Journal of the Mechanics and Physics of Solids 143 (2020) 103988

Contents lists available at ScienceDirect ouma ol
Mechanics
and Physics
of Solids

O e

Journal of the Mechanics and Physics of Solids

journal homepage: www.elsevier.com/locate/jmps

Strength and toughness of adhesion of soft materials )
measured in lap shear

updates

Yecheng Wang?, Xuxu Yang®", Guodong Nian®, Zhigang Suo®*

aJohn A. Paulson School of Engineering and Applied Sciences, Kavli Institute for Bionano Science and Technology, Harvard University, MA
02138, United States
b Department of Engineering Mechanics, Zhejiang University, Hangzhou 310027, China

ARTICLE INFO ABSTRACT
Article history: Adhesion of soft materials is commonly characterized by strength and toughness. Their
Received 16 February 2020 applicability, however, is often questionable even for widely used test methods. Here we

Revised 18 April 2020
Accepted 19 April 2020
Available online 9 June 2020

study lap shear using a combination of experiment, theory, and computation. Lap shear
has long been used to measure adhesion strength of soft materials, but our experiments
show that the measured adhesion strength is constant only when the sample is thin and
short enough. When the sample thickness exceeds the fractoadhesive length, the corner of

ﬁgﬁg{gj the sample concentrates stress, and the adhesion strength decreases as the sample thick-
Lap shear ness increases. When the sample length exceeds the shear lag length, the backing layer
Strength deforms appreciably, much of the sample does not carry shear stress, and the adhesion
Toughness strength decreases as the sample length increases. Furthermore, we derive an analytical
Hydrogel expression for energy release rate for a crack long compared to the sample thickness. For

samples thicker than the fractoadhesive length, we show that the adhesion toughness is
constant, independent of the sample length. These findings will guide the development of
the methods to characterize strength and toughness of adhesion.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The art of adhesion dates back to antiquity, and has long been developed for hard and dry materials, such as wood,
metals, and ceramics (Ebnesajjad and Landrock, 2014; Skeist, 1990). In recent years, much attention has been devoted to
the development of methods of adhesion for soft and wet materials, such as living tissues and hydrogels (Mehdizadeh and
Yang, 2013; Yang et al., 2019c). Adhesion of soft and wet materials—either among themselves or to hard and dry materials—
has been achieved through covalent interlinks (Li et al.,, 2017, 2019; Liu et al., 2018; Yuk et al., 2015, 2016), noncovalent
(supramolecular) interlinks (Rose et al., 2014; Roy et al., 2015; Wang et al., 2019a), and topological entanglement (Gao et al.,
2018; Steck et al., 2019; Yang et al., 2018).

The rapid advances of adhesion of soft and wet materials have promising applications in engineering and medicine. Ex-
amples include wound closure (Blacklow et al., 2019; Hong et al., 2019; Li et al., 2017; Yuk et al., 2019), hydrogel paint
(Yao et al., 2019), hydrogel skin (Yu et al., 2019), hydrogel robot (Yuk et al., 2017), high-toughness, low-hysteresis elastomers
(Wang et al., 2019b), fatigue-resistant stretchable materials (Li et al., 2020; Xiang et al., 2019), strong and tough soft com-
posite (Huang et al., 2017), photodetachable adhesion (Gao et al., 2018), molecular staple (Chen et al., 2019; Wirthl et al.,
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2017), strong and degradable adhesion (Yang et al., 2019b), stick-on large-strain sensors (Cheng et al., 2019), and topological
prime and topological lithography (Yang et al., 2020).

Materials adhere and detach through complex molecular processes. The quality of adhesion is assessed not by first-
principles computations, but by mechanical tests. Typical tests include probe pull, lap shear, and peel. Probe pull and lap
shear are commonly used to measure adhesion strength, whereas peel is commonly used to measure adhesion toughness.
In particular, lap shear has been widely used to characterize structural adhesives (Jeevi et al.,, 2019) and tissue adhesives
(Ni et al., 2019; Roy et al., 2015; Vakalopoulos et al., 2015; Yuk et al., 2019). Adhesion strength and adhesion toughness are
used to rank adhesion of various chemistries (Bhagat and Becker, 2017; Hofman et al., 2018; Zhu et al., 2018), as well as
various microstructures (Ghareeb and Elbanna, 2019; Xia et al., 2012).

