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Preface

Adhesives produced from the traditional tools have been used for thousands of years. To-
day, adhesives are used extensively in aerospace and industrial and medical applications. In
addition to the development in adhesives, modern computers have also made it easier to
evaluate the performance of the adhesive joints by giving the results in seconds with the
help of numerical techniques.

The subject of the book is multidisciplinary in nature as it deals with adhesives drawn from
the disciplines of chemical, mechanical, medical, biological, and other sciences. Advantages
of using adhesive bonding can be summarized as follows: leading to a significant decrease
in stress concentrations, providing more uniform stress distributions along the overlap
length, providing savings in weight and cost, eliminating any cuts/holes in the joint, and so
on. Adhesive bonding is often an appropriate choice for joining similar/dissimilar substrates
(various substrate combinations, e.g., metal-to-metal, wood-to-wood, metal-to-composite,
metal-to-wood, and rubber-to-skin).

This book is divided into three sections: “Structural Adhesive Bonding,” “Wood Adhesive
Bonding,” and “Adhesive Bonding in Medical Applications.” Each section presents the ap-
plications of the adhesive bonding in various different disciplines.

In the first section, some applications of structural bonding techniques are presented. It is
known that stress concentrations developed at the bonded joints reduce their failure loads
and hence joint strengths. In the first chapter, the role of the adhesive layer on stress distri-
butions is discussed by using some applications of bi-adhesive and modulus-graded joints.
In the second chapter, a unified mathematical model for predicting the joint stresses of the
adhesive-bonded tubular-coupler joints under several types of load is formulated. In the
third chapter, possible benefits of using STPE in the area of flexible electronics are studied to
obtain a simple stretchable bonding system.

In the second section, the fourth chapter summarizes some of the most recent scientific liter-
ature regarding the development of green adhesives. It was reported that fundamental re-
search is still required in order to have a strong bonding between the adhesive and
substrates. In the fifth chapter, two types of isocyanate wood adhesives, commonly used in
Indonesia, are studied.

The third section presents a comprehensive review on some medical applications of the ad-
hesive bonding. The sixth chapter reviews the silicone-based adhesive technologies, applica-
tions, and characterization, emphasizing those self-adhesive materials often used in skin-
contact applications including transdermal drug delivery and wound care device
attachment. The last chapter presents a brief history of adhesive use. In addition, the chapter
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provides important review materials about the new generation of adhesives, based on mod-
ern technologies such as nanotechnology, polymers, and biomimetic adhesives.

This book brings together scientists and provides the reader with a comprehensive overview
of some recent developments in the field of adhesive bonding with the contributions of inter-
nationally recognized authors. This book provides an important review on the adhesive bond-
ing practices. I would like to express my gratitude to all the authors who contributed to this
book. I hope that the book published in open access will help researchers to benefit from it.

Halil Ozer

Yildiz Technical University

Faculty of Mechanical Engineering
Mechanical Engineering Department
Istanbul, Turkey
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Chapter 1

Introductory Chapter: Structural Adhesive Bonded

Joints

Halil Ozer

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74229

1. Introduction

Adhesives produced from the traditional tools have been used for thousands of years. The
advantages of using adhesively bonding techniques instead of classical mechanical fasten-
ers can be listed as joining similar/dissimilar materials, significantly reducing the stress con-
centrations, providing more-uniform stress distributions along the overlap length, savings
in weight and cost, eliminating any cuts/holes in the joint, etc. Adhesive bonding is often
an appropriate choice for joining similar/dissimilar substrates (various substrate combina-
tions, e.g., metal-to-metal, metal-to-composite, metal-to-rubber, metal-to-glass, metal-to-
wood, etc.). Subject of adhesive bonding is also multidisciplinary in nature since it deals with
adhesives drawn from the disciplines of chemical, mechanical, medical and medicine, bio-
logical, and other sciences. Adhesives have therefore become a key research area because of
their potential applications. Today, adhesives are used extensively in aerospace, industrial,
and medical applications. Three basic types of adhesively bonded joints used commonly are
shown in Figure 1.

Choosing an appropriate joining technique is important to have strong joints. Single lap-joint
(SL)) is a simple joint type that allows for joining two adherends easily (Figure 1a). The slope
of the scarf is the main factor determining the stresses developed on the inclined section of
scarf joints (Figure 1b). Butt joint is another simple joining technique, and can have some dis-
advantages due to the small overlap area (Figure 1c). Each lap-joint type has therefore com-
parative advantages and disadvantages over the others. It is therefore important to choose
the appropriate lap-joint type considering the application purposes. In addition to joint types,
mechanical properties of adhesive/adherend materials, overlap length, thicknesses of adhe-
sive/adherend, etc., affect stresses developed in the joint and hence the joint strength.

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



4 Applied Adhesive Bonding in Science and Technology

- | "

Bandine Lenglh

(a) Single lap joint

(b) Scarf joint
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(c) Butt joint

Figure 1. Three basic types of adhesively bonded joints.

This study aims to review some advancements in applications of the structural adhesively
bonded joints. SLJ, the simplest form of adhesive joints, was introduced first and its char-
acteristic behaviors of stress distributions along the bondline were given and discussed. In
the adhesively bonded joint applications, reducing the stress concentrations and maximizing
the failure load are the important issues to be solved. Many different techniques have been
proposed to reduce stress concentrations. Grading the adhesive band has recently come to
the fore among the reported remedies to overcome the problems faced by lap-joint applica-
tions. Two important applications of grading the adhesive band are using the bi-adhesive
and modulus-graded bondlines in lap joints. The bi-adhesive bondline consists of three indi-
vidual regions by a combination of stiff and flexible adhesives along the bondline, in which
the flexible adhesives locate at the bondline ends and the stiff adhesive locates in the middle
of the overlap. Second remedy is to use the modulus-graded bondline, in which bondline is
graded functionally along the overlap length. This study aims to discuss the role of the adhe-
sive layer on shear stress distributions and review some advancements in applications of the
bi-adhesive and modulus-graded joints. Each joining technique was discussed briefly and
compared with the joints bonded with a mono-adhesive alone.

2. Structural adhesive joints

2.1. Mono-adhesive bondline

Single lap joints have been studied by many authors [1-8]. As seen in Figure 2, load eccen-
tricity results in developing the bending moments in an SL] subjected to an axial loading.
Figure 2 shows the characteristic behavior of the peel and shear stress distributions along the
bondline length.

It is seen from Figure 2 that both shear and peel stresses become peak at overlap ends. However,
higher peel stresses develop at the overlap ends due to bending moment effect. Single lap joints
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Figure 2. Deformed shape of an SLJ and stress distributions along its bondline length.

bonded with a mono-adhesive alone are widely used joints, however, weak in local stress con-
centrations at the overlap ends. High stress regions at the overlap ends reduce their failure
loads and hence joint strengths. When adhesively bonded joint is subjected to tensile load, load
is transferred mainly by shear stress developed in the adhesive layer. The first analytical model
for assessing the adhesive shear stresses of bonded joints was developed by Volkersen [9]. His
model is also called shear-lag model, which neglects the bending moment. The adhesive shear
stress distribution is defined in the Volkersen model as follows:

_ Fw cosh(wx) N t-t, <w_l> sinh (w x) 1
~ 2b sinh(w!/2) t.+t, J\ 2/ cosh(wl/2) @)
where
o Ga tt
i (17 @

In which, w is the characteristic shear-lag distance. t, and t, are the top and bottom adherend
thicknesses, respectively. b and [ are the bond width and bond length, respectively. E, G, and
F are the adherend modulus, adhesive shear modulus, and applied force, respectively. The
x-axis passes through the mid-plane of the adhesive layer. As seen from Figure 2, high peel
and shear stress concentrations develop at the overlap ends. There have been many attempts
to reduce the stress concentrations of SLJ and improve its failure loads [10-12].

5
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2.2. Modulus-graded bondline

One of the important remedies to overcome some deficiencies (i.e., stress concentration,
decreasing in joint strength, etc.) arising in lap joints is grading the adhesive properties along
the bondline. The earliest study on grading the modulus of an adhesive along the overlap
length was performed by Raphael [14]. He splitted the adhesive bondline into finite number
of discrete parts (Figure 3).

His model is based on the shear-lag concept of Volkersen, and therefore neglects the peel
stress effect [13]. The work was undertaken as part of a program to design and test bonded
rocket motor cases. The aim was to obtain the highest possible joint strength for a simple
overlap. However, Raphael did not report any experimental work nor, indeed, quantify the
possible benefits of a variable modulus bondline [14].

Figure 4 shows an SL] bonded with the modulus-graded bondline. Recently, Carbas et al. [15]
developed a simple analytical model to study the performance of the functionally graded joints.

In addition to numerical study, Carbas and others [16] also performed experimental study
and used induction heating system to have a graded cure and joints with the adhesive gradu-
ally modified along the overlap. The induction system was set to allow the induction heating
at the overlap ends and the induction cooling in the middle. They also performed analytical
analyses to predict the failure load of the joints with graded cure and isothermal cure.

Modulus-graded joints have been studied in a limited number of papers in the literature and
still open for numerical/analytical/experimental studies. The reader may refer to the follow-
ing articles for current applications [17-23].

2.3. Bi-adhesive bondline

Bi-adhesive joint is an alternative stress-management technique for adhesively bonded lap
joints. Its bondline includes a combination of stiff and flexible adhesives (Figure 5). This joint
type including two types of adhesives in the overlap region is called as bi-adhesive, hybrid-
adhesive, and mixed-adhesive joints in the literature.

Figure 3. Raphael’s modulus-graded bondline.

Figure 4. An SL] bonded with the modulus-graded bondline.
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Figure 5. Bi-adhesive single lap-joint.

The stiff adhesive should be located in the middle and flexible adhesive at the ends of
the bondline. The earliest study on the bi-adhesive joints was performed by Raphael [13].
Ozer and Oz [24, 25] performed numerical studies to investigate the state of stress in
the bi-adhesive bondline. In their other study [26], they also performed an experimental
study to assess the effect of a bi-adhesive bondline on the failure load of both mono- and
bi-adhesive SLJs. Their results were discussed briefly in Figure 6. Figure 6 shows the
characteristic behaviors of shear stress distributions along the mid-plane of the mono- and
bi-adhesive layers. For comparison purposes, the shear stress distributions for the mono-
flexible and mono-stiff adhesives were also given for mono-adhesive SLJs. As can be seen
from Figure 6, shear stress distribution for the mono-flexible adhesive is more uniform
than that of the mono-stiff adhesive and there is a lower stress concentration at the overlap
edges. As a result, it is seen that the shear stress concentrations occurred at the overlap
edges for mono-adhesive joints.

However, in the bi-adhesive bondline, as can be seen in Figure 6, the position of the maximum
shear stress moves to a new position between adhesives (i.e., to the ends of the stiff adhesive
in the middle). As reported above, the maximum shear stresses becomes peak at the overlap
edges for mono-adhesive joints, however, it becomes peak at the contact interfaces for bi-
adhesive joints.

T —&— Stiff adhesive

—e— Flexible adhesive Bi-adhesive

Stiff adhesive part

. |
‘-..H‘_:
Flnxfhla adhesive part

Flexible adhesive part

Bondline Length

Figure 6. Characteristic behavior of shear stress distributions along mono- and bi-adhesive bondlines.
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Therefore, it is seen that peak shear stress decreases at the overlap edges and increases at the
contact interfaces (i.e., at the ends of the stiff adhesive) in the bi-adhesive bondline. It can be
concluded that stiff adhesive in the middle contributes its high shear-strength-capacity to the
bi-adhesive joint. Therefore, high stress concentrations at the bondline ends can be reduced
by using bi-adhesive bondline. However, it is important to select the appropriate adhesive
type for the bi-adhesive bondline. In addition, amounts of the stiff/flexible adhesives used in
the bi-adhesive bondline also affect the shear stress values.

There are a limited number of publications in the open literature about the bi-adhesive joints.
The reader may refer to the following articles for current applications of the joints bonded
with bi-adhesive bondline [27-33].

3. Conclusion

It is known that high stress concentrations develop at the overlap ends of the adhesively bonded
joints. Grading the adhesive band has recently come to the fore among the reported remedies
to overcome the problems faced by lap-joint applications. In this study, the role of the adhe-
sive layer on stress distributions was reviewed. Joining techniques using the bi-adhesive and
modulus-graded bondlines were discussed briefly and compared with the joints bonded with
a mono-adhesive alone. It is seen that high stress concentrations at the ends can be reduced by
using these techniques. It is therefore concluded that stress concentration and joint strength
can be optimized by using modulus-graded and bi-adhesive bondlines in the lap joints.

Author details

Halil Ozer
Address all correspondence to: hozer@yildiz.edu.tr

Mechanical Engineering Department, Yildiz Technical University, Istanbul, Turkey
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Abstract

In the past years, many studies have been conducted on behaviors of adhesive tubular
joints subjected to various loading conditions, such as torsion, axial, and internal and
external pressure. However, the previous models are conceptually distinct, since they
were developed to analyze only for each type of load. Mostly, homogeneous isotropic or
orthotropic material were considered and thin-walled joint structures were examined.
Therefore, the aim of this chapter is to present for the first time a generalized mathemat-
ical formulation and modeling of adhesive-bonded cylindrical coupler joints taking into
account all loading scenarios. The inner and outer adherends can be made of isotropic,
orthotropic, or laminated composite materials, and they are modeled as three-dimensional
elastic body, so adherends with any thickness can be analyzed. Assumptions of an
axisymmetric joint with linearly elastic adherends and adhesive materials are employed.
Thin adhesive layer is considered so that only the out-of-plane adhesive stresses are
concerned, and they are treated to be uniform through its thickness. Using elasticity
theory and the newly developed finite-segmented method, stress distributions in both
adherends and adhesive can be evaluated. Calculation examples of laminated composite
joints are given. This model provides the unified analysis of adhesive-bonded cylindri-
cal coupler joints.

Keywords: adhesive, coupler joint, lap joint, elasticity, finite-segment method

1. Introduction

Structures usually need to have joints connecting each part together due to the limitation of
manufacturing, transportation, and installation. These structures are generally vulnerable at
the joints because of the stress concentrations from material discontinuity. There are many
types of joint, such as mechanical joints, welding joints, and adhesive-bonded joints. Over the
other kinds of joints, adhesive-bonded joints have advantages due to less stress concentration,

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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higher capability of joining dissimilar materials, lighter weight, and better corrosion resistance.
Nonetheless, stress concentration in the adhesive layer is still existing. The adhesive stress
distribution is locally nonuniform and always highest at the edges of the bonding region.
Thus, in order to use an adhesive-bonded joint safely, it is important to predict the developed
adhesive stress accurately. A good analysis also provides the understanding of the joint
behavior, yielding a design for improving the joint performance by decreasing the joint stress
concentration.

There are lots of literature dealing with the stresses in lap joints and coupler joints between two
tubular adherends. Among several types of adhesive-bonded joint, cylindrical or tubular joints
subjected to axial, torsional, and external as well as internal pressure loads have been one of
the main focus of mechanics of adhesion research for a half century due to their popular usage
in many engineering applications. The analytical modeling and finite-element analysis are the
two popular approaches for predicting the stresses developed in adhesive and adherends. In
order to recognize the progress in this field, some examples of important work in mathematical
modeling are given below.

For axial loads, the early investigation was conducted by Lubkin and Reissner [1] who ana-
lyzed the tubular lap joints. Axial shear stresses and radial normal stresses in the adhesive
layer were predicted under the assumption of approximating the layer as an infinite number of
tensile and shear springs. However, disappearance of axial shear stress on the free surfaces at
the ends of the adhesive was not considered. Adam and Peppiatt [2] performed axisymmetric
finite-element analysis (FEA) of tubular lap joints subjected to stretching and twisting loads.
The effects of an adhesive filet and partial tapering adherends on stress distribution were also
reported. Using a minimum strain energy, Allman [3] proposed two-dimensional analytical
solution for lap joints that ensure the traction-free boundary condition. Bending, stretching,
and shearing of the adherends and shearing and tearing of the adhesive layer were taken into
account. Shi and Cheng [4] formulated closed-form solutions for tubular lap joints utilizing the
variational principle of complementary energy. Boundary conditions and assumptions of
Allman were adopted in their model development. Nemes et al. [5] further developed the
stress analysis of adhesive in a cylindrical assembly of two tubes. Variational method of the
potential energy was also employed. Nonetheless, Nemes et al. neglected radial stress compo-
nent in the joint. Kumar [6] presented a theoretical framework for the stress analysis of shaft-
tube adhesive joints subjected to tensile loads. The joint assembly was considered to consist of
similar or dissimilar isotropic or orthotropic adherends. The principle of minimum comple-
mentary energy and a stress function approach were used to establish the governing equations
in order to determine the stress state in each constituent. To reduce the stress concentration,
Kumar [7] also studied the use of functionally graded adhesive in a tubular lap joint with an
isotropic adherend under tension. In his model, the adhesive was divided into annular rings to
take into account the gradient property of shear modulus.

Regarding the case of the tubular joint subjected to torsion, Volkersen [8] provided a closed-
form solution for circumferential shear stresses at the interface of tubular lap joint exerted by a
torque. Pugno and Surace [9] investigated the analysis of the joint subjected to torsion. They
utilized the common function of resultant torques in adherends and achieved the uniform
adhesive hoop shear stress by tapering adherend surfaces. Xu and Li [10] investigated the full
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three-dimensional stress analysis of a bonded tubular-coupler joint subjected to torsion. Their
purpose was to investigate all of the adherend and adhesive stress components without the
assumption of through-thickness constant stresses across the adhesive layer. Oh [11]
performed an analysis of the bonded tubular lap joint of laminated tubes with softening
adhesive’s stiffness properties under torsion using an elasticity model. Oh concluded that the
load capacity in the linear analysis can be quite underestimated when compared to the
nonlinear modeling. Spaggiari and Dragoni [12] investigated the joint studied in the Kumar’s
work in [7], but the joint is subjected to torsion instead. They developed the closed-form
function of the adhesive shear modulus in order to minimize adhesive shear stress over the
bonding region and addressed the limitation of shear modulus and thicknesses ratio for joint
manufacturing with functionally graded adhesives. Recently, Aimmanee and Hongpimolmas
[13] formulated a mathematical model of an adhesive-bonded tubular joint with a variable-
stiffness composite coupler. The optimal variable fiber orientation in the coupler was deter-
mined to minimize the adhesive hoop shear stress.

Stresses in cylindrical joints under pressure have also been studied, even though investigation of
this type of load was comparatively scarce compared to the above two loadings. Terekhova and
Skoryi [14] provided a close-form solution for the stresses in tubular lap joints under external and
internal pressures and axial forces. Their model neglected the effect of adherend bending.
Baishya et al. [15] conducted research in individual and combined effect of internal pressure
and torsional loading on stress and failure characteristics of tubular single lap joints made of
composite materials. The onset of different joint fracture modes was investigated in their work.
Strength analysis of adhesive joints of riser pipes in deep sea environment loadings was
performed by Zhang et al. [16] External pressure, internal pressure, tension, torsion, and bending
were examined to understand singular stress fields existing around end of the interface. Apalak
[17] investigated elastic stresses in the adhesive layer and tubes of an adhesively bonded tubular
joint with functionally graded tubes subjected to an internal pressure. Finite-element method
was used to model the tubes having gradient layer between a ceramic layer and a metal layer.

