2D heterostructure [113]. 
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Appendix A    Solutions to Film-Substrate Cold Drawing 

Model 

 

Like the core-cladding model, the film-substrate model should also be discussed in three 

cases according to the value of the characteristic size 𝑙fs defined in Eq. (4.41). The de-

formed configurations refer to those for the core-cladding system in Fig. 4.5, with the only 

difference that the film in the film-substrate system is curved and compliant to the necked 

substrate surface. 

For the case of large characteristic size, the balance of an infinitesimal portion of the 

thin film in 𝐶𝑃 reads 

d𝜎𝑧 ⋅ 𝑡1 = −𝜏0 ⋅ d𝑠,                                                     (A. 1) 

where 𝑡1 denotes the deformed film thickness, and 𝑠 the curved axis along the midplane of 

the deformed thin film. In the plane-strain model, the width of the thin film has been as-

sumed to be unity. The solution can be obtained by combining Eqs. (A.1) and (4.11) as 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 − 𝑍

𝑙fs
) , 𝜆 = (1 −

𝐿 − 𝑍

𝑙fs
)
−1

.                   (A. 2) 

In the sticking zone 𝑂𝐶, 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 − 𝑍𝐶
𝑙fs

) , 𝜆 = (1 −
𝐿 − 𝑍𝐶
𝑙fs

)
−1

.                  (A. 3) 

Then the continuity condition of deformation 𝜆𝑂𝐶 = 𝜆̂u yields 

𝑍𝐶 = 𝐿 − (
𝜆̂u − 1

𝜆̂u
) 𝑙fs.                                                  (A. 4) 

With the use of Eqs. (A.2) and (A.3), the deformed configuration of the thin film can be 

calculated through Eq. (4.17). In addition, the condition 𝑍𝐶 ≤ 𝑍𝐴 yields 
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𝑙fs ≥
𝜆̂u(𝐿 − 𝑍𝐴)

𝜆̂u − 1
.                                                       (A. 5) 

For the case of intermediate characteristic size, solutions of stress and stretch distribu-

tions in the shear lag zone 𝐶𝑃 are the same as Eq. (A.2). In the reversal shear lag zone 𝐷𝐶, 

with the condition d𝜎𝑧 d𝑠⁄ = 𝜏0 𝑡1⁄  derived from the equilibrium, we can obtain 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 + 𝑍 − 2𝑍𝐶

𝑙fs
) , 𝜆 = (1 −

𝐿 + 𝑍 − 2𝑍𝐶
𝑙fs

)
−1

.       (A. 6) 

In the sticking zone 𝑂𝐷, 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 + 𝑍 − 2𝑍𝐶

𝑙fs
) , 𝜆 = (1 −

𝐿 + 𝑍𝐷 − 2𝑍𝐶
𝑙fs

)
−1

.      (A. 7) 

The continuity condition of deformation 𝜆𝑂𝐷 = 𝜆̂u yields 

𝑍𝐷 = 2𝑍𝐶 − 𝐿 + (
𝜆̂u − 1

𝜆̂u
) 𝑙fs.                                           (A. 8) 

With the use of Eqs. (A.2), (A.6) and (A.7), the deformed configuration of the thin film 

can be calculated through Eq. (4.17). The only unknown 𝑍𝐶  left can be calculated by 

𝑠(𝑍𝐶) = 𝑠̂(𝑍̂𝐶),                                                        (A. 9) 

where 𝑠̂ is the coordinate of points on substrate surface in the curved axis 𝑠. The limits of 

the characteristic size can be obtained from the conditions 𝑍𝐷 ≤ 𝑍𝐴 ≤ 𝑍𝐶  and 𝜆(𝑍𝐶) ≤ 𝜆̂n 

as 

𝑙fs
∗ ≤ 𝑙fs ≤

𝜆̂u(𝐿 − 𝑍𝐴)

𝜆̂u − 1
,                                               (A. 10) 

where 𝑙fs
∗  is solved from Eq. (A.9) by inserting 𝑍𝐶 = 𝐿 − 𝑙fs(1 − 1 𝜆̂n⁄ ). 

For the case of small characteristic size, solutions of stress and stretch distributions in 

the shear lag zone 𝐶𝑃 are the same as Eq. (A.2). In the necked sticking zone 𝐸𝐶, 



107 

 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 −
𝐿 − 𝑍𝐶
𝑙fs

) , 𝜆 = (1 −
𝐿 − 𝑍𝐶
𝑙fs

)
−1

.               (A. 11) 

The continuity condition of deformation 𝜆𝐸𝐶 = 𝜆̂
n yields 

𝑍𝐶 = 𝐿 − (1 −
1

𝜆̂n
) 𝑙fs.                                                (A. 12) 

In the reversal shear lag zone 𝐷𝐸, 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍 − 𝐿

𝑙fs
),                            (A. 13a) 

𝜆 = (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍 − 𝐿

𝑙fs
)
−1

.                                     (A. 13b) 

In the unnecked sticking zone 𝑂𝐷, 

𝜎𝑧 = 𝑃𝑧 = −𝐸 ln (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍𝐷 − 𝐿

𝑙fs
),                           (A. 14a) 

𝜆 = (1 +
𝑍𝐶 + 𝑍𝐸 − 𝑍𝐷 − 𝐿

𝑙fs
)
−1

.                                    (A. 14b) 

The continuity condition of deformation 𝜆𝑂𝐷 = 𝜆̂u yields 

𝑍𝐷 = 𝑍𝐸 − (
1

𝜆̂u
−
1

𝜆̂n
) 𝑙fs.                                             (A. 15) 

With the use of Eqs. (A.2), (A.11), (A.13) and (A.14), the deformed configuration of the 

thin film can be calculated through Eq. (4.17). The two unknowns 𝑍𝐷 and 𝑍𝐸 left need to 

be determined from the continuity condition of deformation 

𝑧(𝑍𝐶) = 𝑧̂(𝑍̂𝐶)  or  𝑧(𝑍𝐸) = 𝑧̂(𝑍̂𝐸),                                    (A. 16) 

together with Eq. (A.15). The upper limit of the characteristic size is 

𝑙fs ≤ 𝑙fs
∗ .                                                            (A. 17) 
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