The applicability of strength and toughness is inadequately appreciated. To illustrate concerns and resolutions, this paper
reports several findings of lap shear of hydrogels. We use the adhesion between polyacrylic acid hydrogel and polyacry-
lamide hydrogel as a model system. Our experiment shows that the adhesion strength changes with the sample thickness
when the sample thickness is large compared to the fractocohesive length, and changes with the sample length when the
sample length is large compared to the shear lag length (Section 2). For thick samples, a combination of theory, computa-
tion, and experiment shows that lap shear gives geometry-independent adhesion toughness (Section 3 and Section 4). We
also compare the lap shear using flexible backing layers and that using rigid substrates (Section 5). We describe the exper-
imental approaches and show the force-displacement curves of various thicknesses and lengths (Section 6). These findings
will guide the characterization of strength and toughness in developing and applying methods of adhesion in engineering
and medicine, as well as contribute to the fundamental mechanics of adhesion.

2. Adhesion strength
2.1. Lap shear

Lap shear is commonly used to measure adhesion strength (da Silva et al., 2006; Hui et al., 2018; Kafkalidis and Thou-
less, 2002; Kendall, 1975; Liu et al., 2019b). As a typical example, structural adhesive has been extensively studied by lap
shear and the effects of overlap length, bond line thickness, and other parameters on joint strength have been reported
(da Silva et al., 2006; Grant et al., 2009; Kendall, 1975; Taib et al., 2006). For structural adhesives, both adherends and ad-
hesives are stiff and the deformation is small. By contrast, for soft adhesive joints, the modulus between the soft layer and
the stiff backing layer differs by orders of magnitude and the deformation in the soft layer is finite. As we will see later, the
enormous modulus contrast leads to a very long shear lag length.

Here, we lap-shear an adhesive joint made of polyacrylic acid (PAA) hydrogel and polyacrylamide (PAAm) hydrogel
(Fig. 1a). Values of thickness of each hydrogel are identical, h/3. Following an existing practice, define the adhesion strength
by

Fmax

Ts = WL (1)
where Fpax is the maximum force in the force-displacement curve (Fig. 1b), and w and L are the width and length of the
area of adhesion, respectively. When a loading machine pulls the two backing layers, the sample rotates somewhat, deforms
greatly, and then ruptures (Fig. 1c, Video 1).

Definition (1) makes sense only when the stress in the adhesive joint is uniform. This assumption is unrealistic in prac-
tice, where the corner of the adhesive joint may concentrate stress (Fig. 1c). Nonuniform stress in lap shear has been studied
(da Silva et al,, 2009a, 2009b; Kafkalidis and Thouless, 2002). However, most existing models have no analytical solutions
and are rarely used in practice. By contrast, the simple but “unrealistic” definition (1) has been widely adopted, following
the ASTM D1002-10 (metals), ASTM D3163-01 (plastics), and ASTM F2255-05 (tissue adhesives). In this paper, we will adopt
the simple definition to report adhesion strength.

We measure adhesion strength for samples of various values of thickness h (Fig. 1d), while fixing the length L =5 cm
and the width w =2 cm. We find that the adhesion strength is constant when the sample thickness is below a certain
thickness, but decreases when the sample is thick.

We also measure adhesion strength for samples of various values of length L (Fig. 1e), while fixing the thickness h =
9 mm and the width w =2 cm. We find the adhesion strength is constant when the sample length is below a critical
length, but decreases when the sample is long.

)

2.2. Fractoadhesive length

To study the thickness dependence of the adhesion strength, we invoke the fractocohesive length defined as (Chen et al.,
2017)
r
=—. 2
Wr (2)

The fractocohesive length is characteristic of a homogeneous material, where I" is the toughness of the material measured
using a sample containing a pre-cut crack, and W is the work of fracture of the material measured using a sample without
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Fig. 1. Use lap shear to measure adhesion strength. (a) Experimental setup. Two polyacrylamide hydrogels (pH = 3.5) sandwich a polyacrylic acid hydrogel
(pH = 1.5), and form an adhesive joint, of length L, width w, and thickness h. Unless otherwise specified, the width w is fixed as 2 cm. The adhesive joint
is pulled using two plastic backing layers, which are glued to the polyacrylamide hydrogels. (b) Force-displacement curve. Shear strength is defined as the
maximum force divided by the initial area of the adhesive joint. (c) Images of a sample at various positions in the force-displacement curve. Scale bar is
1 cm. (d) The measured adhesion strength depends on the sample thickness. The length L =5 cm. (e) The measured adhesion strength depends on the
sample length. The thickness h =9 mm. In (d) and (e), solid lines are drawn to guide the eye.

pre-cut crack. In an experiment with a large sample and a long pre-cut crack, a fracture process zone exists around the
crack tip. The sample is elastic outside the fracture process zone. The fractocohesive length scales the fracture process zone.
The fractocohesive length is ~ 1 mm for PAA and PAAm hydrogels (Liu et al., 2019a; Yang et al., 2019a).