According to the former analytical research work presented in the literature, the problems can be
mathematically complicated even though the joint is made of simple conventional isotropic
adherends. In addition, the previous models usually are distinct for each type of load, since they
were developed to analyze only for a specific loading case. Therefore, this chapter aims to
present a mathematical modeling of adhesive-bonded cylindrical coupler joints taking into
account all loading scenarios, i.e., torsion, axial, and pressure loadings. The inner and outer
adherends can be made of isotropic, orthotropic, or laminated composite materials, and they
are modeled as three-dimensional elastic body, so a thick or solid cylinder adherend can also be
analyzed. Stresses in adhesive layer and adherends can be evaluated by newly developed finite-
segment method. The unified formulation of the model will be discussed in the next section.

2. Elasticity theory of a laminated cylindrical structure

A bonded-coupler joint is illustrated in Figure 1(a). The joint consists of two inner tubes
(adherend part 1), a coupler of length 2 L (or adherend part 2), and an adhesive layer. The
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cylindrical coordinates (x, 0,7) depicted in Figure 2 are used to describe the joint geometry.
Because of symmetry about the cross-sectional plane in the middle, only half of the coupler
joint is demonstrated in Figure 1(b). Either half is equivalent to a single tubular lap joint and
applicable for modeling and analysis. The inner tubes are considered to be made of an
ordinary material, such as an isotropic metal or a more sophisticated material, namely,
orthotropic material or laminated composite. On the contrary the coupler is proposed to be
fabricated from a symmetric-balanced laminated composite with variable fiber orientation in
the x direction.

For the sake of generality, this section discusses the elasticity theory of a laminated cylindrical
tube [18]. A sketch of a general open-ended, cylindrical, laminated N-layer tube subjected to
uniform loads is shown in Figure 2. Each layer is made of a unidirectional fiber-reinforced
composite material. The principal material coordinates (1, 2, 3), whose axes are mutually
orthogonal, are defined along the fiber orientation, tangent, and normal to the tube surface,
respectively. The layers in the tube are perfectly bonded between each other. Evidently, this
considered laminated cylinder can be simply degenerated into a single isotropic or orthotropic
tube by letting N = 1 and employing the related elastic properties. For the tube with

Coupler (part 2) 2L L

Adhesive layer * *
- 1 , !

. X o - X
[ I 1 |
[r—— ~. 2
. Main tube (part 1) *
r r
(a) (b

Figure 1. Schematic of a bonded-coupler joint: (a) full model and (b) half model or tubular lap joint model.

Figure 2. A laminated tube and the defined coordinate systems.
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axisymmetric geometry and circumferentially independent material properties under a uni-
form load, the strain-displacement relations in the k™ layer in the cylindrical coordinates are

Qo oul o _ o ot _ 9w
A O = ¢ T o
1)
o b o ul® o oo
Vo =—=——— Y == Vio =5
or or r xr or . ox

where ¢ and y denote normal and shear strains, respectively. #, v, and w are displacements in
axial, tangential, and radial directions, respectively. Superscript (k) indicates that the
corresponding quantities are in the k™ layer.

According to the prescribed loading conditions and constant fiber orientation, the normal
stresses, 0, and the shear stresses, 7, are independent of x and 0. The equilibrium equations in
the k™ layer along the r-, 0-, x-directions are reduced to ordinary differential equations with
respect to 7, respectively, as

a1
o (o) =0 2
ol 2
=41 =0 3)
oy 1
T @

The stresses and strains in the k™ layer in (x, 6,r) coordinates expressed in Egs. (1)-(4) can be
transformed to those in the principal material coordinates (1, 2, 3) as follows:

{0} = M9, (e}l = TP {1, ()

where {0}(1];)3 and {é}(llg3 are tensorial stress and tensorial strain components, respectively. [T] ®

is transformation matrix of the k™ layer as shown in Eq. (6), in which m® = cos@® and

k)

= sin@®. @" is fiber angle of the k™ layer as shown in Figure 2.
[ (m®) (n“‘))2 0 0 0 2m©p® ]
()2 (m®)? 0 0o 0 —2m®p®
m® = 0 0 1 0 0 0 ©)
0 0 0 m® —n® 0
0 0 0 n® ;" 0
™ a®a® o 0 0 (m<k>)2 _ (n<k>)2_

The constitutive relation in the k™ layer in the cylindrical coordinates can be written as

{0}, = [ W ey ), @)
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In the above, [C] ) is the transformed stiffness matrix, and {e”8 }ike)r is engineering strain
components in the global cylindrical coordinate system. The transformed stiffness matrix
IC] ) can be evaluated as

-1

Y ={m®»} e R)TOR) ®)

where [C]", as shown in Eq. (9), is the stiffness matrix in the principle material coordinate
system in the k' layer.

VED ED R 0 0
/B B /Y 0 0 0
c]® —o /B —oR /By 1/EY 0 0 0 o)
0 0 0 /G 0 0
0 0 0 0 1/GY 0
[ 0 0 0 0 0 1/GY ]

E® and G% are Young’s modulus and shear modulus, respectively. [R ] is the Reuter’s matrix,
which is defined as

(10)

SO N O O O O

S O O O O =
O O O O = O
S O O = O O
S O N O O O

N © © O O

With the strains defined in Eq. (1), three out of six equations of the compatibility in the
cylindrical coordinates described in [19] are automatically satisfied. Solving the equilibrium
equations in Egs. (2)-(4) and using the strain—displacement relations in Eq. (1), the constitutive
relation in Eq. (7), the remaining three compatibility equations, as well as the displacement
continuity between each layer yield the displacement expressions in the k™ layer of the lami-
nated tube as illustrated in Eqgs. (11)-(13):

u®(x) = (11)
o® (x,7) = yooxr (12)
w®(r) = AP 4 4D L P00 0 2 (13)

In the above, ¢? and )Y, are axial strain and angle of twist per unit length constants, respec-

tively. A(lk) and Agk) are the integration constants in the k™ layer. A%, T®, and Q® are
described in Eq. (14) in terms of components of the transformed stiffness matrix in the k™ layer:
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=(k) =k =) =(k) =(k)

A — S (Cu - Cm) ol _ (Cze - 2C36) (14)
=(k)’ =k =k ) =(k) =k
C33 C33 - C22 4C33 - C22

Note that when a layer is made of 0° fiber orientation, the stiffness coefficients 6512, égg, and
6(3? are zero and C.y = E;? as well as Eé’;) = 6(3];). As such, Eq. (13) is degenerated to become
w®(r) = AP0 4 AP10 113

For an N-layer laminated tube, there are 2 N + 2 unknown integration constants to be evalu-
ated. Therefore, 2 N + 2 equations are required to solve for the constants. The first four
equations written in Eqgs. (15)—(18) are obtained from two equations of the force equilibrium
with the external loads and two equations from the surface traction boundary conditions. Note
that F in Eq. (15) is an axial force, T in Eq. (16) an applied torque, p, in Eq. (17) a normal traction
or internal pressure on the inner surface, and p, in Eq. (18) a normal traction or external
pressure on the outer surface. The remaining 2 N-2 equations can be obtained from N-1
continuity conditions of the interfacial radial stresses, o, and N-1 continuity conditions of the
interfacial radial displacements, w, as shown in Egs. (19) and (20), respectively:

J:: 210, rdr = 21 ZkN: . J::l a;@rdr =F (15)
J:: 2ntr?dr = 21 Zkl\; J:; T)(Cke)rzdr =T (16)
dV(Ry) = p, 17)

o™ (Rn) = py (18)

dO(Ry) =™ V(R  (k=1,23,...,N-1) (19)
w®(Ry) =w™ V(R (k=1,23,...,N-1) (20)

Egs. (15)—(20) give the system of algebraic equations written in matrix form as

F 0
X
_ L i}
ki ki ks 1,2N42 T 7,
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where k;; (i,j=1,2,3,...,2N 4 2) are the coefficients obtained from the equations above. By

solving Eq. (21), the constants eg, ]/29, and Agl), A(zl), e, AgN),AéN) can be obtained. Subse-
quently, all displacements, strains, and stresses are calculated by using Eqs. (11)-(13), (1), and
(7), respectively.

3. Formulation of an equivalent lap joint model

3.1. Derivation of governing equations

All geometric parameters of a perfectly bonded tubular lap joint are shown in Figure 1(b). The
adhesive is assumed to be isotropic and linearly elastic. The adhesive thickness ¢, is considered
to be very thin compared to the adherend thicknesses, and thus, the outer radius of part 1 Ry, is
approximately the same as the inner radius of part 2, Ry;. In addition, there are only three out-
of-plane stress components mainly contributed in the adhesive: hoop shear stress 7§, longitu-
dinal shear stress 7%,, and radial normal stress of. These stresses in the adhesive are treated to
be uniform through the adhesive thickness. Applied torque T; applied axial force F; internal
pressure exerted on the inner surface of adherend part 1, p; or written specifically as p,;; and
external pressure exerted on the outer surface of adherend part 2, p, or p,,, are all included in
the following formulation.

In order to derive the governing equations, let us initially consider the torque transmission
through a coupler joint. The applied torque T is assumed to distribute only in the adherend
part 1 and adherend part 2 as denoted as T and T», respectively. Hence, the applied torque T
can be written as

T=T1+1, (22)

To determine the variation of the T, along the bonding length, the adherend 2 is divided into
elements with an infinitesimal length dx. The equilibrium between the resultant torque in the
element and the adhesive hoop shear stress can be expressed as follows:

1 de (X)
2nR3;  dx

=15, = G"yp, (23)

In Eq. (23), G" is shear modulus of adhesive. By considering the deformation of an adhesive
element on a cross-sectional plane in the overlap region of the perfectly bonded joint, the
kinematic condition in the adhesive can be written as

U2i — V1o
tq

Yor = (24)

and its derivative with respect to x is.

lo

% — Vile ~ Yxo (25)

dx t
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Combining Egs. (23) and (25) yields the first governing equation:

d*Ty(x) 2mR3G" o
i S VAR ) (26)

Next, consider equilibrium of resultant axial force. When the joint is subjected to tension or
compression loads, the resultant axial force in the adherend 1, F;, and in adherend 2, F,, are
produced at any given cross section in the overlap region, similar to Eq. (22). The force
equilibrium is

F=F+F 27)

The variation of the F, along the length can be examined by considering an infinitesimal
elements in adherend part 2 with the differential length dx. The equilibrium between resultant
axial force in the element and the adhesive longitudinal shear stress 7%, can consequently be
expressed as follows:

1 dF 2 (x )
271R2i dx

=15, =G, (28)

By considering compatibility of the joint, it can be shown that.

U — Ui dy?, ef-glo

2= = X 29
Yxr % Tax . (29)

Combining Egs. (28) and (29) yields the axial force governing equation:

d2F2<x) B ZﬂRgiGu
>t

(821' _ 810) (30)

X X

Next, interacting through the adhesive thickness, the resultant normal traction acting on the
outer surface of adherend 1, p,,, and that exerting on the inner surface of adherend 2, p,,, are
generated. Under the assumption of thin adhesive layer, the resultant normal tractions p,, and
p,; are related to each other as

P10 = P2 31)

Lastly, instead of directly equating adhesive radial normal stress to normal traction in (31), 0%
can be more accurately determined by the equilibrium equation in cylindrical coordinates of
the adhesive layer showing in Eq. (32):

do, 1 107, OTy

o T o) T T

=0 (32)

With the conditions of axisymmetry, the equilibrium equation is reduced to

19
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a

1 a a aTxr _
Ry (0 — o) + = 0 (33)

According to the study conducted in [6], 0¥, is observed to have the same distribution as o} so
they are legitimately regarded as being proportional to each other via adhesive normal stress
ratio a. Their relation can be mathematically expressed in Eq. (34):

oy = ao; (34)

As a consequence, the equilibrium equation in Eq. (32) can then be written as

.1 PR@
T 2n(1—a) dx?

3.2. Implementation of elasticity theory for adherends

The two governing equations Eqgs. (26) and (30) have already been formulated to determine
resultant loads in adherend part 2 of an adhesive-bonded-coupler joint. The resultant loads in
adherend part 1 can be then calculated easily by using Egs. (22) and (27) after all internal loads
in adherend part 2 are evaluated. However, related through Eq. (21), the two equations are
coupled and need to be solved altogether. To aptly deal with this complicated condition, the
problem is separated into primary and secondary effects. When the joint is subjected to torsion,
the hoop shear stress in the adhesive 7§, is primary and dominant compared to the other
adhesive stresses as discussed in [8, 10, 13], whereas in the case of the joint being under an
application of longitudinal force, or external and internal pressure, the adhesive longitudinal
shear stress 7§, and adhesive radial normal stress ¢f are comparatively crucial [20]. By
neglecting the secondary stress components and the corresponding resultant internal loads in
the early calculation stage, the problem is then uncoupled and can be readily solved for the
primary variables. The initially excluded stress components are later recovered by using the
obtained solutions in the coupled set of governing equations.

First, further modification of the torque governing equation of Eq. (26) is performed, adherend
in-plane shear strains y19 and %, must be expanded in terms of the internal resultant loads. It

02

can be seen that they are equal to Y% R1, and y%R,;, respectively, where )%, and y% are

denoted for %, of adherend parts 1 and 2. Utilizing Eq. (21) yields the relations:
Ryp (kélpl +huTi + k;SPli + k;lplo) = V:lc%, pF1+ yalcg),TTl + yalccé,pipli + V}(E(;,poplo = V;lcté (36)

Roi (K31 Fa + k5, Ta + Kgapos + Kap,) = Vi eF2 + V3 1 T2 + V?é,pipzi +72, poP20 = Vie  (7)

where quantities k}y and k3y, where X = 1,2,3, and 4 are the first four elements compliances
in the second row of matrix [k] in Eq. (21). Superscripts 1 and 2 are defined for adherend parts 1
and 2, respectively. 71, % 1, 18yt 3% 3% 0% and 92, are in-plane shear
strains per unit load on the outer interfacial surface of adherend part 1 and inner interfacial
surface of adherend part 2, respectively.
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By substituting Egs. (36) and (37) into the governing equation Eq. (26) and utilizing Egs. (22),
(27), and (31), the governing equation in term of T, becomes

dz T2 (x)

i = Ksz(x) + KT, (X) + KPPZi(x) + K¢ (38)

where the parameters Kr, Kr, K,, and K¢ are.

2nR3,G" [ o 1 2nR5,G" [ o 1
ta1 (Vxle,F + Vx‘é,F)' Kr = tul (Vxe,T + yx%,T)’
2nR5,G" 1 2nR5G" 1 1o
KP t, (ny pi yx[é,po)’ KC = t, (Vxle popo yx(é,pipi - Vxe F yx@ T )

Kr =

(39)

Accompanying with the boundary conditions of Eq. (40), which are implied that torque in
adherend part 2 is zero at x = 0 and fully transmitted at x = L, Eq. (38) is well-defined for
solving resultant torque in the adherend part 2,T5:

T,(00=0, ToL)=T (40)

Second, analogous to Eqs. (36) and (37), adherend in-plane normal strains ¢° and 2 must also
be written in terms of the internal resultant loads. Again, using the expression in Eq. (21), the
following expressions are obtained:

(k%l)Fl + (kiZ)Tl + (k%S)p]i ( 14)p]o - 'Ex PFl + éx TT1 + ‘(‘x pzpll + ‘L‘x pop]o - él (41)

(K1) F2 + (ki) To + (i) + (Kig)pa, = €3 pF2 + €57 T2 + €3 iPai T €5 poP1o = €1 (42)

In the above, k% x and kfx, where X =1,2,3, and 4 are the first four elements in the first row of
matrix [k] in Eq. (21). Superscripts 1 and 2 are defined for adherend parts 1 and 2, respectively.

1 2i

0 1o 1o 2i . . . .
Expr Ex 17 Ex i ew o €x. b7 €0 e pi» and 2 are newly denoted to indicate the physical meaning

X, po
of the parameters. They represent the in-plane normal strains due to unit load on the adhesive-
interfacial surface in the adherends. The unit load quantities are distinguished by after-comma

subscripts F, T, or p. Quantities ¢1° and €2 are €2 of adherends 1 and 2, respectively.

Combining the governing equations Egs. (30), (41), and (42), as well as the load equilibriums in
Egs. (22), (27), and (31), yields a new form of the axial force governing equation:

dZFz (X)
dx?

= kpF2(x) + krTa(x) + kypo; (x) + ke (43)

where the parameters kr, kr, k,, and kc are.

=T () b= () o
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k, =

21



22 Applied Adhesive Bonding in Science and Technology

To specify the boundary conditions of Eq. (43), one can consider the disappearance of F,
at x = 0. This is because the left end surfaces of the adherend are normal traction-free. The
right end at x = L on the other hand must take the full axial load F if there exists the application
of external axial load. Thus, in the mathematical form, these boundary conditions are as
follows:

F(0)=0, F(L)=F (45)

Finally, it should be noted that the occurrence of p,; in Eq. (43) is closely related with the
existence of F, because the tensile or compressive loading can induce the peeling traction.
Therefore, p,; in the equation is considered as unknown. However, it is possible to find the
approximated relation between the two variables by letting T, and p,, be zero; F, then can be
evaluated and expressed in Eq. (46):

k
Fy(x) = aoe\/ka + boe*‘/kp_x — é (46)

where a4 and by are integration constants.

Reinstating the resultant normal traction p,; and substituting Eq. (46) into Eq. (43), it is found
that p,; can be simply estimated as

Py = ale‘/k:} + by 67\/@ (47)

in which, 4; and b; are unknown parameters. In order to determine these two parameters, two
more boundary conditions are required from zero longitudinal shear stress 77, in the adhesive
layer at left and right ends as shown in Eq. (48):

dF, dF,
— |x=0 = U, _ = 4
dx [0 0 dx |, 0 (48)

Up to this point, the unified formulation of an analysis of adhesive-bonded coupler joint has
been developed. The model can be universally used to determine the stresses in the adhesive
layer for any particular load case previously mentioned. To elaborate the applicability of the
model for each loading condition, i.e., torsion, axial, or external and internal pressure, the
pertinent details are given below:

*  For torsional load, the secondary variables, namely, F, and p,, are initially neglected in
Eq. (38). In addition, F = p,; = p,, = 0. Consequently, T, and 1§, can be evaluated. Subse-
quently, F», 7%, and ¢4 and can be recovered and computed by employing the full form of
Egs. (43) and (47), (28), and (35), respectively.

e For axial load, the secondary variable T, is initially neglected. Additionally, T = p,; =
Py, = 0. The primary variables F», 14,, and o} are solved by using the governing equation,

Eqgs. (43), (47), (28), and (35). T, and 7§, is later calculated from the full form of Egs. (38)
and (23), respectively.
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Segment 1 Segment 7 Segment n
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Figure 3. A segment at a certain axial position x.

¢  For external and internal pressure, the secondary variable T is firstly omitted. In this case
T = F = 0. If only external pressure is present, p,; = 0, whereas if only internal pressure

exists, p,, = 0. The first variables F,, 7%, and o} are solved by using the governing

a
xr’/

equation, Egs. (43), (47), (28), and (35). T» and 1§, can be later recovered the same way as
those for the axial load.

3.3. Finite segment solution for evaluating adherend stresses

As previously discussed, all resultant loads in adherend parts 1 and 2 can be obtained as
functions of x-coordinate. Equipped with the elasticity solution discussed in Section 2, the
stress analysis in the adherends can be performed by utilizing a technique so-called finite-
segment method (FSM) developed in [13]. The joint in the overlap region is divided into n
numbers of segment as illustrated in Figure 3 to take care of the axial variation of the resultant
loads. The corresponding resultant loads of each segment are then approximated to be con-
stant, and thus, application of the theory delineated in the previous section is valid. For a
composite coupler, the fiber angle in the adherend part 2 is denoted as &J,. Note that if the
stresses in adherend part 2 are evaluated, the internal pressure p;, in Eq. (21) or equivalently p,,
should be substituted by the radial normal stress ¢} obtained from Eq. (35) for more accurate
results. Likewise, the procedure must be done for p,, if adherend part 1 is considered. When all
of the resultant loads in Eq. (21) in each segment are completely determined, stresses in both
adherends can be finally computed and analyzed.

4, Results

Presented in this section are some sample computational results of the model developed. The
numerical calculation is performed by using software MATHEMATICA™. The validation of

23
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the model is not given herein, since it has already been shown in [13] and [20]. Adhesive-
bonded tubular joints with isotropic inner adherend and symmetric-balanced four-layer
stacking sequence [£@»], couplers are selected for consideration. The reference joint geometry
is given with parameters Ryg = 10, t; = 5, = 5,, = 0.1, and L = 40 mm. The adherend part 1
is made of steel, whereas the adherend part 2 is fabricated from carbon fiber-reinforced plastic.
Epoxy is used as the adhesive material. The material properties of the joints are listed in
Table 1. Adhesive normal stress ratio, «a, is set to be 20 because it has shown to provide
accurate predictions of adhesive radial stresses [20]. In the following computational results,
the adhesive stresses in the coupler joint are normalized by the average applied stress in each
loading case, because the dimensionless stresses are readily exploited to identify the level of
load distribution intensity in the joint.

4.1. Torsional loading

In the case of torsional loading, the joints are assumed to have a torque of 1 N.m as an input
without loss of generality. Also, the adhesive mean shear stress 7, in Eq. (49) is utilized to
normalize the induced adhesive hoop shear stress in the coupler joint:

T

™ =— 49
" 2mRAL #9)

The resultant torque of the adherend part 2 and normalized adhesive hoop shear stress can be
calculated and plotted in Figures 4 and 5, respectively. It can be noticed that the joints
considered develop the nonconstant slopes in Figure 4 with relatively high torque gradients
at both ends. This is equivalent to the peak adhesive hoop shear stresses at x = 0 and L in
Figure 5. Note that the torque and stress distributions for @ = 0" and 30 are identical to those
for 90" and 60, respectively, so they cannot be clearly seen. In addition, since the fiber
orientation of 45  is the most suitable angle to withstand the in-plane shear loads, the coupler
with @, =45  provides the lowest magnitude of 7% as expected.

Stress distributions in the composite coupler are illustrated in Figure 6 for the case of &, = 30°.
The normal stress in the fiber direction o1 in Figure 6(a) is the dominant stress component
compared to those in the other directions. The radial normal stress o33 illustrated in Figure 6(b)
is relatively small at x = 0 mm and noticeably larger at x = 40 mm. In addition, o33 at adhesive-

Properties Epoxy (adhesive) Steel (adherend 1) Carbon/epoxy (adherend 2)
E; (GPa) 1.30 200.00 128.00

E,, E3 (GPa) 1.30 200.00 10.00

G, Gi3 (GPa) 0.46 76.90 50.00

Ga3 (GPa) 0.46 76.90 50.00

V12, V13 0.41 0.30 0.28

U3 0.41 0.30 0.47

Table 1. Mechanical properties of materials in the principle material coordinate [20].
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Figure 4. Torque distribution in adherend part 2 of composite coupler joint subjected to torsion.

L

Figure 5. Adhesive hoop shear stress distribution of composite coupler joint subjected to torsion.

coupler interface r = 10.1 mm or o is also minimal because of being the secondary effect. Note
that the number of segments used to calculate the stresses in Figure 6 is 40. Finally, the figure
shows that the developed model is capable of capturing the variation of these two stress
components through the coupler thickness thanks to the advantage of the elasticity theory.

4.2. Axial loading

When the coupler joints are subjected to an axial loading, a tension force with the magnitude of
1 N is used in calculation. For this particular case, the adhesive mean shear stress 4, in Eq. (50)
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Figure 6. Distribution of stresses in composite coupler subjected to torsion.

is adopted to normalize the induced longitudinal shear stress and radial normal stress in the
adhesive. Same as above, the normalized stresses can be utilized to indicate the distribution
intensity of load transfer within the joints:

F

a
T = 27'[R2iL (50)

Figures 7 and 8 show the effect of fiber orientation on the distributions of F, and 7%, along the
overlap region, respectively. Observation in Figure 8 reveals that by adjusting fiber orientation,
the composite coupler can generate mostly uniform load transmission in the central bonding
region. The internal forces F, of Figure 7 in that region concomitantly reveal linear relation-
ships with the spatial coordinate x/L. The optimum fiber angle &, is about 30°, which provides
the lowest maximum 7f,/7%, of 1.2. Figure 9 shows the radial normal stress in the adhesive.
Generally speaking, the smaller peak of 7%,/7%, the lower magnitude of ¢7/7%,.
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Figure 7. Force distribution in adherend part 2 of composite coupler joint subjected to tension.
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Figure 8. Adhesive axial shear stress distribution of composite coupler joint subjected to tension.
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Figure 9. Interfacial radial stress distribution of composite coupler joint subjected to tension.

Figure 10 shows the normal stresses ¢1; and 033 of adherend part 2 in the principal material
coordinate system, when the fiber orientation is equal to 30°. It can be seen from the figure that
under the application of the axial force, o1 is vanished at the left of the bonding region due to
the traction-free surface, while o33 is disappeared on the outermost area of the coupler. The
stress in the fiber direction 01y steadily attains the same maximum value along the bond
length in all laminae of composite coupler. The radial normal stress o033, which is induced
from the resultant axial force, is highest at the adhesive-coupler interface.

4.3. Pressure loading

Lastly, for the case of pressure loads, 1 MPa internal pressure is exerted inside the adherend
part 1, but no external pressure is present on the outer surface of the adherend part 2. The
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Figure 10. Distribution of stresses in composite coupler subjected to tension.

adhesive longitudinal shear stress and adhesive radial normal stress can then be normalized
by the internal pressure to form the dimensionless variables.

Figures 11 and 12 show the effect of fiber orientation on the distributions of F, and 7, along
the overlap region, respectively. Figure 11 indicates that peak values of F, are generated in the
central region of the composite couplers, but their values are null at both ends. The longitudi-
nal shear stresses in adhesive 7§, in Figure 12 illustrate the antisymmetric characteristic along
the bond length. It can be seen that the optimum fiber angle &, is 90°. This fiber orientation
delivers the lowest maximum 7¢,/p; of 0.6. Figure 13 shows the radial normal stress in the
adhesive. Interestingly, the values of ¢f are reduced by four to five times compared to the
internal pressure applied over the whole range of the fiber angles considered.

The normal stresses o171 and o033 of adherend part 2 in the principal material coordinate
system, when the fiber orientation are equal to 30°, are displayed in Figure 14. It can be noticed
that under the application of the uniform internal pressure with 1 MPa magnitude, oy; is

Fy (M)

14 1 o

-18 T T T T
0.0 0.2 0.4 0.6 oe 1.8

®L

Figure 11. Force distribution in adherend part 2 of composite coupler joint subjected to internal pressure.
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maximum at the mid-length of bonding region, whereas o033 is peak at x = 0 and 40 mm on the
adhesive-adherend interface.

5. Conclusions

A unified mathematical model for predicting the joint stresses of the adhesive-bonded tubular-
coupler joints or the equivalent bonded-lap joints under several types of load is formulated.
The inner and outer adherends can be considered as an isotropic material, orthotropic material,
or a laminated composite, whose fiber angle is constant along the tube axis. They are modeled
as three-dimensional body and satisfied the equilibrium, kinematic, and constitutive equations
in theory of elasticity. The adhesive is only treated to be a very thin isotropic elastic material
with relative low modulus, and thus, merely three out-of-plane stress components are present.
The finite-segment method is developed to compute adherend stresses in each small portion of
the coupler. The analytical results obtained indicate the viability of the model for many joint
conditions and configurations. The model can be used conveniently in the preliminary process
of the joint design, which is usually critical in huge, complex, or integrated structures.
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Abstract

Flexible electronics is the expected technology in the future, and the bonding material
may also require flexibility. Silyl terminated poly-ether (STPE) is a promising material
that has both flexibility and low-temperature curability. In combination with tri-block
polymer-based stretchable conductive paste and artificially formed fillet formed by elas-
tic resin, it can build simple stretchable bonding system. It will be a prominent technol-
ogy to satisfy the characteristics required by the near future devices.

Keywords: isotropic conductive adhesive, low-temperature bonding, flexible devices,
stretchable devices, IoT

1. Introduction

Internet of Things (IoT) means all things are connected to the Internet showing the possibility
of changing our lives. With the smartphone market becoming steady once, the explosive popu-
larization of smartphones pushed for the miniaturization of electronic components and the
spread of wireless Internet. In response to that, the wearable device approached a more practi-
cal device. Then, the role of electronics is becoming different from that of the previous one. For
example, the reduction of medical expenses by health-care monitoring, efficient use of energy,
assistance of workers and disabled people, and so on is said to be an important social task that
electronics can solve. It is a great opportunity for printed electronics to join with the flow of
giving an electrical function to various things indicated by IoT and create a light and soft device
by printing. Attempts to design interfaces between the Internet world and real society have
begun, as sensors and other electronic devices are incorporated all over our lives. In the trend,

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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IoT gives “anywhere anything” according to electric function indicated by IoT, base material
has expanded from conventional rigid PCB to heat-sensitive materials, such as plastic, paper,
and cloth, which can be formed by flexible circuits. In addition, those materials can be cured
by low temperature, which is a major topic and important element technology. In fact, flexible
circuits have been created by various materials and have achieved great results. To date, the
softening of the wiring materials is largely developed by graphene in [1], carbon nanotubes in
[2], silver nanowires in [3], conductive polymers in [4], or metal dispersed elastomers in [5-7].
With the advent of these technologies, flexible electronics can be said to have undergone a
dramatic evolution. However, it has been rarely reported about the bonding materials, which
coexist with flexibility and low-temperature curability. Furthermore, at present, it is difficult to
create ICs, memories, communication modules, and so on by printing; therefore, it is necessary
for the next generation devices to use hard parts and flexible substrates together. Additionally,
in the connection between flexible substrates and hard components such as a wearable device,
the connecting part will bear a large strain (Figure 1). As Figure 2 shows, in Ref. [8], elongation
that can occur on human body is around 30%. It is difficult to say that the bonding materials
satisfy the requirement of imparting an electrical function to various substrates. In this situa-
tion, isotropic conductive adhesives (ICAs) have low-temperature curability and flexibility can
be of great potential in creating next generation devices (Figure 3).

Flexible* * printed sensor

or
Can be printad Rigid - MEMS sensor

e
- gy -

Can not be printed '

Figure 1. Image of flexible hybrid electronics device in future.

.
( ¢ZN ?F elbow(as flexion) 6-17
v A shoulder to elbow(as flexion) 13-34
shoulder{as rotation or stretch) 8-36

h waist to hip{as flexion) 10-22
knee{as flexion) 2-51

Figure 2. Elongation of each part occurring in the human body.
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Figure 4. Chemical structure of STPE.

As the types of base materials are expanding, the most important basic property is to ensure
adhesion to various base materials, and the adhesion technology is meaningful.

Silyl terminated poly-ether (STPE), as shown in Figure 4, is flexible and strong material to
repeated strain, such as heat cycle. In present, there are many achievements to sealant for
construction and adhesive for electronic components. Conventional conductive adhesives
are mainly thermosetting system; the heat energy required for curing itself has disturbed
the applications of heat-sensitive substrates and components. The cross-linkable silyl group
can react by moisture in the air, even at room temperature, and it is suitable to implement
thermally sensitive components. That is, it is possible to assemble the electronic component
on the film as well as paper, fabrics, or various materials. We have developed a conduc-
tive adhesive having low-temperature curableness and flexibility by distributing the sil-
ver microsized to STPE. Here, we describe the characteristics of new isotropic conductive
adhesive based on STPE, which has low-temperature curableness and flexibility and its
application.

2. Characteristics of the STPE based conductive adhesive

First, we describe the design and characteristics of new conductive adhesives. Next, we
describe the low-temperature curability, flexibility, and stretchable conductive paste for flex-
ible devices, and finally, we introduce their application.
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2.1. Experimental section

ICAs were fabricated by uniformly dispersing microsized silvers as described later. Uniform
dispersion was achieved by a high-speed blender operated at 2000 rpm for 3 min under
vacuum conditions (ARV-310, THINKY Company). Epoxy-based ICAs were formulated
by Epicote 828 (Mitsubishi Chemical Co., LTD.) and 2-ethyl-4-imidazole (Tokyo Chemical
Industry Co., LTD.) as curing agents. ICAs were mask-printed onto glass plate. STPE-based
ICAs were cured at 80°C for 2 h, and epoxy-based ICAs were cured at 120°C for 1 h. Their
dimensions were 80, 100, and 0.5 mm in width, length, and thickness, respectively. Volume
resistivity was measured by MCP-T360 (Mitsubishi Analytec Co., LTD.).

Adhesion strength is tested by die shear tester (Dage 4000) at a shear head speed of 500 pum/s.
Epoxy-based ICA (XA-874, FjikuraKasei Co., LTD.) was used as comparison. ICAs were mask-
printed onto copper plate on printed circuit board and mounted on 3216-sized chip resistor.
Printed thickness was 0.1 mm. The high temperature and high humidity tests were carried out
at 85°C and 85% relative humidity (RH), respectively. Heat cycle test was performed at the
temperature range between —40 and 105°C. Exposure time was 30 min.

Electrical stability is tested on ISO-16525. ICAs were mask-printed onto copper electrodes, in
which dimensions were 2, 4, 8 mm in width, length, interval, respectively, on printed circuit
board. Dimensions of ICAs were 4, 100, and 0.1 mm in width, length, and thickness, respectively.

Stretchable conductive paste was fabricated by uniformly dispersing microsized silver flakes.
Uniform dispersion was achieved by a high-speed blender operated at 2000 rpm for 3 min under
vacuum conditions (ARV-310, THINKY Company). Conductive pastes were mask-printed onto
various substrates and dried at 100°C for 30 min. Their dimensions were 80, 100, and 0.5 mm
in width, length, and thickness, respectively. Cross cut test was performed based on ISO-2649.

Bending resistance test of conductive paste was performed on IEC62715 by DLDMLH-4U
(YUASA SYSTEM Co., LTD.). Conductive pastes were mask-printed onto PET film (Lumirror
510, TORAY Co., LTD.) and dried at 100°C for 30 min. Their dimensions were 5, 100, and
0.2 mm in width, length, and thickness, respectively. To investigate the resistance change in
real time, copper and lead were connected to both ends, and the resistance was measured in
current of 100 mA by the four-terminal method.

Dynamic boding resistance test was similar to the abovementioned test. Copper foiled poly-
imide was used as circuit. XA-874 and solder paste (FLF01-BZ(L), Matsuo HANDA Co., LTD.)
were used as comparison. Artificially formed fillet was formed by SuperXG No.777 (CEMEDINE
Co., LTD.).

In stretched resistance test, conductive pastes were mask-printed onto TPU (Platilon VPT9122,
Covestro Japan Co., LTD.) and dried at 100°C for 30 min. Their dimensions were 5, 100, and
0.2 mm in width, length, and thickness, respectively.

2.2. Design of STPE-based conductive adhesive

Figure 5 shows formulation and volume resistivity of conductive adhesive. In case of using STPE
as base binder, it is understood that combining silver fillers having different shapes and TAP
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density is important in expressing conductivity. Also, urethane bond in the polymer backbone
showed less resistivity. Hard segment derived from a hydrogen bond due to a urethane bond
plays strengthening of the interaction and the conductive path between the filler. Otherwise,
BPA-based conductive adhesive has higher conductivity when using a single shape. Previously,
there are few cases mentioning the TAP density in the formulation of the conductive adhesive, and
it has been discussed in the shape of fillers. However, these results show the selectivity of charac-
teristic silver fillers to develop the conductivity to flexible binder as STPE (Table 1).

2.3. Curing behavior

Curing behavior of STPE-based conductive adhesive is shown in Figure 6. Curing proceeds
even at room temperature, the conductivity increased with time. Further, by heating to
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L
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1.0E-05
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Entry
Figure 5. Volume resistivity of designed ICAs shown in Table 1.
Entry TAP density of filler (g/cm?) 3.5 1.0 15
Base resin Silver flake Aggregated silver Spherical silver
1 STPE (ether) 300 200 -
2 STPE (ether) 300 - 200
3 STPE (ether) 300 100 100
4 STPE (ether) 200 300 -
5 STPE (ether) 500 - -
6 STPE (urethane) 300 200 -
7 BPA 500 - -
8 BPA 300 200 -
9 BPA - 500 -

Table 1. Formulation of ICAs, silver weight ratio (per 100 resin).
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50 or 80°C, curing is accelerated and conductivity increases quickly. Conventional epoxy-
based adhesives are often unable to exert their performance unless they adhere to the rec-
ommended curing conditions. In other words, the curing conditions themselves may cause
trouble in bonding process. With STPE-based conductive adhesive, even if heating is stopped
halfway, the reaction proceeds, so that, a flexible production process can be constructed.
Also, die shear strength increased with time, curing is accelerated and die shear strength
increased quickly. On the other hand, the expression of adhesion strength does not match
with the conductivity; this is because the adhesion is rate-limiting between electrode and
adhesive interface.

2.4. Adhesion durability

Figure 7 shows adhesion durability at high temperature and high humidity, and heat cycle
(—40-105°C) compared with thermosetting epoxy resin-based electrical conductive adhesive
that is conventionally used. Initial adhesion strength of the STPE-based ICA is smaller than
the epoxy resin system, since STPE has a lower elastic modulus than conventional epoxy
resin. For this reason, it is better to consider a device having a slightly different design philos-
ophy such as a flexible device than a simple replacement for solder. In particular, STPE-based
ICA exhibits excellent bonding strength retention under heat cycle environment. On the other
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Figure 6. Curing behavior of STPE-based ICA. Left: curing behavior of volume resistivity. Right: curing behavior of
adhesion strength.
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Figure 8. Conductor resistance of STPE-based ICA (red) and epoxy-based ICA (blue) at 85°Cand 85% RH on tin plated-
copper electrode. SEM images show sectional view of PCB in the test of STPE-based ICA after 2000 h.

hand, the adhesion strength of epoxy-based ICA has decreased in every cycle. This phenom-
enon is induced by internal stress generated at the bonding interface when the temperature
change occurs across the glass transition point in Refs. [9-11]. In this situation, rigid base resin
cannot reduce the internal stress at bonding interface. STPE has low modulus and flexibility
that induce stress relaxation characteristics, and it leads to ensure long-term reliability.

2.5. Electrical stability

The excellent characteristics of STPE-based ICA are shown in Figure 8. Galvanic corrosion
between tin electrode and silver fillers in a high-temperature and high-humidity environ-
ment has become a long-standing problem of the epoxy-based ICAs. Therefore, in order
to put the conductive adhesive into practical use, an increase in parts’ cost has become a
problem due to the use of a gold electrode or the like. Corrosion of the tin electrodes is
said to be accelerated by the chloride ion in epoxy resin in Ref. [12]. In contrast, STPE is not
containing chloride ion, and STPE-based ICA does not occur corrosion on tin electrode. A
slight increase is observed in the conductor resistance after 1000 h, and it is found that it was
generated by Kirkendall void between tin plating layer and copper used as electrode from
SEM observation.

3. Characteristics of conductive paste

3.1. Design of flexible/stretchable conductive paste

As stated earlier, securing adhesion to enlargement of applied base material is an important
factor, and adhesion technology is a key point. Conventional conductive paste does not have
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Figure 9. Schematic image of tri-block elastomer and pre-cured silane coupling agents.

Base polymer Acrylic SIS SEBS
Volume resistivity 3.50E - 04 8.50E - 05 7.50E - 05
Adhesion to PET 100/100 70/100 75/100
Adhesion to PEN 100/100 60/100 70/100
Adhesion to TPU 100/100 50/100 70/100
Adhesion to excimer laser treated SR 100/100 0/100 0/100

Table 2. Test results of block polymer-based conductive paste.

extensive adhesion property. Therefore, we have to choose conductive paste according to
substrates. To solve it, we choose tri-block elastomer as binder and pre-cured silane coupling
agents (Figure 9).

Adhesion test results by cross cut test is shown in Table 2. Hydrocarbon polymers such as
SIS and SEBS show high conductivity, but they do not exhibit extensive adhesion property.
On the other hand, it was found that the acrylic polymer has good adhesion to various sub-
strates and is excellent in balance with conductivity. In subsequent experiments, the conduc-
tive paste based on an acrylic polymer is used.

3.2. Dynamic durability of conductive paste

Figure 10 shows real time resistance change due to bending on PET film. The resistance
change due to bending is smaller than that of conventional epoxy-based flexible conductive
paste. In addition, the resistance fluctuation when bending once is also small, which is consid-
ered to be based on polymer with hard segment and soft segment coexisting.

Figure 11 shows the resistance change at elongation on TPU. For example, the strain accruing
on the human body is about 50% at the maximum. It is thought that the hysteresis of resis-
tance is small, and it functions as strain sensor, which is capable of detecting elongation of
about 50%. Also, by utilizing high adhesion and flexibility, it is possible to form circuits for
various substrates.
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Figure 10. Conductor resistance change of acrylic elastomer-based conductive paste in bending test.
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Figure 11. Conductor resistance change of acrylic elastomer-based conductive paste at elongation. Circuit size width:
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4. Application for flexible/stretchable bonding system

As mentioned earlier, STPE-based ICA does not have strong bonding strength as conven-
tional materials. Therefore, in order to take advantage of this material, it is necessary to con-
struct reinforcing structure. Solder or thermosetting conductive adhesive forms a fillet at the
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time of curing, and it becomes a reinforcing layer against dynamic strain. On the other hand,
since STPE-based ICA is a low-temperature curable, it is difficult to form fillets. Figure 12
shows bending resistance of mounting on FPC by STPE-based ICA and conventional mate-
rials and the effect of artificially formed fillet. Although the bonding resistance of solder is
stable, bonding resistance of STPE-based ICA does not form a fillet, which has a considerable
resistance variation. Even in the case of a thermosetting epoxy-based ICA, a slight resistance
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Figure 12. Bonding resistance change of various materials on FPC in bending test.
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Figure 13. Images of fillet forming at bonding process and detailed image of reinforced STPE bonding structure.
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Figure 14. Pictures of implementation of LED on stretchable substrate. Left: stretched. Right: crumpled.

change is observed. On the other hand, fillet formed STPE-based ICA get bending resistance
similar to solder connection.

Detailed structure is shown in Figure 13. This structure can also be applied to elastic sub-
strates. Previously, there have been various reports on mounting of rigid parts on stretchable
base materials, but it is mainly focused on design of base substrates and how to use rigid
bonding materials [13, 14]. By combining STPE-based ICA and flexible reinforcing material,
it is not necessary to design a complicated base material and it is possible to simply mount
on a flexible base material such as Figure 14. In Figure 14, a wiring is drawn on a stretch-
able substrate with a stretchable conductor, and LED chip is mounted with STPE-based ICA
and reinforced by elastic resin. Even without constructing a complicated mounting struc-
ture, disconnection is not observed, and LED chip continued to light up during repetition of
expansion.

5. Conclusion

Characteristics of the conductive adhesive having both low-temperature curability and flex-
ibility, which is based on STPE shows a great advantage compared with conventional con-
ductive adhesive. In addition, it showed dynamic durability rivaled to conventional solder
connection. Namely, the bonding system which is almost constructed by elastic resin and
highly reliable is a promising technology for electronics in the next generation. Fabrication
in IoT and wearable devices still has room for improvement. STPE-based ICA is developed
as one solution for the future electronics society and we expect that innovation will happen.
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Abstract

Today’s society relies heavily on glued wood products for constructions, furniture, and
floorings, for example. Essentially, all adhesives on the market are based on fossil-based
resources, and many also contain formaldehyde to yield sufficient reactivity and adhe-
sive performance. Formaldehyde is soon to be banned from consumer goods in Europe,
due to its carcinogenic and allergenic features. With the rapidly growing societal envi-
ronmental awareness, it becomes evident that it is crucial to seek greener, more sustain-
able alternatives. There is nothing new to this idea; on the contrary, prior to the advent
of synthetic polymers, a range of biopolymers such as proteins and starch, were success-
fully used. However, since adhesives based on synthetic polymers were found to perform
better, especially regarding the water resistance, the naturally sourced adhesives have
had a subordinate role up until recently. The growing interest for using bio-polymers
from renewable resources, such as wood/forest, corn, and cereals have spurred signifi-
cant R&D developments toward the use of bio-polymers in green wood adhesives. The
scope of the present chapter is to summarize, in short, some of the most recent scientific
literature regarding the development of green adhesives.

Keywords: wood adhesive, protein, polysaccharide, starch, chitosan, hemicellulose,
tannin, lignin

1. Introduction

Wood adhesives are produced in large amounts and are used for many large-scale applica-
tions such as load-bearing constructions, flooring, furniture, doors, and windows. Today,
wood adhesives are essentially solely prepared from fossil-derived polymers based on, for
example, urea, melamine, formaldehyde, phenol, resorcinol, isocyanate, and vinyl acetate,
but historically adhesives were prepared from various natural sources, such as proteins

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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from milk, blood, and soybean [1]. In 1928, Casco Adhesives (now AkzoNobel Adhesives)
in Sweden, started their production of adhesives based on casein (Casein Company), a
milk protein [2]. With the rapid and revolutionizing development of the “plastic era,” ini-
tialized during the 1940s with the launch of synthetic polymers such as acrylates and vinyl
esters, it became apparent that the performance of bio-based adhesives could be widely
exceeded. During the 1960s, the hitherto used natural binders were replaced by synthetic
polymers derived from fossil-based resources, motivated both by insufficient properties
and high cost [3, 4].

Fossil-derived adhesives are cost-effective and perform very well regarding bonding per-
formance and water resistance. The oil-crisis during the 1970s brought about a realization
that natural sources for fossil-based products are limited; however, this has not yet had a
dramatic effect on the adhesive industry. A large share of the industrially viable wood adhe-
sive systems also comprises formaldehyde which is a highly reactive compound, making it
well suited for its intended use. For instance, particleboard products are almost exclusively
bonded with formaldehyde, in combination with urea and/or melamine or phenol. However,
formaldehyde has been identified as a very hazardous compound and will most likely be
banned from use in many applications [5]. The formaldehyde ban, combined with the rapidly
growing environmental awareness calls for the adhesive industry to become more sustain-
able, more benign, and less fossil-dependent. To replace fossil-based adhesives with sustain-
able counterparts successfully, the adhesive properties and bonding performance have to be
very similar, or bring other added values, and very importantly, the cost performance has to
be on par with existing, non-sustainable, adhesives.

The urge for developing green adhesives reawakens the interest for bio-based adhesives, even
though it is not completely uncomplicated. Many natural resources such as starch and pro-
tein, potentially well-suited for adhesive applications, may also be used as food sources. This
calls for careful consideration in a time where more than 800 million people suffer from star-
vation world-wide [6].

The development of bio-based adhesives also poses other challenges; adhesives prepared
from bio-based polymers often exhibit poor water resistance and/or render too high cost to
successfully compete with fossil-derived polymers [1]. Another challenge when utilizing bio-
based polymers is the often large property variation, emanating from locus and constantly
shifting growth-conditions such as type of source, growth season, access to nutrients, climate,
etc. [7]. Also, the extraction and fractionation procedures required to isolate the bio-based
polymers will influence the final properties of the adhesive, as well as the cost. Altogether,
it is challenging to replace robust synthetic polymers, having well-known and reproducible
characteristics, with bio-based polymers with a broader property window, in industrial appli-
cations. Today, the research in this area is mainly focused on proteins, starch and other poly-
saccharides, lignin, and tannin as raw materials (Figure 1).

1.1. Evaluation of bonded specimens

Wood adhesives can be applied on several different substrates such as veneers, plywoods,
panels, beams, particleboards, etc., and are often subjected to elevated temperatures and high
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Figure 1. Green binders for wood adhesives. Photocredits for pictures of particleboard and plywood distributed by a
CC-BY-SA 3.0 license [8].

pressure during cure depending on the application. Adhesives are evaluated by testing the
bond strength of the bonded wood specimens; both dry and wet strength are crucial proper-
ties. The requirement of the adhesive depends on the application (e.g., interior or exterior
use), type of adhesive (e.g., thermoplastic or thermosets), type of wood substrate, etc. Heat
resistance is of particular interest for specimens glued with thermoplastic adhesives, since a
thermoplastic material generally is more sensitive to heat than the thermosetting counterpart.
There are many different national standardized evaluation procedures, such as ASTM, EN,
Chinese industry standard, China National Standards, etc., with different criteria for fulfill-
ing the requirements of a certain application. These standards often differ in the gluing pro-
cedure, sample preparation, pressing conditions, conditioning and performance evaluation.
The use of slightly dissimilar standards and evaluation protocols make it difficult to compare
different studies [9, 10]. The evaluation of mechanical properties of wood adhesives has been
subject to substanitial research [11].

The chemical composition of adhesives is often characterized with Fourier transform infrared
spectroscopy (FTIR), nuclear magnetic resonance (NMR), and the relative average molecu-
lar weight is determined by size exclusion chromatography (SEC). Further characterization
includes rheological studies (mainly the viscosity), thermal studies using differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA), contact angle measurements,
and storage stability measurements. The bond line and the adhesive’s penetration into the
wood in the bonded specimens can be studied with optical microscopy (OM), scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spec-
troscopy (XPS), and energy dispersive X-ray spectroscopy (EDXS), etc.
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The scope of this book chapter is to give a short overview of the most recent publications
concerning the use of bio-polymers as promising sustainable resources for wood adhesives.
Several extensive and in-depth reviews of the use of green wood adhesives are already pub-
lished and these are referred to throughout the chapter, when appropriate. The chapter does
not cover patents or scientific publications published in any other language than English.

2. Protein

Proteins are linear polyamides built up by amino acids, linked together with polypeptide
bonds, and are, together with DNA, fat, and polysaccharides, the most important constituent
in all living species. There are 20 different amino acids, either acidic, basic, or neutral depend-
ing on the structure of the side chain. The properties of a protein originates from its complex
structure; the amino acid sequence (primary structure) is partly arranging into a-helices and
[-sheets (secondary structure), side-chains interact to form a 3D-structure (tertiary structure),
and the whole protein molecule interacts with other protein molecules to form a higher-order
(quaternary) structure [12].

Proteins have a long history as binders in wood adhesives but were replaced by fossil-based
polymers due to cost and insufficient properties, such as poor bond strength and water resis-
tance [1]. The side-chains of the polypeptide chain contain functional groups that make the
amino acid either hydrophilic or hydrophobic, and provide possibilities for interaction with
hydroxyl or carboxyl groups in wood, and for crosslinking.

Generally, protein adhesives suffer from high viscosity, consequently demanding low solid
content, and they commonly only meet the requirements for indoor applications due to poor
water resistance [13]. Extensive research is being conducted to improve the bonding perfor-
mance and water resistance of proteins to extend the applicability of wood-bonded protein
adhesives, as previously reviewed in literature [13-15].

Soybean protein can be obtained from soybeans during the production of soy oil and soy
meal. Soy oil is used in the food industry and soy meal as animal feed [16]. Soy protein is a
promising alternative to fossil-based adhesives due to its availability, easy processing, and
low cost, but the fact that it is a food source is debatable. Soybean protein-based adhesives
have been suggested in a few applications today: particleboards, laminated plywood, and
finger-joint lumber [13, 17]. So far, the use of soybean protein in adhesives has been limited
due to low water resistance and high viscosity [13]. Adhesives containing soybean flour is
commercially available [18].

Physical and chemical methods have been used to improve the properties of proteins.
Denaturation of the native protein structure exposes functional groups buried within the
3D-structure of the protein, which may enable solubilization and bonding. The increased sol-
ubilization further makes it possible for the protein adhesive to flow better over the wood sur-
face, forming hydrogen bonds with wood, and allows for subsequent chemical crosslinking.
Denaturisation can be triggered by increased temperature, pressure, and changes in pH, as
well as the addition of denaturants, such as urea guanidine hydrochloride, enzymes, SDS or
other detergents [13, 19].
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It was shown that a combination of thermal alkali degradation, thermal acid treatment, and
crosslinking of soybean protein can provide an adhesive with better applicability regarding vis-
cosity and bonding performance. Thermal alkali degradation lowers the viscosity and improves
the technological applicability. Thermal acid treatment allows for the formation of an intermo-
lecular network which improves the water resistance. Glyoxal, epoxy latex, polyisocyanate, and
polyamide were evaluated as crosslinkers. The type of crosslinker, amount of crosslinker, and
ratio of thermal alkali-degraded soybean protein to thermal acid-treated soybean protein, had
important effects on the final adhesive properties. Polyamide is the preferred crosslinker due to
its good crosslinking efficiency, miscibility with soybean protein, and low viscosity [20].

Thermo-chemical treatment of soybean protein in the presence of sodium sulfide or sodium
dodecyl sulfate, followed by crosslinking with epichlorohydrin-modified polyamide (EMPA)
showed promising results. The adhesive could withstand recurring hygrothermal treatment
after which the wet strength fulfilled the required value for structural use [21].

Proteins have also been combined with synthetic polymers and resins such as formaldehyde,
urea formaldehyde (UF), melamine urea formaldehyde (MUF), and dispersion polymers,
such as polyvinyl acetate (PVAc) [14, 22]. The water resistance of protein adhesives can be
improved by the addition of crosslinkers such as polyamidoamine-epichlorohydrin (PAE)
resin or polymeric diphenylmethane diisocynate (pMDI) [14].

In a recent study, water was substituted with egg white in a soybean-meal adhesive which
was subsequently crosslinked with triglycidyl amine in an attempt to increase the solid con-
tent and to improve the water resistance of soybean protein-based adhesives. As a result, the
solid content was increased, the viscosity was kept low, and the bonding performance was
improved. The wet strength of the adhesive was superior to that of conventional UF resin and
PAE-crosslinked soybean protein-based adhesive, and was comparable to that of melamine-
modified UF resin [23].

A green route to prepare a soybean protein-based adhesive has been demonstrated by utiliz-
ing the polysaccharides and proteins in soy meal. First, the polysaccharides and proteins were
separated, whereafter the polysaccharides were crosslinked with a green crosslinker, sodium
hexametaphosphate, and subsequently blended with the proteins to form an interpenetrat-
ing network. After hot pressing, a stable glue line was formed that fulfills the requirements
for plywood in interior use [24]. In another study, the polysaccharides were hydrolyzed and
then crosslinked with the proteins through a Maillard reaction. The bonding performance,
rheological properties, and thermal stability were improved and the adhesive also met the
requirements for plywood in indoor applications [25].

Magnesium oxide (MgO) has been added to soybean protein-based adhesives to improve
the bonding performance. In a recent study, MgO was used together with different fractions
from soybean. It is preferable to use soy flour or soy meal directly without purification steps
which would increase the cost of the final product. However, the purified soybean protein
gave better adhesive properties together with MgO, compared with the polysaccharide-con-
taining soy flour [26].

The water resistance of a soybean protein-based adhesive can be improved with the addition
of 5,5-dimethyl hydantoin polyepoxide (DMHP). DMHP acts as a crosslinker during cure
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while at the same time decreasing the wet-adhesive viscosity, improving the wetting and
penetration of the adhesive, yielding a smooth surface and bonding performance. DMHP
made it possible to increase the solid content, decrease the viscosity, and improve both dry
and wet strength [27].

A new type of soybean protein-based adhesive has been presented where a soybean protein-
acrylate emulsion-based adhesive was synthesized by mini-emulsion polymerization. Methyl
methacrylate and butyl acrylate were polymerized using soybean protein as the protective
colloid, resulting in an adhesive evaluated for plywood preparation. The bonding perfor-
mance was, however, only slightly improved [28].

Soybean protein has been blended with ethylene glycol, diethylene glycol, and polyethylene
glycols with different molecular weights. Ethylene glycol improved the wet strength of the
adhesive which was suggested to be due to improved wettability and hydrogen bonding.
Higher molecular weight polyols, however, decreased the wet strength of the adhesives [29].

Soybean protein has also been blended with lignin to improve the water resistance of the
adhesive [30]. The lignin-particle size and the protein-to-lignin ratio significantly affected
the bonding performance. Lignin with smaller particle size increased the wet strength of the
adhesive [31]. Lignin amine was prepared by Fenton oxidation and subsequent reductive
amination [32]. Addition of lignin amine to soybean protein-based adhesives has also shown
to improve the bonding performance and water resistance.

Soybean protein and cottonseed protein isolates were mixed in different ratios and used as
wood adhesives. Increasing fraction of soybean protein was deteriorating the adhesive prop-
erties. However, formulations with addition of ca 50% xylan, starch, or cellulose exhibited a
retained hot-water resistance [33].

Soy crops are unfortunately not widespread over the world; therefore, the possibility of using
other types of proteins has also been explored. Wheat gluten is a by-product from the produc-
tion of wheat starch and bioethanol, and has been studied as a binder for wood adhesives
with promising results [34—44]. Other proteins that have been evaluated are, for example, zein
protein [45], pea protein [45], canola protein [46, 47], cotton-seed protein [47], triticale protein
[48], and lupine protein [49, 50].

3. Polysaccharides

Polysaccharides, built up by hydroxyl-functional monosaccharides joined together by gly-
cosidic bonds, are an interesting group of polymers that have shown potential as binders
for wood adhesives [51]. A polysaccharide with high molar mass will provide cohesive
strength to the adhesive; however, a high molar mass will also give higher viscosity. The
formation of hydrogen bonds between hydroxyl groups in the polysaccharide and the sub-
strate allows for strong adhesion to wood. However, the hydroxyl groups also render the
polysaccharide hydrophilic, which has a negative impact on the water resistance of the final
adhesive. Improving the water resistance of polysaccharides is a challenge that is subject to
much research.
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3.1. Starch

Starch is a polysaccharide that has shown great potential as a binder for wood adhesives
[14, 15, 52]. Starch has attracted much attention because of its abundance, renewability, and
low price. Starch consists of amylose and amylopectin. Amylose is a long, linear polymer of
a-1,4-linked p-glucopyranose, and amylopectin is a branched polymer, much larger than
amylose, with a-1,4-linked glucose segments connected with a-1,6-linked branch points. The
proportion of amylose to amylopectin affects the properties of the wood adhesive.

Native starch is a very good binder for wood, but it suffers from insufficient water resistance,
when modifications are necessary. Many strategies have been employed to improve the prop-
erties of starch-based wood adhesives. Starch is often combined with another component, for
example, polyvinyl alcohol, or polyvinyl acetate, to increase water resistance [53, 54]. There are
several studies on graft polymerizations from starch, commonly using vinyl acetate as mono-
mer and ammonium persulfate as initiator [54-56]. Confocal Raman Microscopy has been used
to study the homogeneity of vinyl acetate-grafted starch. It was shown that the graft efficiency
was important and had a large effect on the bonding performance of the starch adhesive [57].

One of the main challenges with starch-based wood adhesives is the storage stability; lately,
several studies have demonstrated how this can be improved. The effect of emulsifiers in
wood adhesives with high starch content has been studied, since the addition of emulsifiers
can allow for good dispersion and storage stability. A combination of lauryl sodium sulfate
(LSS) and alkylphenol ethoxylates (APEO) can improve the flowability and stability of the
adhesive. However, a substitute for APEO is necessary since APEO has a negative impact on
the environment [58]. Heat treatment of starch prior to the grafting reaction has been shown
to enhance the grafting efficiency and the storage stability [59]. Sucrose-fatty acid esters,
derived from renewable sources, have been used as surfactants added prior to grafting a high
amylose-containing starch with vinyl acetate. The addition of surfactant resulted in excellent
storage stability and improved bonding performance. The thermal stability increased and it
was suggested that aggregation of particles was impeded by the surfactant [60]. Addition of
SDS has been shown to improve the dispersibility and storage stability of starch grafted with
vinyl acetate [61]. Unfortunately, the bonding performance was decreased with the addition
of SDS. By adding Na-montmorillonite, a nano-layered silicate, the bonding performance was
improved. An addition of 5% Na-montmorillonite enhanced the strength both in dry and wet
state; the viscosity slightly increased but the dispersibility and stability were retained [62].

Acid hydrolysis of starch is a common method that can be used to modify starch and improve
the solubility and the viscosity of the adhesive. Acid hydrolysis results in breakage of hydrogen
bonds between starch molecules, facilitating starch molecules to react with crosslinkers or grafting
monomers. Excessive acid hydrolysis may, however, damage the structure. More recently, studies
have been performed to better understand how acid hydrolysis can be used to improve bonding
performance, water resistance, heat resistance, and storage stability of the adhesive [63, 64].

A starch wood adhesive has been synthesized by oxidation of starch and subsequent attach-
ment of a silane coupling agent, followed by polymerization of butyl acrylate and vinyl ace-
tate. The bonding performance and the thermal stability of the adhesive were improved [65].
Butyl acrylate-grafted starch also resulted in an adhesive with good stability. The bonding
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performance was similar to a commercial polyvinyl acetate adhesive even after storage for 3
months [65]. In another paper, oxidized starch was grafted with acrylamide and butyl acrylate
and thereafter crosslinked with vinyltriisopropoxysilane to yield an adhesive with improved
bonding performance [66]. A y-methacryloxypropyl trimethoxy silane coupling agent was
also studied for crosslinking starch grafted with vinyl acetate. The resulting adhesive showed
improved bond strength, storage stability, and shear-thinning properties [67].

An isocyanate pre-polymer has been used to crosslink starch to enhance the water resistance.
The starch was prepared by oxidation, or esterification, to reduce the crystallinity and increase
the reactivity, and thereafter crosslinked with isocyanate [68-70]. Carboxymethyl cellulose
(CMC) is an another component that has been added to a starch/isocyanate adhesive together
with polyvinyl alcohol and borax to tailor the viscosity, solids content, bonding performance,
and the interface compatibility between starch and isocyanate pre-polymer [71].

3.2. Chitosan

Chitosan is deacetylated chitin, which is a polysaccharide that exists in crustaceans such as
shrimp and crab, and insects. Naturally, chitosan only occurs in Mucoraceae fungi, but chitosan
is also readily available and abundant by means of easy and facile derivatization from chitin.
It is estimated that 10 billion tons of chitin are synthesized every year by the related organisms
[72]. Chitosan is a polysaccharide consisting of 3-(1,4)-linked 2-acetamido-2-deoxy-p-glucopy-
ranose (N-acetyl glucosamine) and 2-amino-2-deoxy-p-glucopyranose (glucosamine). Besides
being an economically feasible bioresource, chitosan has received great attention for a wide
range of commercial applications [73-76] as it is biodegradable, biocompatible, non-toxic, anti-
microbial and has reactive amino side groups which allow for chemical modification.

Besides the molecular weight, the degree of deacetylation is particularly important for the
adhesion properties of chitosan. Chitosan is characterized by reactive amino groups and
numerous hydroxyl groups that can interact with many different functional groups and high
molar mass that provides cohesive strength, which makes it an interesting group of materi-
als. Chitosan is insoluble in most organic solvents but soluble in water at acidic pH due to
protonation of the amino groups. Combined, these characteristics open up the possibility for
new applications in the adhesive and binder area [77].

Chitosan has shown great potential as a binder in adhesives, with or without additives or cross-
linkers, as reviewed in literature [77, 78]. Chitosan formulations were prepared by dissolving
chitosan in acetic acid solution, often used to dissolve chitosan. Double-lap wood specimens
were bonded and dried for 24 h at 40°C with no applied pressure. The adhesive showed good
bond strength that could be further improved with the addition of glycerol and trisodium
citrate dehydrate [79]. It has been reported that citric acid reacts with chitosan amine groups to
form amide bonds [80] and glycerol acts as a plasticizer which takes part in the curing process
[81]. However, all formulations were found to have poor water resistance. The penetration
of rhodamine-labeled chitosan in a pinewood matrix was investigated using a micro-imaging
technique. No in-depth penetration of high molecular weight chitosan was observed [79].

Chitosan has been modified with glucose via the Maillard reaction [82, 83], aiming at improv-
ing bonding properties. The effect of glucose addition to chitosans of varying molecular
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weight was evaluated with respect to bonding properties [84]. It was found that the dry and
wet strengths were improved for low-molecular-weight chitosan. However, addition of glu-
cose had a negative impact on bonding properties of high-molecular-weight chitosan.

Chitosan adhesives have also been prepared in combination with konjak glucomannan
(KGM) [85]. Compared with casein and soybean protein references, the chitosan-KGM adhe-
sive showed better bonding performance, but was inferior to a UF resin [85]. The bonding
performance of chitosan-KGM-polyvinyl alcohol adhesive was also modeled using the Box-
Behnken design for response surface methodology [86]. Polypeptides have been used to
react with aldehyde and amine groups present in KGM and chitosan, respectively. The wet
strength was improved, but the dry strength deteriorated [87].

3.3. Hemicelluloses/gums

Hemicelluloses can be found together with cellulose and lignin in biomass such as wood, grass,
and cereals, while gums can be found in seeds, plants, seaweeds or microorganisms for exam-
ple. Hemicelluloses and gums are heteropolysaccharides consisting of sugars such as xylose,
arabinose, mannose, glucose, galactose, and sugar acids, and their chemical composition and
structure varies with species [51, 88]. Hemicelluloses have low molecular weight, the average
degree of polymerization (DP) is typically 80-200, compared with gums or cellulose with DP of
several thousands [7]. Hemicelluloses and gums are among the most abundant biopolymers in
nature. By-products from forestry and agriculture are good sources of hemicelluloses. With the
growing environmental awareness, the traditional pulp mill is converted into a biorefinery to
make efficient use of all possible side streams. Apart from power and fuel production, the possi-
bilities for deriving value-added chemicals are also exploited. The hemicellulose-rich hydroly-
sates, emanating from the pulping process, can be explored as a constituent for wood adhesives.
However, the hemicelluloses in the dilute hydrolysate have rather low-molecular weight and
the liquor also contains salts and other by-products; therefore, further fractionation/purification
is needed before evaluated in wood adhesives. Hemicelluloses are similar to starch structurally,
thus holding promise for adhesive applications; yet, the challenges regarding water resistance
remain. Moreover, hemicelluloses, unlike starch, have the advantage of not being a food source.

Locust bean gum (LBG), guar, tamarind, and xanthan gum have been evaluated as wood
adhesives [89]. LBG, a galactomannan, obtained from seeds from the carob tree, has shown
promising properties. A water dispersion of LBG exhibited very good bond strength, water
resistance, and heat resistance [89]. A bacterial polysaccharide, FucoPol, has been tested as a
binder for wood. The bond strength was fairly good, but the water resistance was very poor
[90]. Another bacterial polysaccharide, xanthan gum, has been evaluated in wood adhesives
[89, 91]. Xanthan gum by itself does not show any water resistance, but oxidized xanthan
gum, on the other hand, show water resistance similar to polyurethane and chitosan adhe-
sives. No significant improvement was observed by combining xanthan gum with chitosan
[91]. Gum Arabic has been evaluated to produce particleboards that noticeably improved
the overall panel properties. The particleboard had a smooth surface, and improved internal
bond strength [92]. It has been reported that KGM can be used as a wood adhesive with good
bond strength and stability [93]; however, low water resistance is limiting its applicability
in wood adhesives [85]. The adhesion of KGM on plywood has been investigated and it was
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found that the dry bond strength was relatively good despite the low solid content used [85].
However, the water resistance was found to be very poor. In several studies, KGM has been
combined with chitosan, as reviewed in Section 3.2.

Xylan extracted from beech has been suggested as a binder in wood adhesives [94]. Xylan
itself does not show sufficient bonding performance, especially regarding water resistance. A
combination of xylan with dispersing agents with/without crosslinkers has been studied. The
best combination was a water dispersion of xylan and polyvinyl amine that exhibited good
bond strength, water resistance, and heat resistance [94].

4. Lignin

Lignin is the third most abundant biological macromolecule and exists in the complex and
rigid structure of lignocelluloses [1, 95, 96]. It is present in lignocellulosics including wood,
grass, agricultural residues, and other plants [97]. It is a high-molecular-weight aromatic
polymer based on phenylpropane units in a densely crosslinked structure. Intimately inter-
spersed in the lignocellulose structure, lignin acts as a “glue” binding cellulose and hemicel-
lulose together, thus providing rigidity and microbial resistance to the cell wall [98].

Chemical modification of lignin has been extensively studied [99]. Lignin in adhesive applica-
tions has been actively researched and several papers have been published recently on this topic
[14, 15, 100, 101]. The main interest in lignins as adhesives is due to its structural similarity to
phenol, suggesting they can be used as substitutes for phenol-formaldehyde (PF) resins [102].
In adhesive research, lignin is often combined with synthetic resins such as PF and/or urea-
formaldehyde (UF) resins [103] to decrease cost [104] and formaldehyde emission [105].

Lignin in adhesives have rendered limited commercial success mainly due to the low reactiv-
ity toward formaldehyde, or other aldehydes, as a result of its complexity and low number
of reactive sites [101]. The low reactivity is a disadvantage in applications where short curing
times are desired. To enable utilization in various material applications, the reactivity can
be improved by modification [106-108]. Phenolic and aliphatic hydroxyl groups on lignin
allow for chemical modifications including esterification, etherification, phenolation, oxida-
tion, reduction, and amination.

Lignin was used without any chemical modifications as a phenol substitute in the synthesis
of a resin evaluated for plywood applications [109]. This study involved the replacement of
phenol with lignin in a PF resol resin. The effect of the formaldehyde ratio was studied, and
the prepared plywoods were found to exhibit very low formaldehyde emissions. In terms of
thermomechanical properties, the lignin-based resin was reported to be similar to the PF ref-
erence. Organosolv and sulphite lignin were phenolated and used as reactive precursors for
wood veneers and particleboards [102]. Wet and dry internal bond strength fulfills European
standards for load-bearing boards in humid environments. In a recent study, a lignin-urea-
glyoxal (LUG) wood adhesive was prepared in attempt to eliminate the use of formaldehyde
from wood-based panels such as plywood [95]. No significant decrease in mechanical strength
was observed, when it was concluded that glyoxal is a suitable substitute for formaldehyde
in wood adhesives. In the same study, further improvement of physical and mechanical
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properties was obtained by adding nanoclay to the LUG resin. Lignin was modified by phe-
nol and used in UF resins [110]. It was demonstrated that the formaldehyde emission from
wood panels, bonded with modified lignin-UF resin, was lower compared with commercial
UF adhesives. Wood panels were also prepared by using lignin in a UF resin [111, 112]. Prior
to the resin preparation, lignin was modified by two different methods, either by a pretreat-
ment with a green ionic liquid (IL), 1-ethyl-3-methylimidazolium acetate, or by glyoxalation,
to increase the reactivity [111]. Both modifications resulted in UF resins with improved prop-
erties. Panels bonded with IL-modified lignin UF resins were superior, regarding mechanical
strength, formaldehyde emission, and gel time. The effect of addition of polymeric 4,4-diphe-
nylmethane diisocyanate (pMDI) liquid to (IL)-treated lignin-urea-formaldehyde resin on the
physical and mechanical properties of plywood panels ionic have been investigated [112].
The addition of pMDI enhanced the performance of lignin-UF resins for wood-based panels.

Lignin-based adhesives have been formulated by substituting all phenols with unmodified
lignin from corn stover in a PF resin. The mechanical strength of the evaluated adhesive sys-
tem was similar to a commercial phenol-resorcinol-formaldehyde (PRF) adhesive reference
[113]. Different industrial lignins, such as softwood Kraft lignins, have been evaluated in self-
binding high-density fibreboards, of which some were found to perform well in dry conditions
[114]. Lignin has also been blended with other bio-based polymers such as soybean protein
and/or chitosan [32, 115]. Lignin amine was prepared by an efficient two-step process, in
which lignin was oxidized through a Fenton oxidation reaction, followed by a reductive ami-
nation to yield lignin amine [32]. The soybean protein-lignin amine system exhibited high dry
and wet strengths for plywood. The improved properties were attributed to the catechol-like
functionalities in the system, mimicking marine adhesive proteins. Laccase-modified lignin,
combined with either soybean protein or chitosan, followed by reduction with NaBH, was
evaluated as cheap and safe adhesive systems [115]. The dry strength of the lignin-chitosan
formulation was slightly improved when laccase-treated lignin was used, but the subsequent
reduction drastically reduced the bonding strength. The laccase-treated and reduced lignin-
soybean protein adhesive exhibited more than half the strength compared with a commercial
polyurethane adhesive and showed good water resistance.

5. Tannin

Tannins are polyphenols that exist naturally in the bark of various trees such as mimosa,
quebracho or pine [116-118]. Natural tannins are divided into two main classes: hydrolysable
tannins and condensed polyflavonoid tannins. Condensed tannins constitute more than 90%
of the total production of commercial tannins [119]. Tannins are water-soluble compounds
[120], and similar to lignin [121], they are of particular interest in the replacement of phenolic
resins owing to their chemical structure, similar to phenolic compounds, as well as the ability
to react with formaldehyde [120].

The high reactivity toward aldehydes and other reagents renders tannins both chemically and
economically interesting in the production of adhesives and resins [120]. However, the present
use of commercial tannins for leather manufacturing [122], and beverages [123] limits their
availability for other industrial resins. Despite this, tannins have been the subject of extensive
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research, leading to the exploration of a wide range of adhesive applications [14, 101, 124].
Attempts have been made to commercialize tannin-based adhesives with limited success [125].

In a recent study, tannins have been suggested as scavengers for formaldehyde in MF res-
ins. The formaldehyde emission was decreased with the addition of tannin [126]. The effect
of addition of tannin in PF and MF resins was also studied, and the observed results were
improved water resistance and decreased formaldehyde emission [127].

Tannins have also been used as a substitute for phenols in PF resins with promising results.
Good characteristics and low formaldehyde emissions were obtained even though only a part
of the phenol was replaced by tannin [116]. Noteworthy, curing agents used to prepare such
adhesive systems, e.g., tris(hydroxymethyl)nitromethane, paraformaldehyde, hexamethylene-
tetramine, may cause formaldehyde emission [128, 129]. A hyperbranched polyamine ester
was used as a curing agent together with tannin-glyoxalated Kraft lignin (TGKL) and evalu-
ated as an adhesive [120]. The adhesive was evaluated on plywood and the results showed that
the modification improved the water resistance strength of TGKL effectively. In another study,
lignin-based aldehydes were combined with a reactive tannin from pine bark and evaluated as
adhesive in wood panels. The performance was in accordance with relevant standards [130].

Boric acid (BA), a weak Lewis base, is known to induce tannin gelation [131]. Hexamine was used
in tannin-BA adhesive systems to fixate BA through complexing onto the network, thus prevent-
ing leaching of BA. It is also reported that this treatment enhanced biological resistance [132].
Tannin has been explored for plywood applications by incorporating BA into the adhesive system
to increase the hardening rate, thus decreasing press time [133]. The adhesive system was com-
posed of quebracho tannin, NaOH, hexamine, BA, and polymeric isocyanate (pMDI). The results
indicated that the addition of BA not only lowered time and temperature of hardening, which
is of significant importance for the cost of production of wood composites, but also resulted in
higher elastic modulus and good resistance to fungal attack.

Recently, tannin adhesives have also been studied in the preparation of particleboards [122,
134, 135]. Internal bond (IB) strengths of the particleboards were investigated with different
tannin-based adhesive formulations [122]. It is reported that particleboards manufactured
with the formulation containing paraformaldehyde powder as a hardener exhibited the best
IB strength. A formaldehyde-free adhesive based on tannin for manufacturing of particle-
boards has also been developed [134]. The effect of type and concentration of hardeners was
investigated. Tris(thydroxymethyl)nitromethane (TRIS), glyoxal (GLY), and hexamethylene-
tetramine (HEX) were used as hardener instead of formaldehyde. Condensed chestnut-shell
tannins could be combined with low proportions of chestnut bur or eucalyptus bark without
reducing board quality. The formaldehyde emission level was low.

Glulam from three layers of lamina has been manufactured by using a mahogany tannin-
adhesive system, composed of tannin extract and formaldehyde [124]. The results showed that
the adhesive was on par with the conventional adhesive for glulam manufacturing regarding
mechanical and physical properties, and had low formaldehyde emission. In a more recent
study [136], an adhesive of mimosa tannin, mixed with the Eremurus root (syrysh), was pre-
pared to manufacture three-layer particleboards, yielding a fully green product. The addition
of syrysh improved the overall performance of the mimosa tannin adhesive system.
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6. Outlook

The industry’s transition to fully green wood adhesives, i.e., based solely on sustainable bio-
polymers, will most likely linger for quite some time. Still, substantial challenges remain to
develop bio-based adhesives that fulfill all the prerequisites for both indoor and outdoor
applications. Water resistance is one area that is particularly challenging; the general, inher-
ent hydrophilic character of most bio-polymers has to be tampered in such a way that the final
adhesive bond is able to withstand both humidity and water sufficiently. There are already
promising solutions on how to tackle this, but so far it has almost only been demonstrated
on a lab scale and not for large-scale productions. Bio-polymers are also encompassed with
large natural variations (molecular weight, solubility, etc.) as an effect of shifting growth con-
ditions which bring about a need for a greater flexibility in the production line, either when
manufacturing the adhesive or when conducting the actual bonding. On a lab scale, this is
usually manageable but it rapidly becomes a problem when targeting large-scale manufactur-
ing. However, there is light in the tunnel. Hybrid adhesive systems, partly composed of bio-
based polymers, already exist and suggest that the transition to greener adhesive systems will
occur gradually. Stricter legislations and tougher social expectations are believed to accelerate
this development. It is, however, challenged by manufacturers’ and end-users’ unwillingness
to pay more for a greener adhesive, when the transition has to be justified by a neutral cost
performance and/or improved final properties. For researchers around the world, the field
of green adhesives is an exciting area to be active in. Fundamental research is still required
in order to develop detailed understanding of the complex adhesion mechanisms that gov-
ern strong bonding between adhesive and substrates. A better understanding will propel the
future design of green adhesive systems, and scientific breakthroughs may have a substantial
impact on a large industrial sector.
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Abstract

The use of isocyanate adhesive for the binding of wood and wood products has been
increasing in Indonesia particularly for research needs since wood products bonded by
glue-based formaldehyde release formaldehyde emission that have been found to have
carcinogenic effect and may lead to sick house syndrome. There are at least two types of
isocyanate commonly used in Indonesia, namely isocyanate cross-linker and isocyanate
alone. Isocyanate cross-linker is used together with polyvinyl alcohol (PVA) forming a
water-based polymer-isocyanate emulsion; thus, its application using spreading tech-
nique for binding engineered wood products such as glue laminated timber (glulam) and
laminated veneer lumber (LVL). For isocyanate alone, because its viscosity is adequate for
spraying, it is preferably used for producing wood-based panels, especially particleboard
and fiberboard. In this chapter, the characteristics of both types of isocyanate usually
used in Indonesia are presented. Some research studies of the authors are also provided.

Keywords: isocyanate, wood adhesive, characteristics

1. Introduction

In order to reduce the formaldehyde emission originated from both adhesive-based forma-
lin and wood products bonded by resin-based formaldehyde, such as urea-formaldehyde
(UF), phenol-formaldehyde (PF), melamine-formaldehyde (MF), or a mixture of the two, i.e.,
melamine-urea-formaldehyde (MUF) or urea-melamine-formaldehyde (UMF), the use of
either natural adhesive (bio-adhesive) or isocyanate adhesive has been slightly increased for
research purposes in Indonesia. Bio-adhesives have been used by human for thousands of
years [1] even though they have limitations in strength and durability [2-4]. On the contrary,
isocyanate has the advantage of high strength and resistance and is also stable although it is

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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applied on treated wood [5]. Therefore, the latter has been extensively used, particularly in
research of wood products.

Isocyanates have been mainly used for wood adhesive in two ways: first, as a urethane pre-
polymers originated from isocyanate-polyol reaction products recently being used in the
wood-laminating industry, and second, as the isocyanate currently being used in the particle-
board industry [6]. The type of isocyanate generally used for binding wood laminated-based
products is the water-based emulsion adhesive with isocyanate as the cross-linker [7], while
the type of diisocyanate generally used for particleboard manufacture is MDI or 4—4"-diphe-
nylmethane diisocyanate [6]. Further, fiberboard mills involved in particleboard manufacture
use MDI as the binder [8, 9]. The method of mass production for particleboard and fiberboard
using isocyanate adhesive has been patented in Europe since 2013 [10].

When isocyanate resins are used as a binder for wood materials, the resins react with the
wood component [5] and water. However, if water is present in the wood materials, the iso-
cyanate resins would react with the water in preference to the wood component. Therefore,
the isocyanate resin-water reaction is considered as the one of the most important reactions
when bonding wood composite materials with isocyanate resins.

In this chapter, a review of isocyanate applied on wood would be presented. Types of isocya-
nates including the chemical composition, their origin or history, properties with an emphasis
on thermal behavior, application on the wood products, previous and on-going works of ours
have been also explained.

2. History and application of water-based polymer isocyanate in
Indonesia

According to our best knowledge, the use of isocyanate in Indonesia originated from the
introduction of the product by two Japanese producers of water-based polymer isocyanate
(WBPI), namely Koyo Sangyo Co, Ltd. and Oshika Corporation.

Koyo Sangyo then opened the branch factory (PT. Koyolem Indonesia) in 1993 and distributed
the WBPI under the trade name Koyobond®(www.koyoweb.com) [12]. Likewise, a joint ven-
ture company (PT. Poly Oshika) was established in 1995 between Oshika Corporation and PT.
Polichemie Asia Pacific for the production of aqueous polymer isocyanate (API) adhesive in
Indonesia under the trade name of PI Bond®(www.polychemie.co.id) [13]. API glue is the
same as WBPI, a common name for the adhesive system consisting of an aqueous PVA solu-
tion with an isocyanate cross-linker [7]; nowadays, it is also called emulsion polymer isocya-
nates (EPI) [14]. This information is in accordance with the statement of Grestad and Pedersen
[7], who mentioned from a business point of view that WBPI is naturally concentrated in the
Asian markets, presumably including Indonesia. In contrast, non-Asian consumption of this
type of adhesive is still limited, although it is slightly increasing.

Application of isocyanate adhesive for gluing wood in Indonesia is in the form of isocyanate
for a cross-linker, which is mixed together with PVA, forming a WBPI system for binding



A Review of Isocyanate Wood Adhesive: A Case Study in Indonesia
http://dx.doi.org/10.5772/intechopen.73115

engineered wood products such as glulam and LVL by the spreading technique, as shown in
Figure 1. Glulam is a bonded wood product that is suitable for many applications because it
can be utilized as a structural component for settlement construction or as a light structural
component in buildings, replacing solid wood products from natural forests, which have
been reduced in supply due to enormous logging, forest fire, forest conversion into planta-
tion, and other factors. Furthermore, glulam is considered to be the best alternative mate-
rial for larger structural components, because it can be manufactured from small laminated
lumber.

The best example of Indonesian research on glulam is the work of Herawati et al. [15]. They
investigated the quality of glulam made of two Indonesian wood species, namely African
wood (Maesopsis eminii) and mangium (Acacia mangium), and bonded by WBPI with the trade
name PI 3100® purchased from PT.Polychemie Asia Pacific, Indonesia. Before they are made
into glulam, the sawn lumbers were graded into three classes of modulus of elasticity (MOE)
using Panter/Plank-sorter of machine stress grading (MSR), namely E1, E2 and E3. With the
composition as shown in Figure 2, the glulam was constructed of both balanced and unbal-
anced combination.

(b}

Figure 1. (a) Glulam and (b) LVL, both wood engineered products, were usually glued with a spreading method using
an adhesive mixture consisting of PVA and isocyanate cross-linker in the ratio of 100:15 [11].

12 cm

El
A B C

Figure 2. Composition of glulam, work of Herawati et al. [15].
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Another product that is usually bonded by WBPI is LVL. It is composed of veneers glued
with grain running parallel to each other for reducing the natural variability of wood. Usually
the veneer of the higher quality is placed on the outside. Alamsyah et al.[16] investigated the
quality of LVL made of three wood species from Indonesia, namely Paraserianthes falcataria,
Pinus merkusii, and A. mangium, and bonded by WBPI (API with trade name of KR Bond-
7800%, Koyo, mixed with 15 parts cross-linking agent) at 250 g/m? spread rate. They treated
the LVL using various physical treatments such as boiling and soaking while the mechani-
cal evaluation consisted of block shear test and contact angle test. Mixing of the glue was
done in accordance with the supplier’s instruction. Details of the main component of the API
adhesive used in their study were presented. Table 1 exhibits the properties of an aqueous
polymer PVAc (polyvinyl acetate) as the resin containing a reactive aqueous polymer. PVAc
was produced by hydrolysis of PVA [7].Table 2 presents the characteristics of the isocyanate
cross-linker.

Koyobond® is composed of two components: a resin containing a reactive aqueous polymer
and an isocyanate cross-linker. The cross-linker reacts with active groups of not only aqueous
polymer but also wood to produce strong chemical bonds.

Further, similar work of Alamsyah et al. [16] included lengthening using eight Indonesian
wood species namely EX or Eucalyptus cyclocarpum, PF or P. falcataria, S or Shorea sp., TS
or Toona sinensis, GA or Gmelina arborea, PM or P. merkusii, AM or A. mangium and AH
or A. hybrid in order to understand the application and influence of WBPI on wood, the
treatment and the testing. The treatment also referred to previous work namely normal
or control (N), cyclic boiling (CB ), vacuum pressure soaking (VPS) and vacuum pressure

No Parameter Properties
1 Appearance White fluid
2 Viscosity at 25°C 60+20 poise
3 Solid content 58+3%

4 pH 7.51.0

Source: PT.LemindoAbadi Jaya [17].

Table 1. Typical properties of PVAc resin (KR-7800°).

No Remarks

1  Cross-linker AJ-1°

2 Mix ratio w/w (resin/cross-linker) 100/15

3 Press time at 25°C 60-120minutes

4 Wood species “Hard-to-bond wood species” such as teak, sungkai, red oak

Source: PT.Lemindo Abadi Jaya [17].

Table 2. Typical properties of isocyanate cross-linker.
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soaking dry (VPSD) treatment. Figure 3 shows the results of the shear strength test of the
lamina made from various Indonesian wood species bonded by Koyobond® while Figure 4
shows the performance of the wood products specimen bonded by Koyobond® after treat-
ment. In this study, shear strength percentages can be used to predict the bond quality of
wood-bonded products such as laminated wood. De-lamination is an indicator of how well
the bonded joint withstands severe swelling and shrinking stresses in the presence of high

moisture and heat [18]. Adhesion using WBPI in this study was resistant to high moisture
and heat.
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Figure 3. (a) Wood failure and (b) shear strength of laminates bonded with API made from various Indonesian wood
species and in various treatments. Error bars indicated a standard deviation [19].
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.

Figure 4. Specimen of wood laminates bonded with Koyobond®after VPS-2 treatment for de-lamination testing [19].

3. Isocyanate cross-linker and isocyanate alone

All isocyanates of industrial importance, including the isocyanate cross-linker used in WBPI,
contain two or more isocyanate groups (-N=C=0) per molecule. Isocyanates have good bond-
ing because their -NCO group can react with compounds having active hydrogen such as
water, including wood with water therein (free and bonded water) [20-22]. An excellent
review and an experiment result published more than three decades ago presented evidence
that isocyanates also reacted with the wood component, particularly the cell wall part [5, 23].

To our best knowledge, isocyanate adhesive is a general term for a variety of esters, which rely
mainly on phosgene synthesis in conventional synthesis industries. As of now, toluene diiso-
cyanate (TDI) and diphenylmethane diisocyanate (MDI) are the most commercially important
diisocyanates [24]; they are widely used and have the largest output [25]. TDI has quite a high
vapor pressure; hence, increased health risks involved with the use of this isocyanate are sig-
nificant [7]. MDI is produced from the reaction between aniline and formaldehyde with hydro-
chloric acid as the catalyst. A complex mixture of isomeric diamines and oligomeric polyamines
is formed. The 4,4"-diamine predominates. This complex mixture is phosgenated to give poly-
meric diphenylmethane diisocyanate (pMDI), rather than a purified diisocyanate, an adhesive.
At ambient temperature, pMDI is a clear brown liquid with a viscosity of about 0.5 Pas and a
low vapor pressure. It has an excellent shelf life as long as moisture is not present [20].

pMDI is a mixture of MDI monomer and the related methylene bridged polyphenyl polyiso-
cyanates. In the forest products industry, the binder is commonly referred to as MDI or simply
as “isocyanates.” This confusion of names is further complicated by the fact that polymeric
MDI is not at all polymeric. Approximately one-half of the resin is diisocyanate monomer,
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while the rest is a complex oligomeric mixture of polyisocyanates with a degree of polymer-
ization less than 12 [9].

In this discussion, the term “isocyanate cross-linker” is used interchangeably with the term “iso-
cyanate alone” because in fact isocyanate alone originates from isocyanate cross-linker as a com-
ponent of WBPL In Indonesia, because of the limitation of the producers and suppliers of the
isocyanate adhesive, research on wood products bonded by isocyanate was carried out using
isocyanate cross-linker purchased from PT.Koyolem Indonesia and PT.Polichemie Asia Pacific.

Figure 5(a) shows the properties of PF resin adhesive and MDI. The color of MDI is brighter
than that of PF, but the viscosity is appropriate for applications using the spraying technique
for producing wood composite products such as particleboard and fiberboard.

Figure 5(b) shows the packaging of isocyanate cross-linker sold and distributed in Indonesia.
Although there is a “hardener” label in the brochure and packaging as shown in the picture,
this terminology is wrong. In this context, hardener means cross-linker. Details of the proper-
ties are presented in Table 3, which contrasts the characteristics of H3M® and H7® (the trade
name of the isocyanate cross-linker sold by PT.Polichemie Asia Pacific). Both types of isocya-
nate cross-linker were capable of being used as adhesive for making fiberboard in laboratory
scale [28]. According to the supplier, H3M® is suitable for bonding any wood species; how-
ever, H7® is more appropriate for gluing of lamina wood.
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Figure 5. (a) Color comparison between PF resin adhesive and MDI; (b) the isocyanate cross-linker distributed and most
used in Indonesia [26, 27].

Characteristics Trade name

H3M® H7®
Performance (color) Brown, viscous Brown, viscous
Solid content (%) Min 98-100% Min 98%
Viscosity (cps/25°C) 180 cps 150-200, + 175 cps

Source: Polyoshika [29].

Table 3. Properties of the most used isocyanate cross-linker in Indonesia.

79



80 Applied Adhesive Bonding in Science and Technology

Many researches involving these types of isocyanate cross-linker have been carried out by
Indonesian scholars, and the results have been presented or published in conference proceed-
ings or journal papers. For example: Nuryawan et al. [30] mixed UF resin with isocyanate
cross-linker purchased from PT.Polyoshika Company in the ratio 100:15 (w/w based on the
solid content) for bonding particleboard made of sawdust from the residue of plantation
forest of acacia (A. mangium) and eucalyptus wood (Eucalyptus sp.). Nuryawan et al. [31]
used the isocyanate cross-linker of H7® for bonding sawdust’s particleboard made of wood
industrial waste. Febrianto et al. [32, 33] used commercial MDI (type H3M®) purchased from
PT.Polichemie Asia Pacific as the adhesive for oriented strand board (OSB) made from an
Indonesian fast growing tree species and betung bamboo, respectively. Recently, Iswanto et al.
[34] used isocyanate resin (H3M®) obtained from PT.Polichemie Oshika for binding particle-
board made of sorghum bagasse. From these examples, we can sum up that isocyanate cross-
linkers are capable of bonding lignocellulose material such as wood particle, bamboo, and
even sorghum bagasse.

4. Chemical composition

More than 270 isocyanates were synthesized between 1934 and 1949 [35]. But today, MDI
(4,4'-diphenyl methane diisocyanate) is predominant worldwide; it is the generic name of
a product used in industrial settings. pMDI or polymeric MD], the primary technical/com-
mercial form of MD], is actually a mixture that contains 25-80% monomeric 4,4'-MDI as well
as oligomers containing 3-6 rings and other minor isomers, such as the 2,2'-isomer. The exact
composition of pMDI varies with the manufacturer [36].

Therefore, in this chapter, we had to emphasize and characterize the most used isocyanate in
Indonesia, particularly in the research area of particleboard and fiberboard. Even though we
already know the trade name and the supplier as well as the manufacturer, labeling, and writ-
ing, the chemical name is suggested. Indeed, MDI or 4,4"-diphenyl methane diisocyanate has
at least 10 isomers as stated in the website of PubChem [37], the Open Chemistry Database.
The isomers are as follows:

1,1-methylenebis(phenyl)diisocyanate;
4,4'-diisocyanatodiphenylmethane;
4,4'-diphenylmethane diisocyanate;
4,4’-methylene bisphenyldiisocyanate;
4,4’-methylenebis(phenylisocyanate);
4,4'-methylenediphenyl diisocyanate;
diphenylmethanediisocyanate;
diphenylmethane-4,4"-diisocyanate;

methylene diphenyl diisocyanate;
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Monomeric MDI
M I I NCO I NCO I NCO
4, 4-MDI 2, 4 MDI
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hoVedsn

Figure 6. Monomeric MDI in 2 (ortho) position, in 4 (para) position, and its polymeric MDI [38].

p,p’-diphenylmethanediisocyanate.

The main effect of the isocyanate group (-NCO) on reactivity is in the 2 and 4 positions. The
isocyanate group in the 2 (ortho) position is three times less reactive than the isocyanate group
in the 4 (para) position as shown in Figure 6. In addition, pure 4,4-MDI is solid at ambient
temperature.

5. Isocyanate cross-linker applied on fiberboard under the cyclic test

Isocyanate cross-linker can be applied for bonding on either wood particle or wood fiber
using spraying methods as shown in Figure 7.

(b)

Figure 7. Typical wood composite products bonded with isocyanate alone using spraying method: (a) particleboard and
(b) fiberboard [27, 39].
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Nuryawan et al. [27] investigated the physical, mechanical, and performance properties of
fiberboard bonded with H3M® and H7®. The result showed that the quality of both fiber-

boards was similar.

When cyclic evaluation was carried out, comprising water absorption and thickness swelling
evaluation, surprisingly H3M® was much less compared to H7®. Moreover, the resistance of
the fiberboard bonded by H3M® was stronger after cyclic test. This means that the fiberboard
bonded with H3M® showed higher dimension stability compared to the fiberboard bonded
with H7® as shown in Figure 8.
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Figure 8. Cyclic test comprising (a) water absorption and (b) thickness swelling showed application of H3M®as binder
was much longer in life use and stronger in resistance compared to H7®[27].
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6. Other properties of the isocyanate alone

The type of isocyanate alone adhesive used is emulsion polymer isocyanate (EPI). EPI can
react with water. On the contrary, pMDI is not dispersible in water because it is oil-borne;
therefore, it has to be blocked using blocking agents such as sodium bisulfite (NaHSO,) [40].
A block isocyanate is formed through a reaction between an isocyanate group (-NCO) and
a compound containing an active hydrogen atom to block the -NCO. This product has the
advantage of a long shelf life because the active isocyanate groups are masked and protected.
Furthermore, it has a small amount of the isocynate groups and requires a high temperature
to de-block and to make the -NCO group free [41, 42].

On-going researches have been employing different scanning calorimetry (DSC) to analyze
the thermal properties of the isocyanate [43]. Results of the analysis of polymeric isocyanate
adhesive and its mixture with sawdust are shown in Figure 9.
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Figure 9. DSC thermograms of pure isocyanate and its mixture with sawdust at different addition levels [43].

R—N=C=0 + 0=C=N—R ——» R—N=C=N—=, + (0,

Figure 10. Self-polymerization of isocyanate (-NCO) to form polymeric carbodiimide upon elimination of carbon
dioxide [45].
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Sample Mass (mg) B (°C/min) T, (°C) T,(°C) AH (J/g)
Pure isocyanate 7.0 10 325.86 340.25 7.31
5% sawdust 6.3 10 300.76 317.16 5.44
10% sawdust 8.5 10 280.98 286.76 1.69

Source: Nuryawan and Alamsyah [43].

Table 4. Results of DSC analysis of isocyanate and its mixture with sawdust at different addition levels.

The result showed that polymeric isocyanate adhesive had a peak temperature (T) at
340.25°C. That was probably the self-polymerization temperature of polymeric isocyanate. It
is known that self-polymerization of polymeric isocyanate occurs at temperatures above 300°C
[44]. The reaction forms polymeric carbodiimide upon elimination of carbon dioxide. It is an
exothermic reaction and can accumulate heat in the products. The reaction equation is shown in
Figure 10 [45].

Incorporation of sawdust into polymeric isocyanate adhesive decreased the T . As can be
seen in Table 4, 5% addition of sawdust into polymeric isocyanate adhesive decreases the
Tp to 317.16°C. Further addition, up to 10%, of sawdust decreased the Tp drastically to
286.76°C.

Polymeric isocyanates are known to react readily with hydrogen atom (H) in water and
alcohols. It seems an addition of sawdust to polymeric isocyanate provides more active
H in the system and accelerates the cure of polymeric isocyanate adhesive. The active H
obviously originates from the water in sawdust. The moisture content of sawdust used
was 6.2%. An increase of sawdust content resulted in greater water content in the adhesive
mixture, which eventually reacted with polymeric isocyanate adhesive and decreased the
T .. Moreover, it is known that the polymeric isocyanate adhesive also reacts with hydroxyl
groups (-OH) from wood. This type of reaction produces urea or urethane bond as can be
seen in Figure 11 [46].

Il
R—N=C=0 + H,0 - R N=C—N—DR + (0

H H

BR—N=C=0 + HO-wood ——= R—N—C—0—wood
H

Figure 11. Reaction of isocyanate (-NCO) with water and wood containing water resulted in strong bonds and release
of carbon dioxide [43].



A Review of Isocyanate Wood Adhesive: A Case Study in Indonesia
http://dx.doi.org/10.5772/intechopen.73115

0sc IC + 2% water (10)
e
| | [ B
o @ pl e
200 b
: | |
000 = v " ||
200 o o
{ —— - o - LY
| - alaipe —_— Al
400 i ¥
150,00 00,00 300.00 20000 soo0
Temp [C]
e IC+15% wood (10)
m_
| I
200 ( o iy
| b o
' = [ ] i /
. W e = o= | =
0O | e e S v e f
[ g st -~y . |
{ i e .
| = i o wreey
200 ~eam. W | A . PR
| — i Pt
] c PpY——
100.00 20000 300,00 00,00 “500.00
Temp [C]

Figure 12. DSC thermogram of isocyanate films; (a) film cured with 2% water loading and (b) film cured with 15% wood
particle loading [43].

When isocyanate is used as an adhesive in the particleboard system, the reactive -NCO group
reacted with water (because wood is a hygroscopic material and contains free water and
bound water) and also with the -OH group from wood ( same as the reaction described
earlier). Therefore, to study the curing behavior of the isocyanate curing using either water
or wood in the form of sawdust, we scan film isocyanate curing using either water or wood
under DSC as shown in Figure 12.

According to the peaks shown in the thermogram of the DSC scan (Figure 12), there were
other components within the isocyanate that have different molecular weight (Figure 12a);
also wood component reacted with the isocyanate (Figure 12b).

Therefore, advance analysis such as gas chromatography-mass spectrometry (GCMS)
is needed to clarify this phenomenon. Example of GCMS analysis of isocyanate H3M®
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Figure 13. Analysis GCMS of isocyanate H3M® resulted in difference in species and molecular weight such as (a) MW =250
and (b) MW =282 [43].

resulted in not only difference in the molecular weight but also chemical species as shown
in Figure 13.

7. Summary

According to the best of our knowledge, two manufactures in Indonesia, namely PT.Koyolem
Indonesia and PT.Polychemie Asia Pacific, have been producing WBPI adhesive consisting of
aqueous PVA and isocyanate cross-linker. For research needs, WBPI is used as an adhesive
for glulam and LVL production while isocyanate cross-linker (alone) with the trade name H7®
and H3M® has been used for bonding in OSB, particleboard, and fiberboard. For optimizing
the properties of wood products bonded by isocyanate, the thermal properties have to be
investigated such as curing behavior; peak temperature resulted in curing by either water
or hygroscopic wood, or high heating for de-blocking isocyanate blocking. Another analysis
such as GCMS is important for clarifying the molecular weight of species within the adhesive/
glueline (film) system.
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Abstract

This chapter will review silicone based adhesive technologies, applications and character-
ization, emphasizing those self-adhesive materials often used in skin contact applications
including transdermal drug delivery and wound care device attachment. The silicone
pressure sensitive adhesives used in transdermal applications today are thermoplastic
and based on silicone polymer and silicate resin chemistries. Previous research has sug-
gested that some drugs readily diffuse through silicone adhesives, prompting their use in
transdermal patches. A recently developed silicone acrylate hybrid adhesive technology
combines polyacrylate and silicone molecular structures to form a stable, semi-interpene-
trated network. This technology provides ease in formulating transdermal drug delivery
systems through improved physical stability over simple blends of acrylate and silicone
adhesives. The ability of some silicone adhesives to affix bandages without disrupting
the wound bed upon removal has led to the wide acceptance of a third type of silicone
adhesive technology that unlike the aforementioned thermoplastic materials is thermo-
set. This adhesive form is based on a platinum catalyzed, cross-linking reaction between
vinyl functional and silicon-hydride functional silicone polymers. The various silicone
adhesive types have been characterized via classical measurements of physical perfor-
mances. Rheological techniques elucidated herein provide further understanding of the
structure-property relationships previously unavailable using classical characterization
approaches.

Keywords: silicone, pressure sensitive adhesive, soft skin adhesive, transdermal,
wound care, silicone acrylate, polydimethylsiloxane, semi-interpenetrating network

1. Introduction

The term “silicone” is not always used consistently, and should only be used to refer to
polymeric materials, avoiding the relatively common confusion with the metallic element

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINN
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silicon (Si). Silicones are synthetic polymers containing Si—O—Si bonds and are used in
many industries for their water repellency, ability to wet-out surfaces, high permeability
to gases, stability in extreme temperatures, and resistance to thermal, radiation and chemi-
cal degradation. The variety of physical forms and physiochemical properties that silicones
can display has led to their adoption in a diverse array of healthcare applications including
medical devices and as active pharmaceutical ingredients (API) and excipients in medicines
for over 60 years [1]. One class of silicone materials that has generated continued interest and
research is silicone adhesives, specifically those self-adhering materials that do not require
any activation immediately prior to use. Silicone adhesives are used as excipients in transder-
mal patches, and as skin contact adhesives in prosthetic and wound care device attachment.
Recent investigations support the use of silicone based pressure sensitive adhesives for their
skin-friendliness, but also to enhance the efficacy of the drug in transdermal drug delivery
patch products. Recent silicone technologies like silicone based hybrid pressure sensitive
adhesives promise potential performance advantages and improved drug delivery efficacy
in transdermal drug delivery systems. Other silicone adhesive types are well known for their
atraumatic removal from skin - an ability to remove cleanly from compromised skin without
negatively impacting the wound healing process.

This chapter will review silicone based adhesive technologies, applications and characteriza-
tion, emphasizing those self-adhesive materials often used in skin contact applications. One
type of silicone adhesive that is well established in the medical device industry but outside
the scope of this work are room temperature vulcanizing (RTV) sealants. While these sealants
are an interesting and useful class of materials, they will not be a focus of this chapter. Unlike
the self-adhering adhesives discussed in this chapter, once fully crosslinked, the RTV seal-
ants are non-tacky and rubbery and designed to form a permanent bond between substrates.
These materials have a similar chemistry to silicone caulks commonly in the construction
industry, and have found utility adhering materials to silicone elastomers, bonding parts of
medical devices together, and acting as encapsulants and sealants in a variety of medical
devices, including pacemakers [2].

2. Silicone chemistry

While the term “silicone” persists in common vernacular, “polyorganosiloxane” is a more
appropriate term, and has found acceptance in most scientific literature. Polyorganosiloxanes
are organosilicon polymers, the most common of which are the trimethylsiloxy-terminated
polydimethylsiloxanes (Figure 1) [3].

CH, CH, CH;
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Figure 1. Chemical structure of typical polydimethylsiloxanes.
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The silicon in polyorganosiloxanes can be combined with one, two or three organic groups,
commonly —CH,, —CH=CH, or —H, with the remaining valence(s) satisfied with oxygen [4].
Branched silicone structures are made possible by substitution of dimethyl siloxane units (i.e.,
(CH,),Si0, ) with those that contain additional Si—O connections (e.g., CH,SiO, , or SiO, ) [4].
It is through the fact that different siloxane units can be combined with one another in the
same molecule that the great variety of silicone compounds arises [3].

Silicones exhibit an inorganic backbone chain (Si—O)_and organic, (typically methyl) side
groups [5]. It is this unusual combination and the resulting physiochemical properties that
are responsible for many characteristics of the silicone adhesives. The silicon to oxygen bonds
of the backbone are longer and more open than carbon to oxygen bonds permitting the char-
acteristic flexibility of the siloxane chain. By way of comparison, the rotational energy around
a —CH,—CH, bond is over four times greater than that of a typical (CH,),5i—O bond. This
flexibility is responsible for the characteristic low surface tension observed in silicones which
allows them to quickly “wet out” onto surfaces including skin [5].

In addition to increased flexibility, the silicon-oxygen bonds are also stronger than carbon-
carbon bonds. The bond energy of a Si—O bond along the backbone of a silicone polymer is
452 kJ/mol while the typical C—C bond of the backbone of an organic polymer is only about
348 kJ/mol [5]. The inherently strong backbone of silicone polymers can help explain the
acknowledged chemical stability silicone polymers possess toward a variety of degradation
routes including moisture, UV, and a wide range of temperatures. This is equally important
at very low and very high temperatures, where some types of silicones maintain their charac-
teristic physical properties and utility from -100°C up to 260°C [6].

Silicones in general, are hydrophobic, (i.e., having little or no affinity for water), so one
may anticipate silicones to be extremely lipophilic, given the common perspective equating
hydrophobicity with lipophilicity (i.e., having a strong affinity with lipids). However, in the
case of silicones, only relatively small silicone polymers are lipophilic. Polydimethylsiloxane
(PDMS) polymers in excess of six to eight (CH,),SiO units have little affinity with lipids
while larger polymers are essentially lipophobic. These hydrophobic and lipophobic prop-
erties impact the ability to solubilize drugs, oils, botanicals and other traditional active
ingredients into a silicone matrix [4]. The relatively poor miscibility of silicones with many
compounds may be a key to the noted release efficiency of those same compounds from
silicones.

3. Silicone pressure sensitive adhesive: description and applications

Silicone pressure sensitive adhesives (PSA) are comprised of high molecular weight silanol-
functional silicone polymers and silanol functional MQ siloxane resins. While a simple mix-
ture of silicone polymer and resin can yield an adhesive with adequate peel adhesion and tack
properties, sufficient cohesive strength is lacking. The silicone pressure sensitive adhesives
most often used in medical applications are the product of a silanol condensation reaction
between the polymer and resin components yielding a network structure, commonly referred
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%

Figure 2. Schematic of the standard silicone PSA.

to as standard pressure sensitive adhesives (Figure 2). These materials have suitable cohesive
strength for medical device and transdermal drug delivery system applications, and upon
removal from the skin the adhesive layer is removed intact. These adhesives are typically sup-
plied in a volatile solvent which is removed during the coating process.

Silicone PSA have a long history of use in transdermal drug delivery systems but may also
be used to attach prostheses and wound care devices. One recent innovative example of the
utilization of silicone PSA in medical device attachment is the Embrace® MINIMIZE Silicone
Scar Aid which consists of a silicone PSA coated onto silicone elastomer (rubber) sheeting.
A unique applicator allows the dressing to be applied to relieve tension on healing skin to
minimize scar formation [7, 8].

Another application where silicone PSA have found wide acceptance is in the field of trans-
dermal drug delivery. Second to the active pharmaceutical ingredient (API) or drug, the pres-
sure-sensitive adhesive used in a transdermal drug delivery system can be viewed as the most
critical component. Without proper and sustained adhesion to the skin, drug delivery from
this dosage form does not occur.

Multiple transdermal drug delivery system (TDDS) designs are reported in the literature and
are commercially available including reservoir, matrix, and drug-in-adhesive (DIA) systems;
slight variants and combinations of each of these patch designs are also found. The func-
tional requirements of the pressure sensitive adhesives in each patch design can vary with the
design. (Table 1) [9, 10].

Regardless of the patch design, basic requirements for the adhesive that is in direct contact
with the skin include sufficient moisture resistance to stay adhered while perspiring and
showering and biocompatibility (i.e., the adhesive must be non-irritating and non-sensitizing
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Adhesive functional requirement Patch construction
Matrix with rim Reservoir with rate controlling Drug-in-adhesive
adhesive membrane/face adhesive
Biocompatibility + + +
Moisture resistance + + +
Acceptable tack + + +
Good adhesion + + +
Good cohesive strength + + +
Adherence to backing layer + + +
Adherence to rate controlling + + (in some
membrane cases)
Compatible with drug and excipients + (in some cases) + +
Permeable to drug and enhancers + +
Cold flow resistance + (esthetic only) ++ ++
Stabilize drug and excipients +

Table 1. Adhesive functional requirements for common transdermal patch designs.

at a minimum). The adhesive must also have acceptable tack to adhere quickly on contact,
good wetting behavior to achieve sufficient adhesion for the duration of wear (typically from
12 h to 7 days) and possess sufficient cohesive strength to enable removal without residual
adhesive remaining on the skin. In most transdermal patch designs, the adhesive must also
resist cold flow, or creep, the property of an adhesive to deform, especially at ambient tem-
perature prior to use or at skin temperature when in use.

The TDDS design with the most straightforward adhesive requirements is a matrix patch
with a rim adhesive layer around the periphery of the patch. In this type of patch design, the
adhesive functions are not significantly different from other device attachment applications as
the adhesive must simply adhere the patch to the skin for the intended wear period. If the rim
adhesive layer comes into contact with the drug loaded matrix layer, the adhesive must also
be compatible with the matrix layer components. Resistance to cold flow for a rim adhesive
is esthetically pleasing but does not result in unintended drug exposure or impact the drug
contact surface area, so is not usually a mandatory function.

Reservoir patch designs are typically characterized by a liquid reservoir compartment with
solubilized API separated from the skin contact PSA by a semipermeable membrane. For a
reservoir patch design with an adhesive layer across the face of the entire patch, the adhesive
must adhere to the membrane and provide adequate adhesion to skin, as well as be compat-
ible with the drug and allow diffusion of the drug and any penetration enhancers to the skin
interface. The adhesive properties must be resilient to the drug and enhancer(s) reaching satu-
ration in the adhesive layer.
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In a drug-in-adhesive (DIA) patch design, the adhesive plays an even greater role in the overall
function of the patch. While this type of patch construction is clearly the easiest to manufacture,
many formulation challenges exist, particularly with a monolithic (i.e., single layer) design. In
addition to the requirements stated above, the adhesive matrix must also stabilize the API and
excipients in either a dissolved or dispersed state, and allow controlled release of the drug and
enhancers. Cold flow reduction is even more challenging in monolithic patch designs too, as they
commonly require a greater adhesive coat weight than constructs that use face adhesive layers.

It is unlikely that any single, off the shelf, adhesive system can meet the demands for all patch
formulations and patch types. Silicone PSA, along with acrylic and polyisobutylene (PIB) PSA,
are commonly used in transdermal patch applications. The end-use properties of silicone
PSA (tack, adhesion, cohesive strength) can easily be modified or customized by varying the
resin-to-polymer ratio, the degree of cross-linking and the residual silanol functionality during
preparation. Silicone PSA are soluble in a variety of volatile polar and non-polar hydrocarbon
solvents and additional customization may be achieved via the solvent in which the silicone
PSA is dispersed as well as the concentration of the PSA in solvent. Solvent and concentra-
tion may be matched to provide optimal conditions for drug and excipient dissolution for
TDDS manufacturing. Hot melt forms of silicone adhesives are also available. The capability to
uniquely customize silicone PSA is essential for use in transdermal drug delivery applications
and is likely responsible for their use therein. There are instances where more customization
is required than can be achieved with standard silicone adhesives. For the silicone chemistry
described above and noted in Figure 2, it is important to note that exposure to amines and
amino-functional drugs and excipients will cause certain silicone PSA to lose tack and their
ability to instantly adhere to the skin. Standard silicone PSA can be chemically treated to reduce
the silicon-bonded hydroxyl (silanol) content of the adhesive to render the PSA resistant to loss
of tack, commonly referred to as amine-compatible silicone adhesives (Figure 3) [11].

Figure 3. Schematic of amine compatible silicone adhesives.
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Silicone PSA is utilized in a variety of marketed TDDS either as the primary adhesive
system or in combination with acrylic adhesives. Table 2 provides a list of commercial
TDDS that utilize silicone PSA as a component of the patch construction as of the time of
this publication, the respective actives, and other relevant information is also included.
The table highlights the evolution of TDDS designs from the first silicone-containing res-
ervoir patch in 1981 to recent approvals of more sophisticated microreservoir and mul-
tilayer designs that incorporate different adhesive types to achieve demanding dosage
requirements.

In recent years, the nomenclature for silicone PSA listed in the FDA Inactive Ingredient
Database (IID) has been standardized to allow patch formulators to more easily identify
prior use and maximum potency. Previously, reference to the use of silicone PSA in trans-
dermal patches varied from a description of an adhesive laminate to numeric product codes.
The preferred substance name for standard silicone adhesives is now dimethiconol/tri-
methylsiloxysilicate crosspolymer, and the preferred substance name for amine-compatible
silicone adhesives is trimethylsilyl-treated dimethiconol/ trimethylsiloxysilicate crosspoly-
mer. Reference is made to various types of adhesive with the addition of a nominal resin/
polymer ratio [12].

Drug Patch Marketer Construction Silicone PSA
components
Nitroglycerin (1981) Transderm-Nitro®  Novartis Reservoir Silicone face adhesive
layer
Fentanyl (1990) Duragesic® Janssen Pharms Reservoir Silicone face adhesive
layer
Estradiol (1996) Vivelle-Dot® Novartis Microreservoir Silicone matrix
monolithic matrix adhesive continuous
phase with
acrylate polymer
microreservoirs
Nicotine (1997) Generic (OTC) Aveva Multilayer matrix Silicone matrix
adhesive continuous
phase with acrylate
face adhesive
Estradiol / CombiPatch® Noven Microreservoir Silicone matrix
Norethindrone Acetate monolithic matrix adhesive continuous
(1998) phase with
acrylate polymer
microreservoirs
Fentanyl (2005) Generic Mylan Drug-in-adhesive Silicone matrix
Technologies monolitic adhesive continuous
phase
Fentanyl (2006) Generic Lavipharm Labs Multilayer matrix w/  Silicone matrix
membrane adhesive, continuous

phase and face
adhesive layer
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Drug Patch Marketer Construction Silicone PSA
components
Methylphenidate (2006) Daytrana® Noven Microreservoir Silicone matrix
monolithic matrix adhesive continuous
phase with
acrylate polymer
microreservoirs
Fentanyl (2007) Generic Actavis Labs Reservoir Silicone face adhesive
layer
Fentanyl (2007) Generic Mayne Pharma Reservoir Silicone face adhesive
layer
Rivastigmine (2007) Excelon® Patch Novartis Multilayer matrix Silicone face adhesive
layer
Rotigotine (2007) Neupro® UCB Microreservoir Silicone matrix
monolithic matrix adhesive continuous
phase
Capsaicin (2009) Qutenza® Acorda Drug-in-adhesive Silicone matrix
monolitic adhesive continuous
phase
Clonidine (2009) Generic Aveva Multilayer matrix w/  Silicone matrix
membrane adhesive continuous
phase with acrylate
face adhesive
Fentanyl (2011) Generic Mallinckrodt Inc ~ Multilayer matrix w/  Silicone matrix
membrane adhesive, continuous
phase and face
adhesive layer
Estradiol (2012) Minivelle® Noven Microreservoir Silicone matrix
monolithic matrix adhesive continuous
phase with
acrylate polymer
microreservoirs
Estradiol (2014) Generic Mylan Microreservoir Silicone matrix
Technologies monolithic matrix adhesive continuous
phase with
acrylate polymer
microreservoirs

Table 2. Commercial TDDS patches utilizing silicone PSA.

4. Silicone and acrylate adhesive blends

Silicone and acrylic PSA chemistries as well as combinations of the two are commonly utilized
in transdermal drug delivery [13]. The selection of the adhesive is typically drug and TDDS
design specific and each adhesive type has its own advantages and disadvantages. Silicone
adhesives may be more challenging during patch formulation due to the immiscibility with
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many drugs and common excipients in the silicone matrix; while acrylic adhesives are often
easier to formulate due to the increased solubility of drugs and miscibility of excipients.
However, higher drug utilization is often observed from TDDS that employ a silicone PSA
over comparable patches that use an acrylic PSA [13, 14]. Yeoh [14] has provided a review
of marketed fentanyl patches and has shown patches utilizing silicone adhesives have much
greater fentanyl depletion during use and lower residual drug content after their intended
use than comparable patches that use an acrylic adhesive. Minimizing the amount of residual
drug in the patch at the end of the labeled use period, particularly with opiate drugs, is a focus
of a recent FDA Guidance [15].

Combining silicone and acrylic pressure sensitive adhesives to form an immiscible polymer
blend can provide benefits for transdermal drug delivery through selective modification of the
solubility and/or diffusivity of the drug in the polymer blend matrix [16]. These micro-reser-
voir systems allow the drug to be solubilized in high concentrations in the discontinuous poly-
acrylate phase [17] and have been shown to be beneficial in decreasing patch size and required
drug loading [18]. This technique has been successfully implemented in several commercial
transdermal patches on the market including CombiPatch®, Daytrana® and Minivelle®
(Noven Pharmaceuticals) as well as Vivelle Dot® (Novartis Pharmaceuticals) [16] A review
of label claims for two patches that provide a 0.5 mg/day dose of estradiol reveals that a 5 cm?
Vivelle Dot® patch, which employs the Dot Matrix® technology, can deliver 22.4% of the drug,
whereas the 12.5 cm? Climera® with an acrylic PSA construction only delivers 9.0% of the drug
[19]. These immiscible blends do have a major limitation in that they will exhibit macro phase
separation in the coating mass if mixing is discontinued which may be exacerbated upon addi-
tion of other formulation ingredients such as penetration enhancers [20]. One potential means
to prevent macro phase separation of the two immiscible adhesives is to covalently link the two
polymer chemistries together, creating a silicone-acrylate hybrid material.

5. Silicone-acrylate hybrid

Hybrid adhesives, in which silicone and acrylic chemistries are combined, have been described
following different routes [21, 22]. One approach is the reaction product of a (meth)acrylate-
functional silicone PSA and ethylenically unsaturated monomers, [21] whereas a second route
toward a hybrid adhesive describes an alkoxysilyl-functional acrylic prepolymer that is fur-
ther condensed or “bodied” with silicone PSA precursors (i.e., OH-functional silicate resin
and OH-terminated PDMS) in the presence of a condensation catalyst [22]. These hybrid adhe-
sives, although produced via opposite approaches, likely have the potential for making very
similar materials depending on the exact formulation and extent of covalent coupling between
the acrylate and silicone phases. As with the simple blends of silicone and acrylic adhesives
mentioned above, the hybrid materials result in an immiscible matrix and exhibit a typical
domain (droplets of incompatible material) in continuous phase appearance. However, unlike
simple blends, the hybrid adhesives are capable of much finer domain sizes and demonstrate
superior phase stability during formulation and in a cast film as shown in Figure 4 [20].
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Figure 4. Optical micrograph (100X magnification) of (A) 50:50 blend of silicone PSA and non-functional acrylic PSA and
(B) silicone-acrylate hybrid adhesive (50% acrylate) [20].
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Drug delivery using silicone-acrylate hybrid adhesives (SilAc I and SilAc II) differing in the ratio
of high and low T; acrylic monomers has been reported, and delivery of estradiol (Figure 5A),
clonidine (Figure 5B), and ketoprofen was demonstrated across human cadaver epidermis from
these matrices. The authors also noted that the use of silicone-acrylate hybrid PSA, singularly or
as blends with silicone PSA resulted in a more desirable wet blend compatibility/stability than
those obtained with blends [23].

Due to the inherent immiscibility of silicone and acrylate polymers, the hybrid adhesives con-
tain micro-domains which can be observed using transmission electron microscopy (TEM) as
presented in Figure 6. Further analysis of the phase behavior reveals the ability to selectively
control the domain arrangement (i.e., silicone-in-acrylate or acrylate-in-silicone) of these
materials by the choice of casting solvent, with the phase having the highest affinity with the
casting solvent remaining external, (i.e., heptane casting solvent exhibiting a silicone continu-
ous phase and polyacrylate discontinuous phase (Figure 6A) or vice versa, (Figure 6B)). Phases
can also be controlled through changing the volume fraction of silicone or acrylate through
blending or addition of specific co-solvents.

The selective control of the phase arrangement provides potential options for tuning both the
adhesive properties as well as tailored drug release profiles as illustrated in Figure 7.

The impact of casting solvent and silicone content on the material properties has been con-
ducted using a dynamic rheometer (Figure 8A). Blends of silicone PSA and silicone-acrylate
hybrid PSA (nominally 50% silicone) were prepared in either heptane or ethyl acetate to yield
a range of materials. For materials delivered from ethyl acetate, between 76% and 78% sili-
cone, a precipitous change in tan delta is observed followed by incremental decrease as the
silicone content rises. Tan delta is a rheological property that approximates the internal fric-
tion of a material. When tan delta is greater than one, a material is more viscous than elastic,

Figure 6. Transmission electron micrograph of silicone-acrylate hybrid adhesive films, silicone phase appears dark due
to the electron density (A) cast from heptane and (B) cast from ethyl acetate.
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and when it is less than one it is more elastic than viscous. TEM analysis suggests this is the
result of phase inversion when the silicone becomes the external phase. This change is not
observed for materials delivered from heptane as the silicone remains the external phase over
the entire range. Films containing either 1.0 wt% estradiol (Figure 8B), 2.5 wt% ibuprofen
(Figure 8C), or 2.5 wt% lidocaine (Figure 8D) were prepared using blends of hybrid PSA
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with silicone PSA to investigate the impact of phase arrangement on the release behavior. All
three API demonstrate a change in drug release characteristics between 75 and 80% silicone
content, which is where rheology suggests the phase inversion occurs [24].

6. Silicone pressure sensitive adhesive: strength characterization

The characterization of PSA materials is a critical part of innovation development and pro-
duction quality control. Historically, tape properties such as peel adhesion, shear and tack
have been used to characterize the performance of pressure sensitive adhesives targeted for
transdermal applications. However, these tests often have high variability resulting in wide
specification limits and poor correlation of test data with adhesive performance in real life
applications [25]. Furthermore, tape property tests can be substrate dependent. That is to say,
they are influenced by the substrate on which the PSA is coated and also by the substrate on
which the adhesive performance is measured. Despite the drawbacks of tape property testing,
they are still commonplace and so, warrant some discussion.

Peel tests are well described in the literature and are common to the majority of adhesives.
The peel test typically occurs at 90° or 180° and the force to remove the adhesive from a sub-
strate (e.g., stainless steel in many cases) is measured. In the case of silicone PSA, the typical
adhesive thickness tested is relatively thin, commonly between two and five mil (approxi-
mately 51-127 micron). A distinction between peel adhesion and tack of an adhesive is often
made. From an analytical test perspective, the distinction between peel adhesion and tack
measurements is the time allowed for the adhesive to bond with the substrate. When measur-
ing tack, the measurement is taken almost instantaneously after the adhesive comes in contact
with the test substrate, whereas peel adhesion is measured after the adhesive is left in contact
with the substrate for a longer time period. The time between application and testing allows
the adhesive to wet out on the surface and the adhesion to build.

Shear testing may have greater relevance to skin contact adhesive applications than the afore-
mentioned peel adhesion and tack tests. Since PSA are condensed materials that have the
ability to flow, the extent of cold flow must be characterized to fully understand and antici-
pate the surface area of adhesive in contact with skin, which can impact the amount of drug
delivered from a transdermal patch. Shear tests of fully formulated adhesive matrices may
be even more relevant to the performance of the final TDDS. If the skin/adhesive interface
changes over time, the transdermal drug diffusion will also change. Typically, a shear test is
the measurement of the time for the adhesive to detach from a surface (e.g., stainless steel)
under a constant weight.

The advantages of tape property test methodology include ease of set up, reproducibility
and a straightforward interpretation of data. However, drawbacks including the considerable
influence adhesive coating thickness has on the test, the influence of the substrate on which
the adhesive is coated, and the surface on which the test is conducted must also be rational-
ized. To minimize these influences, there must be accurate control of adhesive thickness and
standardization of substrates and test surfaces.

105



106  Applied Adhesive Bonding in Science and Technology

7. Silicone pressure sensitive adhesive: rheology

Although tape property testing may qualitatively predict how quickly a system may bond
to a substrate, the extent to which the adhesive resists cold flow, and how much force may
be needed to remove it, and perhaps most importantly, the wear performance of the system
may not be adequately addressed using classical characterization techniques. In order to better
understand and predict the wear performance of transdermal systems, rheology is often used
to understand the adhesive bulk viscoelastic behavior. [26] Rheological characterization allows
the analyst to overcome the inherent uncertainty linked to peel, tack and shear tests by minimiz-
ing the influence of sample preparation and substrate variability on adhesive characterization
results. Rheology is a technique to characterize viscoelastic properties of polymers and also
predict wear performance of pressure sensitive adhesives. As shown below in Figure 9, a typi-
cal rheological curve can be correlated to tape properties [27-30].

Data have shown that for viscoelastic materials, such as silicone pressure sensitive adhesives,
frequency sweep curves are sensitive to structural differences (e.g., crosslink density) and for-
mulation changes (e.g., resin-to-polymer ratio). This sensitivity provides a means to identify,
characterize and predict adhesive wear performance [26].

Storage modulus (G’) is an indicator of how elastic the adhesive is and how much energy is
stored during deformation, while the loss modulus (G") indicates the viscous component of
the PSA and how much energy is lost as heat, while complex viscosity (n*) is an indicator of
the adhesive bulk viscosity and can be related to the cold flow [25]. Bonding of a transdermal
system occurs at a low deformation rate, and is dependent on the wetting behavior of the
adhesive when it comes into contact with skin [26]. Rheologically, the storage modulus, G/,
values at low frequency may be used for predicting wetting and creep (cold flow) resistance.
Optimum wetting occurs when the adhesive modulus is low. Subsequently, debonding of a
transdermal system occurs at high deformation rates [26].

Tack
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Application on skin

Creep under load
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Figure 9. A schematic representation of the link between the rheological profile and the final pressure sensitive (PSA)
wear performance [25].
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Rheologically, the storage modulus, G’, and loss modulus, G”, at high frequency may be
related to the peel adhesion and quick stick (i.e., tack) properties of an adhesive and the sub-
sequent TDDS [31, 32]. For bonding, the viscous contribution should be higher than the elastic
contribution to the PSA viscoelastic profile. In rheological terms, this means that at low fre-
quencies, G' < G" and the opposite for the debonding step, represented at high frequencies
where G’ should be equal to or higher than G”. Based on this interpretation, the rheological
traces in Figure 10 suggest that the increase of resin content should lead to reduced cold flow
(i.e., an increase of the complex viscosity with resin content) and an increase of the adhe-
sion strength (i.e., increase of both G’ and G” with resin content). Dynamic frequency sweeps
(0.01-100 rad/s) were conducted on dried adhesive solids using a TA ARES-G2 rheometer.
The adhesives with high and medium resin content were tested using 8 mm parallel plates,
at 0.35% and 0.5% strain respectively. The adhesive with low resin content was tested using
25 mm plates, at 0.5% strain. All samples were tested at 30°C with a 1.5 mm gap.

In the early 1990s, E.P. Chang developed a theory to interpret rheological data of pressure
sensitive adhesives and establish criteria for PSA classification when used in conjunction
with the Dahlquist’s criteria [33]. This theory is now well known as “Chang viscoelastic win-
dow.” As depicted in Figure 11, a G’ vs. G" graph, is divided into four quadrants with a
central axis. The location of the analyzed PSA within this graph allows a straightforward
extrapolation from rheological properties to real-world adhesion performance. For example,
the top right hand quadrant corresponds to high modulus and high dissipation. Therefore,
materials in this quadrant with characteristically high G' modulus compensated by the high
G" are anticipated to be adhesive materials with high adhesion but low tack and high shear
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Figure 10. Typical frequency sweeps of silicone PSA at three common resin contents.
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Figure 11. Chang viscoelastic window concept adapted for low resin content silicone pressure sensitive adhesive (PSA)
with differing amounts of isopropyl myristate (IPM) [34].

resistance. Conversely, the bottom left quadrant corresponds to low modulus and low dis-
sipation; these materials, are anticipated to exhibit low peel values because of the compara-
tively low debonding cohesive strength and low dissipation.

Changes in the Chang viscoelastic window, of a typical low resin content silicone PSA can
be observed as differing amounts of a commonly used permeation enhancer, isopropyl
myristate (IPM), are added (Figure 11) [34]. The Chang viscoelastic window of the neat
adhesive moves from the upper right quadrant to the lower left quadrant as more IPM is
added. The lowermost edge of the window which is linked to bonding of the adhesive is
far below Dahlquist’s criteria, so the adhesive would be expected to have reasonable tack.
There is a significant shift in the position of the upper right corner as IPM content increases
which is linked to debonding (peel) efficiency suggesting that an increase of IPM content
decreases peel efficiency [34]. Finally, the window size increase indicates a decrease of the
PSA shear strength likely due to better solvent compatibility in the PSA. These data coincide
with observed changes in adhesive properties as plasticizing agents like IPM are added
and support the further use of rheological measurements to characterize changes in wear
properties.

8. Silicone soft skin adhesive: description and applications

Silicones have more than 30 year history of safety and efficacy in advanced wound care appli-
cations. Much of the success of silicones in wound care is due to an adhesive technology
referred to in the literature by many names including soft skin adhesives (SSA), tacky gels,
silicone gels and silicone tacky gels among others [35]. The technology was introduced to
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the wound care market by Dow Corning Corporation in the 1990s and similar materials are
offered today by many silicone suppliers under a variety of brand names [36-38]. In a seg-
ment that was historically controlled primarily by acrylic adhesives, the tacky gel technology
concept was disruptive by securing wound dressings while providing gentle adhesion upon
removal. SSAs have become the material of choice in many advanced wound care applica-
tions, due to their reliable adhesiveness, while being easier to remove and causing less pain
than many other adhesive technologies of the day.

SSAs are based on a polydimethylsiloxane network which supports the critical adhesive attri-
butes required for securing the device in place and removing it without leaving residue or
damaging the skin. Unlike silicone PSAs that build their adhesiveness on a viscous phase
bodied with a silicate resin, SSAs are based on the silicone elastomer technology modified to
deliver the relevant visco-elastic profile. They also differ from analogous silicone elastomers
(e.g., liquid silicone rubber (LSR) technology) by the absence of reinforcing silica filler. As a
result, they have a similar consistency to gels, but SSAs are not a typical polymeric gel because
they are not based on an insoluble polymer network swollen with fluids. The visco-elastic
behavior of SSA also differs from silicone PSA, despite their low consistency and a high degree
of compressibility, SSAs show resilience and quick recovery under cyclic deformation [35].

The pressure sensitive adhesive property of SSAs are based on the capacity of the elastomer
surface to quickly wet the skin and conform to skin irregularities without an additional com-
pression step as required for a silicone PSA [35]. Thanks to the low intensity of the viscous
component of the SSA rheological profile, the adhesive does not flow significantly, and very
little dissipation of the energy occurs when deformation pressure is applied to the SSA. As
a result, SSA debonding happens at low peel force, without skin stripping and painful skin
pulling when the adhesive device is removed. Being elastomeric by nature, SSAs have a low
viscous component that limits their flow and consequently the ability to pick up materials on
or from the surface of the skin [35]. Therefore, unlike silicone PSA, the adhesive surface of
SSAs remain relatively clean upon removal from the skin, allowing for removal and easy reap-
plication of the dressing or device to the skin, making wound dressing repositioning possible.

The elastomeric structure of SSAs is obtained by cross-linking a network of polydimethylsi-
loxane (PDMS). The reaction is based on an addition reaction (hydrosilylation) between vinyl
functional PDMS (polymer) and hydrogen functional siloxanes (cross-linker) as shown in
Figure 12. The cure reaction is catalyzed by a platinum complex, which can occur at room
temperature or be accelerated at elevated temperature (80-145°C), without the formation of
reaction by-products [35]. As thermoset materials, SSAs have a low susceptibility to cold flow
and plasticizing effects.

The SSA technology has been extensively used in scar treatment and advanced wound man-
agement, demonstrating safety and efficacy recognized by wound care professionals [35]. The
use of SSA may be recommended when designing medical adhesive devices, tapes, bandages,
drapes, and wound dressings and have been noted for the many benefits including high tack
for quick bonding to skin, reliable adhesiveness and cohesiveness, gentle adhesion to fragile
and compromised skin, no skin stripping and pain-free removal of the device, as well as per-
meability to moisture and gases (e.g., CO,, O,) [35].
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Figure 12. Typical hydrosilylation reaction schematic.

SSAs are supplied as two-part systems with the catalyst in one part and the cross-linker in
the other. The materials are characteristically transparent before and after curing into a solid
matrix. They are typically processed by mixing the two parts and coating the mixture directly
onto the final substrate (i.e., backing film), understanding that this film must be impermeable
enough to prevent the uncured liquid SSA from wicking through. The typical coat weight
for SSA can vary widely depending on the desired final properties, but often range between
150 and 250 g/m? The curing phase is typically completed at elevated temperature adjusted
according to the temperature sensitivity of the substrate. After cooling, the adhesive surface is
protected by a release liner which is peeled off when the end user applies the adhesive to skin.

Substrate selection is important when designing an adhesive device based on SSA, as the
nature of the substrate can significantly impact the coating and cure conditions during
the manufacturing phase. The anchorage of the adhesive to the substrate and the cohe-
sion of the adhesive after cure, as well as the ultimate wear behavior of the device when
applied to the body can all be impacted by the substrate selection.

The choice of release liner is also a critical factor as it can affect the device stability, making
it unusable if this protective film cannot be easily removed from the adhesive prior to use.
Traditional silicone release liners that are used ubiquitously with acrylic adhesives cannot be
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used with SSA as the silicone release liner chemistry is similar enough to SSA that they are
highly likely to interact and experience an irreversible lock-up effect upon storage. However,
uncoated polyethylene films, especially LDPE (low density polyethylene) grade, can provide
an acceptably low and reasonably consistent release force from the SSA [39].

New SSA technology are being developed that can achieve higher adhesion and longer wear
times as well as improved drug compatibility to address emerging medical system market
trends including wearable devices and topical drug delivery patches [35]. The use of SSA
technology to formulate drug delivery matrices enables drug delivery system designs which
address the needs for secure and gentle fixation to fragile, sensitive or compromised skin
conditions common in dermatology, wound care, pediatrics and gerontology. Several stud-
ies were conducted to evaluate the compatibility of various drugs and their release from SSA
matrices. A variety of API have been studied including those indicated for pain relief and
local anesthesia, antibiotics, and dermatological actives [39]. