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ARTICLE INFO ABSTRACT
Keywords: Beam-like structures with enhanced and selective adhesion as well as low stiffness are of interest
Adhesion for applications such as microtransfer printing processes and soft robotic grasping devices. The
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Double cantilever beam
Interface fracture

stiffness and adhesion of compliant beams can be altered through the inclusion of structured stiff
insets that alter the mechanical response and stress distribution at the adhered interface. Here, the
adhesion behavior of compliant beams with embedded stiff insets below the surface are inves-
tigated. The length of inset and the spacing of the insets relative to the beam height are key
parameters that control the adhesion behavior. The inclusion of a stiff inset increases the effective
adhesion of the beam, but the maximum adhesion enhancement is only realized when the inset
exceeds a critical inset length. The spacing between the insets plays a key role as well and inset
spacings <~1.5 times height of the beam result in interactions between insets that can be
exploited to increase the effective adhesion. Overall, this work provides an understanding of how
subsurface elastic heterogeneity affects delamination behavior of beams and provides guidance
for the design of heterogeneous beams containing insets to realize controlled adhesion and
bending rigidity.

1. Introduction

Materials with elastic heterogeneity are common in nature and this heterogeneity can impart unique mechanical properties,
including improved fracture toughness and enhanced adhesion. Teeth, bone, and shells of mollusks and turtles are all examples of
materials in which significant elastic heterogeneity contributes to high fracture toughness and damage tolerance (Studart, 2013).
Furthermore, insects such as coccinella septempunctata (ladybugs) and carausius morosus (stick insects) leverage elastic heteroge-
neity, in the form of a gradient in elastic modulus, to achieve high and reversible adhesion to a broad range of surfaces (Peisker et al.,
2013; Scholz et al., 2008). These examples from nature illustrate the significant potential to exploit elastic heterogeneity to engineer
interfaces with unique adhesion and fracture properties.

Engineering materials with elastic heterogeneity to enhance fracture toughness has a long history and is widely exploited in
many materials (Dumont et al., 2003; Evans and McMeeking, 1986; Gludovatz et al., 2014; Jiang et al., 2018; Tuan and Brook, 1990;
Wang and Xia, 2017; Wang et al., 2019). Compared with fracture toughness, engineering elastic heterogeneity to tune adhesion
response has received less attention. In seminal work, Kendall (1975) investigated the peeling of a smooth rubber strip with varying
bending rigidity along the direction of delamination. Kendall found that crack propagation at the interface accelerated when a crack
propagated from a region of high rigidity to a region of low rigidity and that crack propagation was retarded for the opposite case. The
composite strip had significantly higher peel force than strips made entirely of either of the individual components. In more recent
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Nomenclature

a crack front position

a* normalized front position, a/H

ac critical crack front position corresponding to the maximum force

b beam width

C rotational compliance of the beam

D bending rigidity of the beam

D* normalized bending rigidity of the beam, D/Dy

D*ys normalized effective bending rigidity of the heterogeneous beam, Dg/Do
Dy bending rigidity of a homogenous beam made of the compliant matrix material
Degr effective bending rigidity of the heterogeneous beam

E. Young’s modulus of the compliant matrix

E Young’s modulus of the inset

E.* plane strain Young’s modulus of the compliant matrix, E./(1-v)

G strain energy release rate

G, critical strain energy release rate

H beam height

h compliant layer thickness underneath the inset

h* normalized compliant layer thickness underneath the inset, h/H

L inset length

L* normalized inset length, L/H
L*pack normalized back transition length (Eq. (5))
L¥*ont normalized front transition length (Eq. (4))

L*min normalized minimum inset length to realize the bilayer beam’s moment (Eq. (6))
La beam length

M applied moment

M* normalized critical delamination moment, M./M,

M* gy normalized average delamination moment

M*s normalized local maximum delamination moment

M*pnee  normalized maximum critical delamination moment

My critical delamination moment of the homogenous beam made of compliant matrix
M, critical delamination moment

P applied force

P hax normalized maximum force

P, critical delamination force

Ppax maximum delamination force

S inset spacing

S* normalized inset spacing, S/H

S *back normalized back spacing (Eq. (8))
S*front normalized front spacing (Eq. (7))

S*min normalized minimum spacing for inset to behave independently (Eq. (9))
U, crack opening displacement

U*, normalized crack opening displacement

X distance along the interface from the crack front

x* normalized distance along the interface from the crack front

Oz normal stress along the adhered interface

0%, normalized normal stress along the adhered interface

Ve Poisson’s ratio of the compliant matrix

Vs Poisson’s ratio of the inset

0 angle between two inclined edges of the section

AM* normalized difference in maximum moment and minimum moment
DCB double cantilever beam

FE finite element

work, the adhesion between films with patterned, periodic bending rigidities and a rigid substrate were studied by Xia et al. (2012,
2013) through a combination of theory and experiments. Their work demonstrated that variations in the elastic bending energy can
significantly affect the peel force. The peel force fluctuates as the bending rigidity at crack tip changes, and an 8 x enhancement of the
maximum peel force relative to homogenous tape is achieved when the bending rigidity mismatch between the sections is 8x.
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Fig. 1. (a) Schematic of the double cantilever beam (DCB) geometry considered. The black region is stiffer that the gray region, the crack is assumed
to propagate from left to right, and the arms of the DCB specimen are loaded in pure bending by applied moments. (b) Schematic of a section
containing one period of the structure bends symmetrically when subject to bending moment.

Recently, a kirigami-inspired tape with variation in contact area and bending rigidity was demonstrated to have approximately 100
times enhancement in maximum peel force compared to homogenous tape and also exhibited anisotropy in peeling force in orthogonal
peeling directions (Hwang et al., 2018). The adhesion of elastically heterogeneous pillars, which are building blocks for fibrillar
surfaces, have also been investigated. The pull-off strength of composite pillars was investigated by Minsky and Turner (2017, 2015)
and they demonstrated that the incorporation of a stiff core into a compliant pillar can lead to enhanced adhesion in structures at both
the millimeter and micrometer scale. Fischer et al. (2017) and Balijepalli et al. (2017) also investigated adhesion of composite pillars
with a soft tip layer and showed that bimaterial structures can offer enhanced adhesion.

The peel and pillar configurations that have been studied previously are important cases but do not provide guidance for
designing beam-like structures that exploit elastic heterogeneity for adhesion control. A common soft robotic gripper geometry is a
beam structure made of soft elastomer with periodic chamber structures filled with fluid or active materials (Firouzeh and Paik, 2017;
Ilievski et al., 2011; Mosadegh et al., 2014; Wang and Ahn, 2017; Zhou et al., 2015). Though widely used for gripping applications
through structures like these, strategies to enhance the adhesion of beam-type geometries have not been investigated or optimized.
Beyond soft robotics, beam-type structures with a flat continuous surface have been used for temporary attachment in pick-and-place
manufacturing processes and microtransfer printing processes for assembling electronic and photonic devices (Kim et al., 2012; Meitl
et al., 2006). Our recent work in microtransfer printing has demonstrated that a stamp with a continuous interface is advantageous
over a pillar type geometry when transfer printing thin structures (Luo and Turner, 2020), thus motivating the need to control the
effective adhesion of continuous interfaces through subsurface effects.

In the example applications discussed above, the beam-type structures need to have not only strong adhesion, but also low
bending stiffness so that they can bend easily to long-wavelength flatness variations of the target surface. However, the requirement for
both strong adhesion and low stiffness is limited by the widely observed fundamental trade-off between compliance of the system and
its adhesion strength (Bartlett et al., 2012; Kendall, 1973). The critical delamination moment M, of a homogeneous or a layered
composite double cantilever beam (DCB) scales with square root of its bending rigidity D (Maugis, 2000):

M, = \/G.bD, (€9)]

where G. is the critical strain energy release rate, b is the width of the beam. Thus, it is challenging to design beam-like structures for
applications such as robotic grippers that have both high compliance to allow for accommodation of non-flatness and high adhesive
load capacity.

To achieve enhanced adhesion and overcome this tradeoff, we investigate a beam with segmented subsurface elastic hetero-
geneity through mechanics-based modeling and experiments in this paper. The adhesion of the beam structure is characterized in
terms of a DCB geometry (Fig. 1(a)). Specifically, a DCB comprised of two compliant beams with embedded stiff insets of varying
geometry is examined. Importantly, the stiff insets do not extend to the interface thus the role of elastic heterogeneity is examined
while retaining a homogenous compliant interface that ensures good contact and uniform work of adhesion. The primary focus in this
work is on highly-mismatched cases in which the ratio of moduli between the inset and matrix is on the order of 10% this would be
typical of a composite system composed of an elastomer matrix and an inset made of a thermoplastic or thermoset polymer.

2. Methods
2.1. Finite element simulations

A moment-loaded symmetric DCB with beam height H that contains repeated inset structures with length L, spacing S, and a thin
compliant layer of thickness h between the inset and interface (Fig. 1(a)) was investigated using finite element (FE) analysis. The beams
are sufficiently long to avoid edge effects. Linear elastic behavior is assumed in the analysis and results are presented in a normalized
form; we define dimensionless parameters h*=h/H, L*=L/H, S*=S/H and a*=a/H. As we are considering long beams with repeating
structures loaded by a pure moment for which adhesion behavior varies periodically, it is unnecessary to define an absolute crack
length and a here is defined as the crack front position relative to the front edge of the inset. a is normalized with respect to the beam
height, H, as it is the only dimension that is not varied in the study and it is also convention to normalize the coordinate along the
interface of a DCB with respect to the beam height (Maugis, 2000). a*=0 is defined at the front edge of the inset and left to right is
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defined as the positive direction since the crack is assumed to propagate from left to right as shown in Fig. 1(a).

2D plane strain is assumed in the model and it is solved under the conditions of small strain linear elasticity. Each component in
the heterogeneous beam was assumed to be isotropic. The FE model was meshed with 4-node plane strain quadrilateral, reduced
integration elements (CPE4RH). Mesh density was determined through a convergence study.

The effective adhesion strength of an adhesive structure is generally related to the maximum force (Pyq,) reached during
delamination. This force would be a critical performance metric in applications such as adhesive-based-robotic grippers and stamps
used in microtransfer printing processes. The delamination of a beam in a DCB like configuration is moment driven even when loaded
with force, P, at the end (i.e. the moment at the crack tip that causes delamination is M=Px crack length). The critical delamination
moment is constant for a homogeneous DCB and periodic for a heterogenous DCB with periodic patterns (Fig. 1). Here, to remove the
effect of crack length (which can be varied by changing the beam length), a moment-loaded DCB is considered and the critical moment
is taken as the measure of the effective adhesion strength of the DCB. This also has the benefit of eliminating the effect of the transverse
shear stresses, which can impact the behavior of a DCB (Maugis, 2000).

The compliance method was used to calculate the strain energy release rate, G, from the FE simulations as (Anderson, 2017):

M? dC
G= b da 2)
where G is the strain energy release rate, M is the applied moment, b is the width of the beam, C is the rotational compliance of single
beam and a is the crack front position. In FE analysis, dC/da was calculated numerically as AC/Aa from two FE simulations at different
crack lengths. By applying the fracture criterion G=G,, the critical moment for delamination is then determined.

The beam geometry that is considered in FE is sufficiently long (200-400 mm depending on the inset length L and spacing S) to
avoid edge effects with a height H = 10 mm. Note, to prove the nondimensionalized results are independent of the absolute specimen
dimension, Fig. A1 shows the maximum moment (M*,4,) and the ratio of maximum moment to square root of effective bending ri-
gidity (M *max/D*effl/ 2) as a function of L* with S*=L* and h*=0.1 for different beam height H =1, 10, 100 mm, and it is evident that
the nondimensionalized results do not change with changing H. The compliant matrix has a Young’s modulus E.=2 MPa and Poisson’s
ratio v.=0.49 (representative of common elastomers), which has a plane strain Young’s modulus, E .*=E./ (l—vcz):2.63 MPa and
bending rigidity Dp=bE.*H>/12=2.2 x 10~* N-m? The bending rigidity in the inset section (calculation of the bending rigidity D by
Eq. (E2))is fixedat D =0.13 N-m? (corresponding to the case where the stiff inset has a Young’s modulus E;=2 GPa and Poisson’s ratio
vs=0.3 and h = 1 mm). As h is varied, the bending rigidity in the inset region is fixed at D = 0.13 N-m? by adjusting the modulus of the
inset (E;) for each h. The bending rigidity D and critical moment M, of the heterogenous DCB were nondimensionalized with respect to
the corresponding bending rigidity Dy and critical moment My of a homogenous DCB made of same compliant material with same
dimensions. My for the homogenous DCB was calculated using Eq. (1).

The effective bending rigidity of the heterogeneous beam D, (containing both a compliant section and an inset section) is found
by considering pure bending of one section of the beam shown as in Fig. 1(b). The section containing one period of the structure with
height H, length (L+S) bends symmetrically when subject to bending moment M. Through FE analysis of this section, the effective
bending rigidity is calculated as

M(L
Dy = % ®)

where 0 is the angle between two inclined edges of the section loaded by moment M.

We define D*=D/Dg, D*¢f= Defz/Do and M*=M_./Mp. Since G and b are the same for all cases, M* is independent of the G, and b
according to Egs. (1) and (2). Note that as the critical force in a force loaded condition is P.=M_./(crack length) for both homogeneous
and heterogenous DCBs, M* can be regarded as the nondimensionalized critical force of the heterogeneous DCB with respect to
corresponding homogenous DCB with the same crack length. Another important reference case is the corresponding bilayer beam (i.e.
S$*=0), which has a bending rigidity D*=609.8 and critical moment M*=24.7, as calculated by Eq. (E4).

Interface stress distributions of DCBs at different a* are also investigated through FE. Plane strain quadrilateral elements
(CPE4RH) were used and the mesh size near the crack tip was refined. Mesh size was determined by a convergence study and
approximately 1 x 10° elements were used in each case. The distance along the interface from the crack front is denoted as x with
positive direction defined as the crack propagation direction (i.e., left to right is defined as the positive direction in Fig. 1(a)) and is
normalized as x*=x/H. The normal stress along the adhered interface is denoted as ¢,, and is normalized as ¢*,; = 6,, / (M/bH?). The
crack opening displacement is also extracted and is denoted as U, and is normalized as U*; =U, /(M/(E.*bH)).

2.2. Specimen fabrication for validation experiments

DCB specimens consisting of two identical beams with a polydimethylsiloxane (PDMS) matrix and a stiff rectangular inset of poly
(methyl methacrylate) (PMMA) were fabricated via a molding process. Each beam of the DCB had a single rectangular inset. The beam
geometries were as follows: overall length L;;=80.0 + 0.4 mm, thickness H = 12.5 + 0.2 mm, width b = 25.5 + 0.2 mm, compliant
layer thickness h = 2.8 + 0.1 mm, and inset lengths of L =10.0 + 0.1 mm, 20.0 £ 0.1 mm, 30.0 + 0.1 mm and 40.0 & 0.1 mm. The front
edge of the inset is always placed at 40.0 + 0.2 mm from the front edge of the beam. In these specimens, the PDMS matrix has a Young’s
modulus E;=2 MPa and Poisson’s ratio v._0.49 and the stiff PMMA inset has Young’s modulus E;=3 GPa and Poisson’s ratio v;=0.37.

The molds were made from several PMMA sheets that were laser cut to the required geometry, stacked, and then assembled using
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Fig. 2. Critical moment (M*) for delamination of DCB specimen with L*=S* (with constant bending rigidity D*=609 in the inset region): (a) Critical
moment (M*) as a function of crack front position for L*<1 and h*=0.1. (b) Critical moment as a function of crack front position for L*>1 and
h*=0.1. (¢) Maximum moment (M*,,,) achieved during delamination for various L* and h*. (d) Ratio of maximum moment to square root of
effective bending rigidity (M*nax/D*5/?) for various L* and h* (M*pqx/D*ef'/>=1 based on Eq. (1) is shown as dashed black curve).

screws. Covers to the molds were also made from a PMMA sheet by laser cutting. The rectangular insets were made from transparent
PMMA sheets by laser cutting. The molds and covers were treated with trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane (Sigma
Aldrich, St. Louis, MO) for 4 h to facilitate release. The PMMA insets were treated with 1200 OS primer (Dow Corning, Midland, MI) to
enhance adhesion to PDMS and then placed into the molds at the desired location. PDMS (Sylgard 184, Dow Corning Corporation,
Midland, MI) with a 10:1 wt ratio of base elastomer to curing agent was prepared, degassed for 30 min in vacuum, poured into the
molds. Covers were then applied on the top of the molds and clamped. The mold assemblies were heated in an oven at 85 °C for 4.5 h to
cure the PDMS. After cooling, the beams were removed from the mold.

2.3. Experimental measurements of DCB adhesion

The DCB specimens consisting of two identical beams were tested in a standard universal testing machine (MTS Criterion Model
43) fitted with a 50 N load cell (MTS LSB.501). To mount the specimens in the machine, machined aluminum loading blocks with
through holes were attached to both beams using a thin layer of silicone sealant (8661, 3 M, St. Paul, MN). The specimens were then
mounted in clevises on the test machine with dowel pins (a photograph of a fabricated DCB specimen mounted on the experimental
setup is shown in Fig. 8(a)). The specimens were loaded in displacement control at a rate of 5 mm/min and force and displacement data
were recorded.
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Fig. 3. Critical moment (M*) for delamination as a function of crack front position for a DCB with L*=10 and S*=10. A prediction from a beam
theory model is shown as dashed line and FE results are shown as solid lines.

3. Results and discussion
3.1. Numerical results

The effect of inset dimensions (L*, S* and h*) on the critical moment for delamination is first examined for cases in which the
inset length and spacing are the same (S*=L*). The critical moment as a function of crack front position for a range of L* with h*=0.1 is
shown in Fig. 2(a) and (b) (the critical moments within one period of the inset pattern for various L* with the crack front position
normalized by inset length are shown in Fig. B1). The critical moment (Fig. 2(a)) fluctuates periodically due to the presence of the
repeated inset pattern and the period of the moment fluctuation is equal to the period of the inset pattern, which is equal to L*+S*. As
shown in Fig. 2(b), the maximum moment increases significantly as L* increases for L*>1 and the maximum moment plateaus to the
corresponding bilayer DCB value for L*>5. Fig. 2(c) summarizes the maximum moment (M*,4,) as a function of L* and h*, which is the
moment required to delaminate the beam. The maximum moments depend strongly on the dimension of the inset pattern and three
regions can be identified: (1) for L*<1 there is a minimal change in M*n4 as L* changes; (2) for L* >1 and L*< L*yin (L*nin=~5 for
h*=0.1, L*p=—~7 for h*=0.2, L*pi;=~8 for h*=0.3), M* 4 increases rapidly as a function of L*, and a smaller h* results in a larger
M*ax for a given L*; (3) M*qy plateaus for L*> L ¥, with M ¥4 = 24.7, which is equal to the prediction obtained from an analytical
model of a bilayer beam. L*;, is the minimum inset length to realize M*,q.. Note that M*,,, is not a monotonic function of L* for
L*<~1 keeping S*=L*. This is because the critical moment is not only affected by the inset length (L*) but also the spacing (S*). As will
be discussed later in the paper, when S*<1.5, there is interaction between adjacent insets and this may affect M*qy.

It is desirable to have a beam with both high effective adhesion strength (quantified in terms of M*,4,) and low bending stiffness
(quantified by D*.), and we evaluate the trade-off between compliance and adhesion of the beam in terms of ratio of the maximum
moment to square root of effective bending rigidity (M*mqx/D*, 172y A higher M *max/D*effl/ 2 is more favorable, and M *max/D*effl/ 2is
equal to 1 for any beam specimen that meets the assumptions of classical beam theory (Eq. (1)). The effective bending rigidity of the
beam (D*.f) as a function of L* and h* with S*=L* is shown in Fig. F1. D* . approaches 2, which is the value predicted by the beam
theory (Eq. (F4)), as L* increases. M *max/D*effl/ 2 is calculated based on Fi gs. 2(c) and F1 and is summarized in Fig. 2(d). For the S*=L*
cases studied, M “"max/D*eﬁcl/ 2is greater than one and the trends are similar to the trends observed for M*pqy. M “'*'mx/D*effl/ 2 increases
rapidly for L* >1 and plateaus for L*> L*y;,, which corresponds to M*;s=24.7 and D*g=~2 when L*> L*y;;. This suggests a
segmented composite beam with L*=S* and L*>0.1 always performs better than a homogeneous beam or a bilayer composite beam in
terms of the trade-off between compliance and adhesion, and an inset design of L*> L*y;, leads to the highest adhesion per bending
stiffness. In practice, specific application requirements (such as the spatial wavelength of the surface that the beam may need to
conform to) may pose a limitation on the largest L* that can be used, so L* may not reach L*p;,. In such a scenario, it is desirable to
avoid inset designs with L*<1 and have an inset pattern with small h* and the largest possible L* for a given application.

Next, we release the constraint of L*=S* to examine a more general design space, and we start with the simplest case where the
segmented composite beam contains insets with large L* and S* (i.e. L*=10 and $*=10). Fig. 3 shows the FE calculated critical moment
for delamination as a function of crack front position as well as the critical moment from a beam theory-based analysis (calculated by
Eq. (E4) and shown as a dotted line in Fig. 3). The FE results show a continuous change in the critical moment from the compliant
homogenous region to the bilayer region over a finite length. Classical beam theory agrees with the FE predictions away from the
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Fig. 4. Critical moment (M*) for delamination of specimen with large S* (with constant bending rigidity D*=609 in the inset region): (a) Critical
moment (M*) for delamination as a function of crack front position for various L* with $*=10 and h*=0.1. (b) Maximum moment (M*,4,) achieved
during delamination for various L* and h* with $*=10. (¢) Comparison between maximum moment (M*ya.x) achieved during delamination for
L*=S* (denoted as dashed lines) and S*=10 (denoted as symbols). (d) Ratio of maximum moment to square root of effective bending rigidity
(M*pax/D* et/ for various L* and h* with S*=1.5 (M*qe/D*ef'/>=1 based on Eq. (1) is shown as dashed black curve).

transition region but is unable to predict the gradual change at the front edge (i.e., at a crack front position of a*=0) and the back edge
of the inset (a*=10).

It has been widely acknowledged that the degree of confinement of a compliant layer will significantly alter the interface stress
distribution and hence the effective adhesion strength (Benvidi and Bacca, 2021; Crosby et al., 2000; Luo et al., 2020; Luo and Turner,
2021). As the crack propagates into the inset containing region of the beam, the degree of confinement experienced by the crack tip
first increases, then plateaus in a region away from the edges of the inset, and eventually decreases as it approaches the back of the
inset. This leads to the gradual increase in the critical moment when a*>0, the steady critical moment region, and the decrease near the
back of the inset shown in Fig. 3. Fig. C1 shows the interface stress distribution and the crack opening displacement of a DCB with
L*=10, S*=10 and h*=0.1 when a*=-5 (the crack front is within the compliant region of the DCB away from the inset, which is
equivalent to the interface stress distribution and the crack opening displacement of a homogenous compliant DCB), a*=0.3 (the crack
front is within the inset containing region where the critical moment increases gradually), a*=6 (the crack front is within the inset
containing region where the critical moment reaches the steady value, which is equivalent to the interface stress distribution and the
crack opening displacement of a long bilayer DCB) to illustrate the effect of confinement. As the confinement experienced by the crack
tip increases (from a*=-5 to a*=0.3 to a*=6), the crack opening displacement (Fig. C1(c)) and the magnitude of the stress concen-
tration near the crack tip (Fig. C1(b)) both decrease.

The length where the critical moment increases gradually near the front of the inset (a*=0 in Fig. 3) is denoted the front
transition length, L*on, which is defined as the distance from front edge of the inset to the crack front position where the critical
moment reaches 95% of the critical moment of the corresponding bilayer DCB. Through fitting of the FE results of beams containing
insets with h* varies from 0.1 to 0.7 and sufficiently large L* and S* as shown in Fig. D2(a) (FE results with h* =0.1-0.3 are shown in
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Critical moment (M*) for delamination as a function of crack front position for various S* with h*=0.1, L*=10 (dashed line indicates the position of
the back edge of the inset). (b) Local maximum moment, M*;, achieved during delamination for various S* h* and L*=10. (c) Maximum moment,
M*nax, achieved during delamination for various L*, S* and h*=0.1. (d) Ratio of maximum moment to square root of effective bending rigidity
M *maX/D*effl/ 2 for various L* and S$* with h*=0.1.

Fig. 3 and FE results with h*=0.4-0.7 are shown in Fig. D1(a)), the front transition length for a beam with D*=609 is:
Ly, ~ 720" @

D* was varied in the simulations from 6.5 to 6088. From these simulations, we observed that the front transition length is only a
function of h* and is described by Eq. (4) when D*>~102% At D*<~102, L*front is a function of both h* and D*, and L *fon is smaller for
smaller D* with a given h*.

As noted above, a gradual decrease in critical moment is observed in the FE results as the crack approaches the back edge of the
inset (a*=10 in Fig. 3). This is due to reduced confinement near the crack tip as it approaches the back edge of the inset. The interface
stress distribution and the crack opening displacement of a DCB with L*=10, S*=10 and h*=0.1 when a*=8 (the crack front is within
the inset containing region where the critical moment decreases gradually) is also shown in Fig. C1. When the crack front is at a*=8,
the remaining inset section ahead of the crack front has lower effective stiffness compared to the case with the crack front at a*=6 (the
inset is sufficiently long ahead of the crack front), which leads to higher crack opening displacement and a stronger stress singularity at
the crack tip. The deformation near the crack front of a DCB has often been described as “root rotation” that is captured by elastic
foundation models (Kanninen, 1973; Li et al., 2004; Thouless, 2018; Williams, 1989) and such models can also provide insight into the
behavior observed as the crack approaches the back edge of the inset. As the crack approaches the back edge, the remaining inset ahead
of the crack front becomes shorter and the “root rotation” becomes more significant. An elastic foundation model to predict the critical
moment near the back edge of the inset with a thin compliant layer underneath is presented in Appendix E, and there is reasonable
agreement between this elastic foundation model and the FE results (Fig. E2).
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calculated from averaging the maximum moment and minimum moment in one period of the structure (M*4,g=(M*pax+M*min)/2); the error bars
represent AM*= M*ax—M*min; B.T denotes the moment calculated as (D*eﬁc)l/ 2,
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Fig. 7. (a) Maximum moment (M*nq,) achieved during delamination for various L* and S* with h*=0.1. (b) Effective bending rigidity (D*.s) of the
beam for various L* and h* with h*=0.1. (¢) Ratio of maximum moment to the square root of effective bending rigidity (M *max/D*effl/ 2) for various
L* and S* with h*=0.1.

Similar to the front transition length, we define the back transition length, L4, as the change in crack front position between
where the moment is 95% of the critical moment of the bilayer DCB to the back edge of the inset. Through fitting the FE results in which
h* was varied from 0.1 to 0.7, as shown in Fig. D2(b), the L*4 for a beam with D*=609 is found to be

Ly~ —430% +8.7h" +2.3. (5)

While the front transition length (L*fons), reaches a steady value for sufficiently large D*, the back transition length (L*pack), always
increases as D* increases. This is consistent with the results of elastic foundation model (Appendix E).

From Fig. 2(c), it is observed that the maximum critical moment that can be reached is the moment predicted by the bilayer beam
theory solution (M*=(D*)'/2). This critical moment is only reached if the inset is sufficiently long such that there is a region within the
inset containing region where the crack front experiences the same confinement as the corresponding bilayer beam. Based on the front
and back transition lengths described above, the minimum inset length to realize this maximum moment, L*,;,, can be calculated by

I

‘min

=L

“front

+ L (6)

From Egs. (4) and (5), it is apparent that L*p, increases with increasing h* even when D* is constant. Thus, from a design
standpoint, smaller h* allows the maximum moment to be realized with shorter insets.
Effective bending rigidity of a beam (D* ) with sufficiently large L* and S* can be calculated by Eq. (F4), which indicates lower
D*¢5 can be achieved by reducing L*/S* while keep M*,q unchanged with L*> L*y;,. Though this case of long insets is helpful in
understanding the mechanics, it has little potential for application as it requires a beam that has a subsurface inset pattern with a large
period.
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Fig. 8. (a) Photograph of a DCB mounted on the experimental setup. (b) Comparison between the maximum moment (M*,,) for sufficient long
DCB with moment applied and DCB with experimental dimension with force applied from FE simulations. (¢) Comparison between the maximum
force (P*nqy) for a single rectangular inset DCB with various L* obtained from both experiments and FE simulations. (d) Comparison between
experiment and FE results. Force-displacement curves for DCBs with single rectangular insets of L = 30 mm and L = 40 mm.

To validate the minimum inset length, L*,;, given by Eq. (6) and further understand the effect of inset length and spacing, we
examine a series of cases in which S* is sufficiently large to avoid interactions between the insets (S*=10 in the FE simulation) and vary
L*and h*. Fig. 4(a) shows the critical moment for delamination as a function of crack front position near the front edge of the inset (the
critical moments within one period of the inset with the crack front position normalized by inset length are shown in Fig. B2) and,
similar to results discussed earlier, the maximum M* depends on L*.

For insets with L* >L*pi, (e.g., L* =10 in Fig. 4(a)), the critical moment increases as the crack propagates into the inset con-
taining region and reaches a steady critical moment in the region where the crack tip experiences the same confinement as a long
bilayer beam. For insets with L* <L*pi, (e.g., L* =2 in Fig. 4(a)), the critical moment first increases for a*>0 where the confinement
increases and reaches a peak value smaller than D*!/2, then the critical moment starts to decrease due to reduced confinement as the
crack propagates towards the back edge of the inset. The interface stress distribution of the DCB with sufficiently large S* and L*=0.2,
h*=0.1 at a*=0.35 (the crack front position where it reaches the peak critical moment) is also shown in Fig. C2. It is clear that the stress
distribution at a*=0.35 for L*=2 is less confined compared to the corresponding bilayer beam, which leads to a higher stress con-
centration near the crack tip and lower critical moment compared with the bilayer beam. Fig. 4(b) shows the M*,,4, as a function of h*
and L*, when S* is sufficiently large, M*,4, increases as L* increases and plateaus to M*=(D V2 for L* >L *min, With L*nin is given by
Eq. (6).

The results in Fig. 4 can also be used to understand the potential for interactions between the insets. In Fig. 4(a), it is evident that
M* starts to increase from M*=1 at an a* of slightly less than -1. This increase in critical moment as the crack propagates from the
compliant region towards the stiff region can be attributed to elastic toughening (Hossain et al., 2014; Hsueh et al., 2018; Kolednik
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et al., 2011), where the stiff region ahead of the crack carries a higher stress compared to a homogenous compliant structure and
reduces the stress concentration at the crack tip. This elastic toughening effect is evident in the stress distribution of a DCB with $*=10,
L*=10 and h*=0.1 at a*=-0.35 (Fig. C3). A high tensile stress is observed near the front edge of the inset (a*=-0.03, i.e., x*=0.32 in
Fig. C3(a)) - this reduces the crack opening displacement and the magnitude of stress singularity at the crack tip compared to the
homogenous case. However, instead of increasing monotonically at a*<0, M* reaches a local maximum and then reduces to a local
minimum right near the front edge of inset. Additional simulations have shown that such a non-monotonic trend at a*<0 diminishes
and finally vanishes as the compliant layer thickness (h*) increases (Fig. D1(b)) or the Poisson’s ratio of the compliant material (v,)
decreases (Fig. D3(a)), which suggest that the decrease in critical moment at a*<O0 is related to the lateral confinement of the compliant
material near the interface in front of the inset containing region. Note that in some cases with short insets (e.g., L*=0.2 in Fig. 4(a)),
M* is smaller than 1. The stress distribution of a DCB with L*=0.2 at a*=0 is shown Fig. C4. As the short stiff inset rotates, a high
compressive stress is generated near the back edge and the tensile stress near the front edge of the inset is elevated. This results in
increased strain energy release rate at the crack tip and a M* that is lower than that of the compliant homogeneous case.

The length ahead of the inset over which M* deviates from the value of the compliant region (M*=1) is denoted as the front
spacing, S*sons, and is defined as the distance between the crack front position at which the critical moment exceeds 5% of the critical
moment for the compliant region and the front edge of the inset. Through fitting of the FE results of h* varying from 0.1 to 0. 7, the
front spacing for a beam with D*=609 is:

Spons A —0.491% — 0.06h" + 1.3. )
This result for S*on is independent of D* for cases where D*>~10. As D* decreases below ~10, S* decreases with decreasing D*.

As the crack approaches the back edge of the inset, fluctuation in the critical moment is observed (this occurs for all cases in Fig. 4
(a) but can only be seen for cases with L*<1). M* reaches a local minimum around a*=L*—0.3 (i.e., the crack front position is 0.3 in
front of the back edge of the inset), then increases to a local maximum around a*=L*, and returns to M* =1 as the crack propagates into
the compliant region away from the inset. Similarly, this fluctuation is caused by highly confined compliant layer with high Poisson’s
ratio, which diminishes as the compliant layer thickness increases (Fig. D1(c)) or the Poisson’s ratio of the compliant material de-
creases (Fig. D3(b)). When a*=L*-0.3, compressive stress near the back edge of the inset and slightly elevated tensile stress near the
crack tip is generated by the remaining short inset ahead of the crack tip (Fig. C5(a)). When a*=L*, The compliant thin layer with high
Poisson’s ratio near the back edge of the inset slightly confines the tensile strain near the crack tip compared to the homogenous
compliant case and slightly reduces the magnitude of stress singularity at the crack tip (Fig. C5(b)).

The crack advance length beyond the back edge where the critical moment decreases to within 5% of M*=1 is defined as the back
spacing, S*pqck. Based on the FE results of h* varying from 0.1 to 0.7 (Fig. D1(c)), the back spacing for a beam with D*=609 was
determined to be

St =02 ®)

for h*<0.4 which is independent of D* for D*>~10, and vanishes for h* >0.4.
For each inset to behave independently, S*son: and S*pqck of two neighboring insets should not overlap, so the spacing between
neighboring insets should be larger than a minimum spacing, S*nyin:
5

min

-5

front

+ 85~ 15 (9)

for the composite beam having a thin compliant layer underneath the inset.

Fig. 4(c) compares M * 4, for various L* and h* between L*=S* (denoted as dashed lines) and S*=10 (denoted as symbols). When
L* <1 (so S*<1 for L*=S8*), M*pqy achieved for L*=S* and S*=10 are different and M*,,qy is always larger for L *=S* due to interaction
of neighboring insets. When L* >1, there is no difference in M*,,, between L*=S* and $*=10. The results shown confirm that if S*
>S*min, S* can be regarded as sufficiently large and each inset behaves independently, and this explains the second and third region
observed in Fig. 4(c). It should be noted that even when S* < S*nin, M*nae may not be affected by the interaction of the insets. For
example, for L*=1 shown here, only the critical moment near back edge of the inset is different between the S*=L* and S*=10 cases
(M* at a*=1 increases 29% for S*=L* (Fig. 2(b)) compared with S*=10 (Fig. 4(a)).), and M*pqy is almost the same.

In a microtransfer printing process (e.g., Meitl et al., 2006), it is desirable to control the adhesion within each period of the
heterogeneous structure independently so that precise selective manipulation of individual chips can be achieved. This also holds for a
soft robotic gripper, where independent control of local adhesion within each period of the structure enables more degrees of freedom
in the operation and can simplify control (e.g. ability to controllably make contact with a low or high adhesion region depending on the
manipulation task). The demand for independently controlled adhesion within each period of the structure requires sufficient spacing
between insets (S*>1.5). When S*>1.5, M* 4, is determined by L* and h* as summarized in Fig. 4(b). The value of S* when $*>1.5
only affects D*¢f of the beam while it will not change M*p,qx, which allows independent tuning of the compliance of beam and its
adhesion. Effective bending rigidity of the beam (D*y) as a function of L* and h* with §*=1.5 is shown in Fig. F2. D* .4 increases
linearly as L* increases and agrees well with the value predicted by the beam theory (Eq. (F4)), which suggests Eq. (F4) is capable to
predict D* .4 of a beam with $*>1.5. The corresponding M *max/D*effl/ 2 with $*=1.5 is shown in Fig. 4(d). M *max/D*effl/ 2 increases
rapidly for L* >1 and achieves the peak value when L *=L ;. Further increase of L*>L *;; does not affect Mgy, but increases the D* o
of the beam as it increases L*/S*. In summary, a minimum spacing of S$*=1.5 is required to achieve independently controlled adhesion
within each period of the structure, and an inset length L*=L*;, is optimal to achieve high adhesion and favorable trade-off between
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compliance and adhesion. Further increase of S* beyond 1.5 if the application permits can lower D* .4 while retaining the M*pqy.

Cases where S*<S*ni, and neighboring insets interact were also investigated. We examined a series of cases where L* is large
(L*=10 in the FE simulation) and S* is small ($*<0.5). When L* is sufficiently large and S* is small, M* is only affected by S*. In this
region between the two stiff insets, the crack front is influenced by both insets (we denote the inset ahead of this compliant region as
the front inset and the inset behind this compliant region as the back inset). Fig. 5(a) shows M* as a function of crack front position for
various S* with h*=0.1. A local maximum is observed slightly in front of the back edge of the front inset (e.g., at around a*=-0.27 for
S$*=0.2, which means the crack front is around 0.07 in front of the back edge of the front inset. The positions of the back edge of the
front inset for different S* are denoted by the dashed lines in Fig. 5(a)) due to combination of elastic toughening of the back inset ahead
of the crack and confinement of the compliant layer by the front inset near its back edge. The stress distribution for L* sufficiently large,
S$*=0.2 at a*=-0.27 is shown in Fig. C6, and the pattern of the stress distribution is similar to the pattern for L* and S* sufficiently large
at a*=-0.35 (Fig. C3), but with the tensile stress near the crack tip further suppressed by the confinement of the front inset near its back
edge. As the crack further propagates towards the front edge of the back inset, M* drops as the effect of elastic toughening from the
back inset is diminished and the confinement of the front inset decays. The stress distribution for L* sufficiently large, S*=0.2 at a*=0
(Fig. C7) is thus observed to be similar to the stress distribution of L* and S* sufficiently large at a*=0 (Fig. C3).

When S* is reduced from 0.3 to 0.2, the local peak value increases because the coupled elastic toughening effect by the back inset
and the confinement effect by the front inset is stronger with smaller S* However, when S* is too small (S*=0.1 here), the behavior
begins to approach that of a bilayer beam and the peak becomes smaller and wider. As S*—0 the moment will be constant and the peak
will vanish. We define the value of the local maximum as M*;. Fig. 5(b) summarizes values of M* for varying S* and h*. For h*=0.1,
M*; increases with decreasing S* for $*>0.2 due to stronger elastic toughening and confinement effect and then decreases with
decreasing S* for §*<0.2 because of the homogenization effect noted above. For h* of 0.2 and 0.3, M* decreases with increasing S*
over the range investigated. This is because the stiff inset is further away from crack tip, reducing the effect of elastic toughening and
confinement. Note that appropriate choice of h* and S* yields a M*s that is higher than the critical moment of bilayer DCB, which
indicates higher maximum moment than the corresponding bilayer DCB. The above discussion of adhesion enhancement due to small
S*is limited to cases where L* is large (L*=10). In practical situations, one might want to achieve the adhesion enhancement above but
with smaller L*. Fig. 5(c) shows the M*yqy for various L* and $* with h*=0.1. M*p,q, increases as L* increases and reaches the max M*f
for long insets (Fig. 5(b)) when L*>1.5. This suggests L* should be greater than or equal to 1.5 in order to maximize the peak value in
moment obtained from small S*.

M *max/D*effl/ 2 as a function of L* and S* with h*=0.1 is shown in Fig. 5(d) and the corresponding D*. is shown in Fig. F3. A
maximum M *mw(/D*effl/ 2 of 33 is achieved with L*=1.5, S*=0.25 and h*=0.1, and the corresponding D* g is 9.5.

Lastly, we examine the case where both L* and S* are small. Fig. 6 shows the average moment, M*y,,, and the difference in
maximum moment and minimum moment (AM*) for small L* (L*<1) with S*=L*. When the period of the inset structure (L*+S*) is
small enough, AM* becomes negligible and M* is nearly constant. This is not unexpected because in many composites, the system is
treated as a homogenous material when the components are below a critical length scale. Beyond results obtained from FE that
simulate the delamination of the heterogeneous DCB directly (denoted as F.E. in Fig. 6), results predicted by beam theory with the
average moment (M*y,) calculated as D*effl/ 2 are also shown as comparison (denoted as B.T. in Fig. 6). It is clear that the M*y,x from
the FE and homogenized analysis agree with each other reasonably well when (L*+S*)<0.2 for all h* studied, which provides a cut-off
for using a homogenized analysis and suggests that (L*+S*)<0.2 is not a favorable design space as it is still limited by the scaling
relation in Eq. (1). Moreover, M*q, increases as L* is reduced and plateaus. The plateau value is larger for smaller h* even D* is kept
constant. This is because the deformation is mainly taken by the compliant matrix. For small L* and h* investigated here, smaller L*
and h* indicate more confinement for the soft matrix, which increases the effectively bending rigidity of the beam and the critical
bending moment.

Beam-type structures that have specific adhesion responses and bending compliance have applications in microtransfer printing
and robotic gripping. Recent development in commercial multi-material 3D printing has enabled controllable and reliable fabrication
of structures with structured heterogeneity and motivates the use of controlled elastic heterogeneity in a beam type structure to
achieve targeted adhesion and compliance. The design space for such structures is summarized in Fig. 7 through the maximum moment
(M*nax), effective bending rigidity (D*eg), and M*nqx D*eﬁcl/ 2 as a function of L* and S$* from 0.1 to 10 with h*=0.1. From F ig. 7,it1is
evident that high M ""max/D*eﬁl/ 2 is achieved when both L* and S* are large, or when L*=1.5 and S$*=0.25.

3.2. Experimental validation

As discussed earlier, applications such as microtansfer printing and robotic gripping could benefit from a beam where there are
distinct regions with different adhesion. Thus, in the experiments, the case with large enough spacing (S*) was examined. When the
spacing is sufficiently large, the compliance of the beam can be tuned by changing S* while the adhesion of the beam is determined by
L*. Specifically, we conducted experiments on DCBs containing a single rectangular inset to demonstrate the effect of L* on adhesion
when S* is sufficiently large and compared with FE results. Single rectangular inset DCBs with an overall length L;;=80.0 + 0.4 mm,
thickness H = 12.5 + 0.2 mm and width b = 25.5 4+ 0.2 mm with a compliant layer thickness h = 2.8 + 0.1 mm and insets of varying
lengths: L =10.0 + 0.1 mm, 20.0 + 0.1 mm, 30.0 + 0.1 mm or 40.0 & 0.1 mm (which gives L*=0.8, 1.6, 2.4 and 3.2), were tested. The
stiff insets of the DCB specimens were made of PMMA. PDMS is chosen as the compliant matrix since it is a commonly used elastomer in
microtansfer printing and soft robotics and its adhesion is widely investigated under framework of linear elastic fracture mechanics
(Carlson et al., 2011; Khaderi et al., 2015; Kim et al., 2012; Minsky and Turner, 2017, 2015). A photograph of a DCB specimen mounted
in the experimental setup is shown in Fig. 8(a).
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Different from the configuration shown in Fig. 1 where moments are applied to the DCB, the experiments are conducted under
displacement control in which transverse loads are applied to the end of the DCB specimens. The applied loads create moments as well
as shear forces at the crack tip. Fig. 8(b) compares the maximum moment (M*,4,) obtained from FE between DCBs with moments
applied and DCBs with the experimental dimensions described above with transverse loads applied. An equivalent maximum moment
(M*nax) for the force-loaded configuration is M*;,5=(PmaxxXac)/Mp, where Ppqy is the maximum force achieved and a, is the corre-
sponding critical crack length. While M*,,,, is always higher for a DCB loaded by pure moments, the overall trend and the relative
change in critical moment as a function of L* between the two configurations are very similar. M*,,y increases 5.1 and 4.5 times when
L* increases from 0.8 to 3.2 for the moment case and force case, respectively. This suggests that the experimental configurations tested
are moment dominated and can reasonably be compared to the modeling results in this paper where moments are applied. Since the
front edge of the inset is always placed at the same location in the DCB specimen, the critical crack length a. changes only slightly
compared to the change of M*,,y, and the change of M*,,, is mostly a result of a change in Ppq,. As a result, P, obtained in
displacement-controlled experiments is appropriate to validate the FE results.

Fig. 8(c) shows the maximum force (P*,4) measured in the experiments along with the FE results. The maximum force is
presented in a dimensionless form and is nondimensionalized with respect to the maximum force obtained when L*=0.8 (which is 0.42
N for the L = 10 mm case). The maximum force increases 4.0 times (from 0.42 N to 1.68 N) when L* increases from 0.8 to 3.2 (inset
length increases from 10 mm to 40 mm), and good agreement between experiments and simulations over the range of inset lengths
tested is observed. Fig. 8(d) shows typical experimental force-displacement curves. It should be noted that the compliant matrix of the
DCB is made of PDMS and thus the crack will heal itself if the crack faces are allowed to contact, thus we prescribe a small displacement
on the DCB specimen at the beginning of the test in order to maintain an initial crack - this is the reason the experimental data in Fig. 8
(d) begins at a finite displacement. Force-displacement curves predicted from the FE model are also shown in Fig. 8(d) and agree
reasonably well with the experiments. The toughness, G¢, used in the FE curves in Fig. 8(d) was determined by finding the toughness
that allowed for the best fit across all of the experiments and was determined to be G;=0.46 + 0.07 J/m?.

4. Summary

The adhesion behavior of beams with segmented subsurface elastic heterogeneity were investigated. It is found that when the
spacing between insets is larger than 1.5 times height of the beam (S*>1.5), each inset behaves independently and the value of the
spacing only affects the effective bending rigidity of the beam. The maximum moment achieved during delamination increases as the
inset length increases and plateaus to a value of the corresponding bilayer beams if the inset is larger than a critical inset length
(L*>L*min) which depends on compliant layer thickness underneath the inset and elastic mismatch. If the spacing between insets is
smaller than 1.5 times height of the beam (S*<1.5), there is interaction between insets which might increases the maximum moment
compared to the case where each inset behaves independently. The segmented composite beams investigated generally have a higher
maximum moment compared to a homogeneous or a layered composite beam that has the same effective bending rigidity, except for
the case where both spacing and inset length are small (i.e. (L*4+S5%*)<0.2), in which case the beam behaves like a homogenous beam
with an effective composite modulus. Finally, the modeling results were validated via experiments on DCBs containing single inset. In
summary, this work provides an understanding of how subsurface elastic heterogeneity can be used to control the delamination
behavior of beams and it gives guidance for the design of heterogeneous beams containing insets to realize controlled adhesion for
applications such as soft robotic grippers and microtransfer printing.
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Appendix A

Effect of the absolute beam dimension

Effect of the absolute dimension of the beam is investigated by studying the maximum moment (M*n4) and the ratio of maximum
moment to square root of effective bending rigidity ( *max/D*eﬁcl/ 2) as a function of L* with S*=L* and h*=0.1 for different beam
height H=1, 10, 100 mm. The simulation results summarized in Fig. A1 show that the nondimensionalized results are independent of
the absolute specimen dimension.
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Appendix B

Critical moment as a function of crack front position within one period.
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Fig. B1. (a) Critical moment (M*) as a function of crack front position for L*<1, L*=S* and h*=0.1 with the crack front position normalized by inset
length. (b) Critical moment as a function of crack front position for L*>1, L*=S* and h*=0.1 with the crack front position normalized by
inset length.
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Fig. B2. (a) Critical moment (M*) as a function of crack front position for L*<1, $*=10 and h*=0.1 with the crack front position normalized by
inset length. (b) Critical moment as a function of crack front position for L*>1, S*=10 and h*=0.1 with the crack front position normalized by
inset length.

Appendix C

Interface stress distribution of the DCB.

(a) (b) (©)
4y 10°
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Fig. C1. (a) Interface normal stress distributions as a function of the distance from the crack front (x*) at different crack front positions for
S*=L*=10 and h*=0.1. (b) Interface normal stress distributions near the crack front as a function of the distance from the crack front (x*) at
different crack front positions for S*=L*=10 and h*=0.1. (c) Crack opening displacement as a function of the distance from the crack front (x*) at
different crack front positions for S*=L*=10 and h*=0.1.
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Fig. C2. (a) Interface normal stress distributions as a function of the distance from the crack front (x*) at crack front a*=0.35 for S*=10, L*=2 and

h*=0.1. (b) Interface normal stress distributions near the crack front as a function of the distance from the crack front (x*) at crack front a*=0.35 for
S$*=10, L*=2 and h*=0.1.
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Fig. C3. (a) Interface normal stress distributions as a function of the distance from the crack front (x*) at crack front positions a*=-0.35 and a*=0
for S*=L*=10 and h*=0.1 (The interface stress distribution of a homogenous DCB is shown as a dashed line). (b) Interface normal stress distri-
butions near the crack front as a function of the distance from the crack front (x*) at crack front positions a*=-0.35 and a*=0 for S*=L*=10 and
h*=0.1 (The interface stress distribution of a homogenous DCB is shown as a dashed line). (¢) Crack opening displacement as a function of the
distance from the crack front (x*) at crack front positions a*=-0.35 and a*=0 for S*=L*=10 and h*=0.1 (The crack opening displacement of a
homogenous DCB is shown as a dashed line).
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Fig. C4. (a) Interface normal stress distributions as a function of the distance from the crack front (x*) at crack front position a*=0 for S*=10,
L*=0.2, h*=0.1 (The interface stress distribution of a homogenous DCB is shown as a dashed line). (b) Interface normal stress distributions near the
crack front as a function of the distance from the crack front (x*) at crack front position a*=0 for $*=10, L*=0.2, h*=0.1 (The interface stress
distribution of a homogenous DCB is shown as a dashed line).
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Fig. C5. (a) Interface normal stress distributions as a function of the distance from the crack front (x*) at crack front position a*=9.7 and 10 for
§*=10, L*=10, h*=0.1 (The interface stress distribution of a homogenous DCB is shown as a dashed line). (b) Interface normal stress distributions
near the crack front as a function of the distance from the crack front (x*) at crack front position a*=9.7 and 10 for $*=10, L*=10, h*=0.1 (The
interface stress distribution of a homogenous DCB is shown as a dashed line). (¢) Crack opening displacement as a function of the distance from the
crack front (x*) at crack front position a*=9.7 and 10 for S*=10, L*=10, h*=0.1 (The crack opening displacement of a homogenous DCB is shown as
a dashed line).
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Fig. C6. (a) Interface normal stress distributions as a function of the distance from the crack front (x*) at crack front position a*=-0.27 for $*=0.2,

L*=10, h*=0.1. (b) Interface normal stress distributions near the crack front as a function of the distance from the crack front (x*) at crack front
position a*=-0.27 and 10 for $*=0.2, L*=10, h*=0.1.
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Fig. C7. (a) Interface normal stress distributions as a function of the distance from the crack front (x*) at crack front position a*=0 for $*=0.2,
L*=10, h*=0.1 (The interface stress distribution of a homogenous DCB is shown as a dashed line). (b) Interface normal stress distributions near the

crack front as a function of the distance from the crack front (x*) at crack front position a*=0 for S*=0.2, L*=10, h*=0.1 (The interface stress
distribution of a homogenous DCB is shown as a dashed line).
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Appendix D

Critical transition length and spacing.

(a)
35

M*
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Journal of the Mechanics and Physics of Solids 159 (2022) 104713
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Fig. D1. (a) Critical moment (M*) for delamination as a function of crack front position for a DCB with L*=20, S*=10 and various h*. A prediction
from a beam theory model is shown as dashed line and FE results are shown as solid lines. (b) Critical moment (M*) for delamination as a function of
crack front position near the front edge of the inset for a DCB with L*=20, S*=10 and various h*. (c) Critical moment (M*) for delamination as a
function of crack front position near the back edge of the inset for a DCB with L*=20, $*=10 and various h*.
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Fig. D2. (a) Front transition length (L *4,n,) as a function of h* (L*fon calculated by the fitted Eq. (4) is denoted as "Fit" and shown as a dashed line).
(b) Back transition length (L *pqck) as a function of h* (L*p. calculated by the fitted Eq. (5) is denoted as "Fit" and shown as a dashed line). (c) Front
spacing (S*fron) as a function of h* (S*s,n, calculated by the fitted Eq. (7) is denoted as "Fit" and shown as a dashed line).
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Fig. D3. (a) Critical moment (M*) for delamination as a function of crack front position near the front edge of the inset for a DCB with L*=10,
$*=10, h*=0.1 and various v.. (b) Critical moment (M*) for delamination as a function of crack front position near the back edge of the inset for a

DCB with L*=10, S*=10, h*=0.1 and various v..
Appendix E

Compliance-based fracture analysis of double cantilever beam using classical beam theory.
Based on classical beam theory, dC/da for a moment-loaded beam is:

dCbeurn( ) _ 1
da " D(a)
| a | L I‘ L.
M | | > >le |
I~ 0= 0
|
b e e e e ——

Fig. E1. Schematic of a composite beam supported on an elastic foundation.
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Fig. E2. Comparison of critical moment versus crack front position for DCB containing a single long rectangular inset; results obtained from finite

element (F.E.) and elastic foundation beam theory (B.T.) model.
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where Cpeqn is the rotational compliance of single beam derived via beam theory and D(a) is the bending rigidity of the beam calculated
at the crack tip cross section. For a homogenous beam section, D= bE, *H3/12. For a bilayer beam section, D is calculated as (Gere and
Goodno, 2009):

* *

D:?C[m'gf(mfh)}} +%[(m—h)3+(H7m)3}, (E2)

where m is the distance from the neutral axis to the bottom edge of the beam calculated as:

W (E: — E!) + H?E;

=_ ¢ ) T s E3

" T (B — E:) + 2HE; (E3)
Based on Egs. (2), (E1) and the Griffith fracture criterion, the critical moment for delamination is:

M. =+/G.-b-D(a). (E4)

As is evident from Eq. (E4), the critical moment for a given crack front position only depends on the properties of the cross section at
crack tip.

Compliance analysis using beam theory with root rotation

Eq. (E1) gives dC/dA obtained via classical beam theory. In addition to the bending of the loading arm of the beam, there is
deformation ahead of the crack front. In order to account for the deformation ahead of the crack tip quantitatively, root rotation
compliance 6y, which is the rotation of the cross section at crack tip under unit moment applied, can be added to the compliance:

C(a) = Chean(a) + 6o(a), (E5)

where Cpeqm(a) is the rotational compliance predicted by classical beam theory. Thus

dC . dCpean db,
%(a) = (a) + E(QL (E6)

where the first term on the right is calculated by Eq. (E1). This leads to a critical moment for delamination:

_ ACeam dfy
M, = \/GC/ (7[1& (a) + I (a)>‘ (E7)

The elastic-foundation model developed by Kanninen (1973) has been widely used to account for the effect of root rotation (Li
et al., 2004; Thouless, 2018; Williams, 1989). In this model, the presence of the other beam is modeled as a spring foundation with
stiffness k bonded to a rigid surface and we further extended the analysis to composite beam considered in the present work (Fig. E1).
To find the root rotation at the crack tip, the deformation of the beam ahead of the crack tip, as shown in Fig. E1, is considered. The
coordinate system is located as shown so that x = 0 is at the back edge of the inset. Thus, the crack tip is at x=-Lp. L is the remaining
length of the inset ahead of the crack tip. L. is the remaining length of the beam behind inset. The beam ahead of the crack tip shown in
Fig. E1 consists of two segments: a heterogenous segment (-L,<x < 0) denoted segment 1 and a homogenous segment (0 < x< L.)
denoted segment 2. L. is assumed to be sufficiently long such that there is no end effect from the end of the beam when crack is
propagating in x < 0.

Following the analysis of Kanninen (1973), the deflection of each segment is governed by

&y

ot 4ty =0, (E8)

where A*=k; /(4D) and i = 1, 2. k; is the foundation stiffness of segment i. D; is the bending rigidity of segment i. The boundary
conditions at x=-L, a unit moment with no shear force is applied to satisfy equilibrium of beam section x<-Lp:

Dyy'(-L,) =1, (E9)
¥ (~Ly) = 0, (E10)

and at x = 0, there is continuity in deflection, angle of rotation, moment, and force

¥(07) =y(0%), (E11)
y(07) =y (0), (E12)
D1y"(07) = Doy"; (0), (E13)
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Dy (07) = Doy" (0%), (E14)
and at x=L,, since L is sufficient long, there is no deformation:
y(Le) =0, (E15)

i

y (L) =0. (E16)
The general solution to Eq. (E8) is
y = e (a;sinAix + bicosdix) + ' (c;sindix 4 dicosA;x). (E17)

Considering that the second segment, i = 2 (0 < x<L,), is sufficiently long, to satisfy Eqs. (E15) and (E16), the exponential increase
term must equal to 0 and thus c2=0 and d>=0. Substitution of Eqgs. (E9) to (E14) into Eq. (E17), allows the coefficients in Eq. (E17) to be
determined as a function of 4;. Since 6y in Eq. (E5) is the angle of rotation at x=-L; under unit moment applied (i.e. 8p=y’(-Lp)), with
dLy=—da:

dy(_
o, doy, d{dx( L“}

= E18
da  dL, dL, (E18)

Now, only 4; with /1i4:ki /(4D;) is left to be found. As the inset is considered to be ~10° times stiffer than the thin compliant layer,
the bending rigidity of segment 1 can be approximated as D;=bE,*(H-h)>/12 with the neutral axis passing through the center of the
inset. The elastic foundation stiffness, k;, must also be defined. Kanninen (1973) suggests considering the material between neutral axis
of the DCB as an effective spring, which results in k = 2bE*/H for a homogenous DCB. However, various coefficients other than 2 have
been used to calculate k based on FE results for a homogenous DCB (Li et al., 2004; Thouless, 2018), thus it can be used a fitting
parameter to match beam theory and a more accurate model. For the beam we considered here, as shown in Fig. E1, segment 2 is
homogenous and we take ko=2bE_*/H. For segment 1, the stiffness of elastic foundation is determined by the stiffness of the material
below neutral axis, ks, and the stiffness of the thin compliant layer, k.. The stiffness ks, can be found as ks=2bE;*/(H-h), similar to
previous work. For k,, the compliant layer studied in this work is a long and slender strip connected to a much stiffer material and in a
plane strain condition, thus it is highly confined and has a Poisson’s ratio close to 0.5, resulting in k.=4bE.*/h. They can be treated as
springs in series, 1/k;=1/ks+1/k,, to obtain the foundation stiffness:

I\ H-h h

ki~ 2bE: +4bE;’

(E19)

Fig. E2 shows the moment as a function of crack front position for DCB containing single long rectangular insets calculated using FE
and beam theory (BT) with root rotation represented by the elastic foundation model above. There is reasonable agreement between
the two models, but the discrepancy increases as h/H increases. This confirms that the transition near back of the inset can be captured
by the elastic foundation model with the assumptions noted above works best for small h/H. The back transition length, Lyqck, which is
the distance from crack front position where the moment is 95% of beam theory-predicted critical moment to the back edge of the
inset, can be estimated. Note that L, is also the minimum length for the deflection to decay to a negligible value at back edge of the
inset so there is negligible end effect from the compliant material behind. From Eq. (E17), the solution can be rescaled with x*=2;x,
thus the critical length Ly, should also scales with Lpgck*=AiLpack, thus

Lysexcxy 47D . (E20)

This suggests that a higher D/k leads to a larger Lyqck, which means a longer portion of the inset containing region ahead of the crack
front is deformed and the stress is distributed over large area.

Appendix F
Effective bending rigidity of the beam

Effective bending rigidity of the beam (D*.) predicted by Euler beam theory can be calculated by regarding one period of the
composite beam as two connected beam segments:

L+S L S
o _L,s F1)
Thus
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Fig. F1. Effective bending rigidity (D*,g) of the beam for various L* and h* with L*=S* (with constant bending rigidity D*=609 in the inset region)
(M*,,,,lx/D*effl/ 2 predicted by Euler beam theory based on Eq. (F4) is shown as dashed black curve).
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Fig. F2. Effective bending rigidity (D*.) of the beam for various L* and h* with $*=1.5 (with constant bending rigidity D*=609 in the inset region)
(M*max/D*effl/ 2 predicted by Euler beam theory based on Eq. (F4) is shown as dashed black curve, and it collapsed with the dashed blue curve).

_ DDy(L+5S)
LDy +SD (¥2)
For highly-mismatched cases investigated in this paper (D>>Dy), Eq. (F2) can be simplified to
L
Dy = (1 + g) Do, (F3)
With D*eg=D,s/Do:
* L*
Dy =1+¢, (F4)

Eq. (F4) provides a simple estimation of the effective bending rigidity of the segmented composite beam based on Euler beam
theory.
The effective bending rigidity of the beam (D*,) calculated from FE are summarized below:
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Fig. F3. Effective bending rigidity (D*g) of the beam for various L* and S* with h*=0.1 (with constant bending rigidity D*=609 in the inset region).
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