Here we define a similar length to characterize adhesion, which may be called the fractoadhesive length. The two hy-
drogels used in our experiments adhere well, and the adhesive fracture between the two hydrogels is comparable to the
cohesive fracture of the two hydrogels (Wang et al., 2019a). Consequently, here we will simply adopt the fractoadhesive

length of ~ 1 mm to evaluate PAA-PAAm adhesion.
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Fig. 2. Scale of inelasticity. (a) When h < Ry, the effect of stress concentration is negligible. (b) When h > Ry, the effect of stress concentration is significant.

2.3. Adhesion strength changes with the sample thickness

When no intentional pre-cut crack is made, unintentional crack-like flaws introduced during material synthesis are likely
to be smaller than the fractocohesive length of ~ 1 mm. In lap shear, we compare the fractocohesive length R; with the
thickness h of the sample. When h < Ry, the fracture process zone expands across the thickness of the sample, so that the
effect of stress concentration is negligible (Fig. 2a). By contrast, when h > Ry, the fracture process zone is small compared
to the sample thickness, so that the effect of stress concentration becomes pronounced (Fig. 2b).

The experimental results are consistent with the scale of inelasticity (Fig. 1d). When h < Ry, the effect of stress con-
centration is negligible, and the shear strength is independent of the sample thickness. When h > Ry, the effect of stress
concentration is pronounced, and the shear strength decreases as the sample thickness increases.

2.4. Shear lag length

To study the length dependence of the adhesion strength, we employ the shear lag model (Cox, 1952; Hui et al., 2018;
Mojdehi et al., 2017). Here we only need to find the length scale over which the shear stress in the soft material vanishes.
To estimate this shear lag length, consider a soft layer sandwiched between an elastic backing layer and a rigid foundation.
Let E and H be the Young’s modulus and thickness of the backing layer, and u and h be the shear modulus and thickness
of the soft layer. Let x be the coordinate along the length of the sample, o(x) be the tensile stress in the backing layer, u(x)
be the shear displacement of the backing layer relative to the foundation, and 7(x) be the shear stress in the soft material.
The balance of forces requires that Hdo (x)/dx = 7 (x). The elasticity requires that do (x) = Edu(x)/dx and 7 (x) = pu(x)/h.
A combination of the three equations gives that d2u(x)/dx% = [w/(EHh)]u(x). This second-order ordinary equation defines a
length scale (i.e., the shear lag length):

EHh
Ly = /7. 3)

Taking H ~ 100pum, E ~ 1GPa, h ~ 1mm, and p ~ 1kPa, we can estimate the shear lag length Ls ~ 31.6 cm.
2.5. Adhesion strength changes with the sample length

We compare the shear lag length Ls with the length L of the sample. When L « L, the soft layer carries stress and
undergoes a homogeneous deformation, so that the effect of the backing layer elasticity is negligible (Fig. 3a). By contrast,
when L > Lg, much of the soft layer carries negligible stress but the backing layer carries stress, so that the elasticity of the
backing layer becomes pronounced (Fig. 3b).

The experimental results are consistent with the load transfer (Fig. 1e). When L « L, the effect of the backing layer
elasticity is negligible, and the adhesion strength is independent of the sample length. When L >» Ls, the backing layer
deforms appreciably, and the adhesion strength decreases as the sample length increases.

To further confirm the significance of the shear lag length, we calculate the shear stress of the top layer of the soft layer,
7, normalized by the average shear stress, F/wL, along the length direction x of various normalized sample lengths, L/Ls,
using the finite element software ABAQUS (Fig. 4).

A prescribed displacement is applied to the left end of the upper backing layer and the right end of the other backing
layer is fixed during tension. 4-node bilinear plane strain quadrilateral elements (CPE4R) are adopted for both the backing
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Fig. 3. (a) When L « L, the effect of backing layer elasticity is negligible. (b) When L > L, the effect of backing layer elasticity is significant.
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Fig. 4. Normalized shear stress 7/(F/wL) distribution of the top layer of the soft layer along the direction of length x of various normalized sample lengths
L/Ls.

layers and the hydrogel. The backing layer is assumed to be linear elastic, and the hydrogel is neo-Hookean. This elastic
model cannot correctly represent the stress concentration at the corner of the sample, so we will ignore the prediction of
the high stress near the corner. The elastic model, however, should adequately model the stress in the soft layer at some
distance away from the corner. When L < L, the shear stress is nearly uniformly distributed along the direction of length
and is well approximated by T = F/wL. When L > Ls, the shear stress decreases as the length L increases, so that T « F/wL.

3. Adhesion toughness for short samples

Strength and toughness are independent properties (Ritchie, 2011). Strength is the maximum stress a material can sus-
tain, describing the ability of a material without cracks to resist fracture. By contrast, toughness is the amount of energy
needed for a crack to propagate per unit area, reflecting the ability of a material with cracks to resist crack growth. Similar
comments apply to the strength and toughness of the adhesion between two materials. As shown in the previous section,
the measured adhesion strength is thickness-dependent in the range of h > R (Fig. 1d). To resolve this issue, we use thick
samples to measure adhesion toughness. In this section, we study adhesion toughness for short samples, L « Ls, when the
backing layer can be assumed to be rigid.

3.1. Steady-state energy release rate

To measure adhesion toughness, one introduces a pre-cut crack into the sample, and relates the energy release rate
of the crack to the applied load and sample geometry. We use the theory of nonlinear elasticity to calculate a steady-
state energy release rate for a soft elastic layer undergoing finite deformation (Fig. 5). A soft elastic layer, thickness h,
is sandwiched between two rigid substrates. Assume that the elastic layer is made of a homogeneous material. Part of the
elastic layer, length I, detaches from a substrate, and the other part of the elastic layer, length I, adheres to both substrates.
The boundary between the detached and adhered parts is taken to be the crack front. The thickness of the elastic layer, h,
is taken to be small compared to both l; and l,. When one rigid substrate slides relative to the other, the adhered part of
the elastic layer undergoes a homogeneous deformation of a shear strain y, the detached region does not deform, and only
a small region around the front of the crack undergoes inhomogeneous deformation. Consequently, the crack is in steady
state. By definition, the energy release rate G is the reduction of the elastic energy associated with the crack advancing per
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Fig. 5. An idealized model for the derivation of the steady-state energy release rate.

unit area, so that
G=hW(y), (4)

where W(y) is the elastic energy of the deformed layer per unit volume. This result is independent of specific model of
elasticity. The above expression is expected to be valid when both Il; and I, are large compared to the thickness of the
elastic layer, h. Under this condition, the energy release rate is independent of /; and I, and is said to reach a steady state.

We next focus on the homogeneous shear deformation in the part of the elastic layer adhered to both substrates. In the
undeformed state, consider a vertical line of material particles. In the deformed state, the same line of material particles
rotates by an angle of y. In the undeformed state, label each material particle by its coordinates (Xi, X,, X3), where the axis
X coincides with the bottom of the elastic layer, X, is normal to the elastic layer, and X3 coincides with the crack front.
When the top substrate slides relative to the bottom substrate by a rigid-body translation of htany, the material particle of
coordinates (Xi, X5, X3) in the undeformed state moves to a place of coordinates (xq, x5, Xx3) in the deformed state, where
X1 = X1 + X tany, x, = X5, and x3 = X3. Consequently, the deformation gradient, Fx = 9x;(Xq, X, X3)/0X, is

1 tany O
F=1|0 1 0]. (5)
0 0 1

The elastic layer is taken to obey the neo-Hookean model of the energy density W (F) = & (FxFy — 3), where w is the
shear modulus. When the material is deformed with a shear strain y, the elastic energy density of the neo-Hookean material
is W = u(Fy)? = utan?y /2. Thus, for a neo-Hookean material, the energy release rate is G = hutan?y /2.

We next ascertain that a homogeneous shear deformation indeed satisfies the boundary conditions of lap shear. The
elastic layer is further assumed to be incompressible, detF = 1. For an elastic, incompressible material, the true stress is
expressed by the energy density as

o — oW (F)
! 0Fk
where the Lagrange multiplier IT is introduced to enforce incompressibility. For the neo-Hookean material, the stress-strain
relation reduces to oj; = uFgFg — I18;5. Under shear, the stress tensor is

F — T8y, (6)

opp=ptany, 033 =031 =0, oy =0 =033 =1L (7)

The Lagrange multiplier IT gives a state of hydrostatic stress, which is set by the atmospheric pressure in our experiment.
The hydrostatic stress does not affect the elastic energy for an incompressible material. At free edges of the sample, the shear
stress is absent. This boundary condition violates the result o1, = @ tany, but is assumed to affect only a small region near
each edge.

When the two substrates slide under an applied force, assuming that the attached region undergoes a homogeneous
deformation, the shear stress is given by o1, = t, where the shear stress 7 is the force applied on the substrate divided by
the attached area. The steady-state energy release rate is G = ht2/2u. This result is valid for lap shear with arbitrarily large
deformation, so long as the elastic material is neo-Hookean, the crack length is large compared to the sample thickness,
and the substrates are rigid. Furthermore, even if the forces applied to the rigid substrates have components normal to the
elastic layer, the normal forces will contribute to the hydrostatic stress in the incompressible, thin, elastic layer, but will not
cause any deformation, and will not affect energy release rate. When a force is applied normal to the thin soft layer, the
applied tensile force will affect mode mix at the crack front, even though the energy release rate is unaffected. Thus, the
validity of G = ht2/2 is remarkably general.

In our experiment, the elastic layer consists of a PAA hydrogel and two PAAm hydrogels. Both PAA and PAAm have the
thickness of h/3. The shear stress T is the same in all three layers, but the shear strains are different in PAA and PAAm,
because the two materials have dissimilar shear moduli, paam and ppaa. Hence, the steady-state energy release rate is

h h
G= + 2 8
(3MPAAm 61tpan ) ®

Define an effective shear modulus i by 1/ = 2/3paam + 1/3paa. and write the above equation as G = ht2/2i.
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3.2. Finite element analysis of the effect of the crack length

The above result applies to a steady-state crack, when the crack length is large compared to the sample thickness. Next,
we calculate the energy release rate for a transient crack using the finite element software ABAQUS. Let ¢ be the length of
the crack, and the object here is to determine the length of the crack to approach the steady-state energy release rate. To
simplify the calculation, we replace the three-layered composite by a homogeneous hydrogel. We use contour integrals to
calculate the energy release rate. A two-dimensional finite element model is employed (Fig. 6a). A prescribed displacement
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Fig. 7. Adhesion toughness measurement. An initial crack with various lengths is introduced to the PAA-PAAm interface, and the corresponding maximum
forces are measured. Inextensible backing layers are glued to PAAm hydrogels to suppress their deformation far away from the crack. In this case, h =
9 mm > Ry, L=5 cm, and w = 2 cm. Also included in the figure are data (the empty squares) measured using samples with no pre-cut crack.

is applied to the left end of the upper backing layer and the right end of the other backing layer is fixed during tension.
4-node bilinear plane strain quadrilateral elements (CPE4R) are adopted for both the backing layers and the hydrogel except
for the crack tip region, where the crack-tip singularity is modeled with a ring of collapsed quadrilateral elements. To obtain
the desired accuracy, the mesh close to the crack is refined. In the calculation, the backing layers are assumed to be linear
elastic. The length and thickness of each backing layer are 75 cm and 50 pum, respectively. For the hydrogel, the neo-Hookean
model is adopted, and its shear modulus is 2.634 kPa. In addition, the length L is kept to be 10 cm, and the thickness h is
4.5 mm, which is large compared to the fractocohesive length Ry.

The results show that when the crack length is comparable to the sample thickness, the energy release rate reaches a
steady state (Fig. G6b). The finite element analysis also confirms that the strain is uniform in the main part of the sample. The
calculated normalized energy release rate at steady state is slightly higher than the theoretical prediction G = ht2/2f. This
difference is caused by the finite elastic modulus of the backing layers assumed in the finite element analysis (Appendix A).
The above results corroborate the validity of the use of the steady-state energy release rate G = ht2/2/i when the crack
length exceeds the sample thickness.

3.3. Experimental measurement of adhesion toughness

We experimentally measure the adhesion toughness by introducing a crack to the interface between PAA and PAAm with
a crack length c (Fig. 7).

We fix the length L =5 cm and the width w =2 cm. To guarantee that fracture is limited by toughness, we make
h =9 mm, which is large compared to R;. The results show that a steady state is reached and the energy release rate is
independent of the crack length. According to the finite element analysis (Fig. 6b), a steady state is reached when c/h > 1.
Thus, we can obtain the steady-state energy release rate when c/h > 1, using Eq. (8). For c¢/h = 0.5, the energy release rate
is calculated using Eq. (8) with a coefficient of 0.9. The average energy release rate at steady state is 45]/m2. By uniaxial
tension test, we can determine Young’s modulus of PAAm and PAA. The materials are taken to be incompressible, so that
Young’s modulus divided by 3 gives the shear modulus, ppaam = 4256 & 238 Pa and pppp = 1495 £ 58 Pa. Taking h =9 mm
and T =5 kPa (Fig. 7), we can estimate the adhesion toughness I' ~ 43 J/m?Z, which is consistent with the experimental
measurement.

To illustrate the importance of the pre-cut crack in the measurement of toughness, we calculate the energy release rate
of the cases when h > Ry in Fig. 1d using Eq. (8). The results (empty squares in Fig. 7) show large scatters. The scatters are
due to the uncertainty of the crack length caused by the absence of pre-cut crack. Therefore, a pre-cut crack long compared
to the thickness is necessary to measure adhesion toughness using the steady-state energy release rate.
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4. Adhesion toughness for long samples

As shown in the previous sections, the adhesion toughness for short samples is constant. In this section, we study the
case of long samples and show adhesion toughness is constant and consistent with that of short samples. For a long sample,
L >»> L, the elasticity of the backing layers strongly affects the energy release rate.

4.1. Steady-state energy release rate

We now calculate the energy release rate due to the elasticity of the backing layer (Fig. 8). A soft elastic layer, thickness h,
is sandwiched between two stiff backing layers, thickness H. We assume that the soft elastic layer is made of a homogeneous
material. The thickness of the soft elastic layer, h, is taken to be small compared to the length of the soft elastic layer, L. Let
w be the width of the sample. A crack of a length c is introduced between the soft elastic layer and the stiff backing layer.
The backing layers are pulled by the force F. In the detached part, far behind the crack front, only one backing layer carries
stress, o = F/wH, and the elastic energy per unit length of the backing layer is Ho2/2E. In the adhered part, far ahead the
crack front, both the backing layers carry stress, so that the stress in each backing layer is ¢ /2, and the elastic energy per
unit length of the two backing layers is H(o [2)%/E. The difference in the elastic energy per unit length between the two
parts gives the energy release rate:

Ho?
G=—7p 9)

We have obtained analytical expressions of energy release rate in two limits. When L « Ls, the backing layer can be
regarded as being rigid, and the energy release rate comes from the elasticity of the soft layer, G = ht2/2u. When L > L,
much of the soft layer shears negligibly, and the energy release rate comes from the elasticity of the backing layers, G =
Ho2/4E. Between these two limits, we propose to add the two limiting results:

H/F\*> h/F\?
6= g5 () +ﬂ<m>' 1o
This result is used to calculate the steady-state energy release rate for samples of any length, so long as the length of
the crack and the sample length are large compared to the thickness of the soft layer.

We do uniaxial tension test to determine Young’s modulus of the backing layer, giving E = 4.2 4+ 0.2 GPa. Inserting E =
4.2 GPa, H=50 um, h =9 mm, and & = 2.634 kPa into Eq. (3), we can obtain the shear lag length Ls = 84.7 cm.

4.2. Finite element analysis of the effect of the backing layer elasticity

Further, we use finite element software ABAQUS to ascertain that Eq. (10) does approximately represent the energy
release rate for samples of intermediate lengths. We calculate the energy release rate as a function of the sample length
at various crack lengths. The energy release rate G normalized by the contribution of backing layer elasticity, %(WF—H)Z, is
plotted as a function of normalized sample length, L/Ls, at various normalized crack lengths, c/h (Fig. 9). The finite element
calculation is consistent with the shear lag model when the crack length is large compared to the thickness. It confirms that
the elasticity of the backing layer dominates the steady-state energy release rate when L is large compared to Ls.

4.3. Experimental measurement of adhesion toughness

We experimentally measure the adhesion toughness by introducing a crack to the interface between PAA and PAAm with
a crack length c, as a function of the length L (Fig. 10).

We fix the thickness h =9 mm and the width w = 2 cm. To guarantee a steady-state fracture, the crack length c is made
to be 3h. The results show that the adhesion toughness is independent of the length. Using Eq. (10), we can calculate the
steady-state energy release rate. The average energy release rate at steady state is 37]/m2, which is similar to that of the
short samples (Fig. 7). It confirms that adhesion toughness is constant and independent of the thickness and length.
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Similar to the cases of short samples, we use Eq. (10) to calculate the energy release rate of the cases in Fig. 1e, where
no pre-cut crack is introduced. The results (empty squares in Fig. 10) show large scatters. Again, this is due to the ab-
sence of pre-cut crack. Therefore, a pre-cut crack long compared to the thickness is necessary to measure constant adhesion
toughness.

In a recent paper (Golovin et al., 2019), the importance of sample length was observed in deicing. The force required
to shear-off ice is proportional to the iced area when the iced area is small, but is independent of the iced area when
the iced area is large. These authors did not report the effect of the pre-cut crack. Here we observe significant effect of
pre-cut crack, possibly because the soft layer used in our experiments is thick, h = 9 mm. We also note another difference
between the paper on deicing and the work here. In the deicing paper, the transition from strength-limited deicing and
toughness-limited deicing occurs at a length that relates to the interfacial strength and toughness. The transition length
identified in this paper is the shear lag length, which relates to the elasticity of the soft material and the backing layer, but
is independent of strength and toughness. The two works involve two different sets of materials; an in-depth comparison is
beyond the scope of this paper.

5. Lap shear with rigid substrates

The experiments above use thin plastic films as backing layers. This experimental procedure is often used in the literature
(Ni et al., 2019; Roy et al.,, 2015; Vakalopoulos et al., 2015; Yuk et al., 2019). We now compare this experimental approach
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with a standard lap-shear test (ASTM F2255-05). In the experimental setup that uses inextensible but flexible backing layer,
rotation exists and the stress state is not only in shear (Fig. 1c). By comparison, in experiment using rigid substrate, such
rotation is avoided (Fig. 11a).

To make comparisons, we make all the parameters identical, including the geometry of the samples and the loading rate.
We employ the standard lap-shear test to measure the adhesion strength between PAA and PAAm (red dots) as a function
of the thickness, and compare with the results obtained by our experimental setup (black dots) (Fig. 11b). The results are
similar, confirming the validity of our results and findings. As a loading machine pulls the two rigid substrates, the sample
does not rotate (Fig. 11c, Video 2).

In the lap shear experiments, we often observe interfacial failure, rather than cohesive failure (Video 1 and Video 2).
After experiments, the sample surface is relatively smooth. We did not observe cavitation, pillars, and stick slip.

6. Experimental section
6.1. Preparation of hydrogels

All chemicals were purchased, including acrylic acid (AA; Sigma-Aldrich, 147230), acrylamide (AAm; Sigma-Aldrich,
A8887), N,N'-methylenebisacrylamide (MBAA; Sigma-Aldrich, M7279), and alpha-ketoglutaric acid (Sigma-Aldrich, 75890).

For polyacrylic acid (PAA) hydrogel, we prepared the precursor by mixing an aqueous solution of AA monomer
(1.736 mol/L) with MBAA (0.14% the weight of AA) as the crosslinker, and alpha-ketoglutaric acid (0.2% the weight of AA)
as the photoinitiator. Then, we poured the precursor into a plastic mold glued on the acrylic substrate. A glass sheet was
used to seal the mold, where the solutions gelled under UV. The pH of PAA hydrogel precursor was 1.5, measured by pH
test strips,

For polyacrylamide (PAAm) hydrogel, we prepared the precursor by mixing an aqueous solution of AAm monomer
(1.916 mol/L) with MBAA (0.058% the weight of AAm) as the crosslinker, and alpha-ketoglutaric acid (0.2% the weight of
AAm) as the photoinitiator. Then, we poured the precursor into a plastic mold glued on the acrylic substrate. A glass sheet
was used to seal the mold, where the solutions gelled under UV. The pH of PAAm hydrogel precursor was 3.5, measured by
pH test strips.

6.2. Lap-shear test

To characterize hydrogel adhesion using lap-shear test, we prepared PAA hydrogels and PAAm hydrogels with the same
sample size. We used cyanoacrylate (krazy glue) to glue PAAm hydrogels to inextensible polyester films as the backing layers
(50 wm thickness; McMaster Carr). Since the PAAm hydrogels were acidic, their surfaces were neutralized by applying a few
drops of 0.1 mol/L NaHCO3 (Sigma-Aldrich, S5761) solution and then dried by blowing air before using cyanoacrylate. We
then made a PAA hydrogel sandwiched by two PAAm hydrogels. Immediately after that, a weight of 500 g was applied to
the sample for 10 min before the test. Then, the three-layered sample with backing layers was loaded by a tensile machine
(Instron 5966; 100 N load cell) using lap-shear test. The loading rate was 10 cm/min. The shear strength was calculated by
the maximum force in the force-displacement curve divided by the initial area of the sample.
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Fig. 13. Force-displacement curves of the lap-shear test of various lengths. The width w and thickness h are fixed as 2cm and 9 mm, respectively.

6.3. Force-displacement curve

We characterize the adhesion between PAA and PAAm by lap-shear test (Fig. 1a) and measure the force-displacement
curves of thickness 0.6 mm, 1.5 mm, 2.1 mm, 3.0 mm, 4.5 mm, 6.0mm, 7.5 mm, and 9.0 mm, using three samples for each
thickness (Fig. 12).

We also measure the force-displacement curves of length 10 mm, 15 mm, 20 mm, 50 mm, 100 mm, 300 mm, ~ 532 mm,
and ~ 735 mm, using three samples for each length (Fig. 13).

7. Conclusion

We have studied the mechanics of lap shear and shown that the adhesion strength so determined is constant only when
the sample is thin and short enough. When the sample is thick compared to the fractoadhesive length, the effect of stress
concentration at the corner prevails, and the adhesion strength decreases as the sample thickness increases. When the
sample is long compared to the shear lag length, the backing layers deform appreciably, much of the soft layer is nearly
undeformed, and the adhesion strength decreases as the sample length increases. We develop an analytical expression for
the energy release rate for samples with pre-cut crack large compared to the thickness. This expression enables us to use lap
shear to measure adhesion toughness. Our data confirm that adhesion toughness is independent of sample length. This work
studies the applicability of adhesion strength and adhesion toughness. The large variation in shear strength with respect of
sample thickness and length serves as a caution in comparing data reported in the literature.
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Appendix A
Additional results of finite element calculation

In the calculation, we conduct parametric studies and find that: (i) when the sample length is short compared to the
shear lag length, correction of crack length is needed in shear stress calculation to reach steady state; (ii) when the sample
length is large compared to the shear lag length, the effect of the backing layer elasticity is significant.

In the calculation, the sample thickness h and the length of the backing layer are set to be 4.5 mm and 750 mm, re-
spectively, and the introduced pre-cut crack length c varies from 0.01 h to 3 h. To simplify the calculation, we replace the
three-layered composite by a homogeneous hydrogel with a shear modulus & = 2.634 kPa.

A.1 Correction of crack length in shear stress calculation

First of all, we make the sample length L = 100 mm and the Young’s modulus of the backing layer E = 920 MPa, and
calculate the normalized energy release rate G/ht2/2f as a function of normalized crack length c/h at various normalized
shear stresses 7/ (Fig. Al). It shows that the normalized energy release rate increases as the normalized crack length
increases. However, no steady state is reached (Fig. A1a). This is because the length L is not large enough to ensure homo-
geneous stress distribution. To reach steady state, the correction of crack length is necessary to calculate the shear stress T
(Fig. A1b). In other words, the shear stress is calculated by F/w(L — c), rather than F/wL, where F is the applied load and w
is the width of the sample.
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Fig. Al. Normalized energy release rate G/ht?/2/i as a function of normalized crack length c/h at various normalized shear stresses t/f. (a) Results
without correction of crack length, where the average shear stress 7 is calculated by F/wL. No steady state is achieved. (b) Results with correction of crack
length, where the shear stress is calculated by F/w(L — c). (c) Shear stress (S12) distribution in the soft layer when c/h =3 and 7/ = 1. L = 100 mm and
E =920 MPa.
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Fig. A2. Normalized energy release rate G/ht?/21 as a function of normalized crack length c/h at various normalized shear stresses 7//i. Steady state is
reached in both cases: (a) without correction of crack length; (b) with correction of crack length. (c) Shear stress (S12) distribution in the soft layer when
c/h=1and t/ft =1. L=700 mm and E = 920 MPa.

To confirm it, we plot the shear stress distribution in the soft layer with a pre-cut crack long compared to the sample
thickness, c/h = 3 (Fig. Alc). It shows that the parts above and under the crack surface have approximately negligible shear
stress, compared with the shear stress in the soft layer. As a result, when the crack length is comparable to the sample
length, we need to correct the crack length in shear stress calculation to reach steady state.

Further, we do the same calculation with the same parameters, but make the length L large compared to the shear lag
length, L = 700 mm (Fig. A2). In this case, the crack length c is much smaller than the length L, such that the steady state
is reached when c/h > 1 (Fig. A2a and A2b).

In this case, the normalized steady state energy release rate increases to 3, because the backing layers cannot be as-
sumed to be rigid. To ascertain that, we plot the shear stress distribution in the soft layer with c/h =1 (Fig. A2c), indi-
cating an inhomogeneous shear stress distribution. It is due to the fact that the backing layer is not rigid, but deforms
appreciably. To further confirm it, we compare the energy release rate calculated by finite element with that calculated by
Eq. (10) (Table A1). The finite element calculation is consistent with the theoretical prediction when L = 100 mm, but has
some difference when L =700 mm. Therefore, the effect of the backing layer elasticity needs to be carefully considered.

A.2 Effect of the backing layer elasticity

To make the backing layer rigid, we make the Young’s modulus of the backing layer 100 times larger, E = 92 GPa, keep
the length L = 700 mm, and do the same calculation (Fig. A3).

In this case, the correction of crack length becomes less important in shear stress calculation and the normalized energy
release rate reaches 1 at steady state (Fig. A3a and A3b). Also, the shear stress is uniformly distributed in the soft layer
(Fig. A3c).

We further confirm the effect of the backing layer elasticity by comparing the energy release rate calculated by finite
element and that calculated by Eq. (10) (Table A2). When the sample length is large compared to the shear lag length and
the backing layer is rigid, the finite element calculation and the theoretical prediction are consistent.

Table A1
Energy release rate at steady state (E = 920 MPa).
FEM  Eq. (10)
Energy release rate (J/m?) when L = 100 mm 9.19 8.98

Energy release rate (J/m?) when L = 700 mm  27.04 34.46
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Fig. A3. Normalized energy release rate G/ht?/2/i as a function of normalized crack length c/h at various normalized shear stresses t//i. Steady state is
reached in both cases: (a) without correction of crack length; (b) with correction of crack length. The calculated energy release rate is consistent with
that obtained from the theoretical prediction. (c) Shear stress (S12) distribution in the soft layer when c¢/h =1 and 7/ = 1. The stress distribution is
homogeneous. L = 700 mm and E = 92 GPa.

Table A2
Energy release rate at steady state (L = 700 mm).

FEM  Eq. (10)

Energy release rate (JJ/m?) when E =920 MPa  27.04 34.46
Energy release rate (J/m?) when E = 92 GPa 9.12 8.80
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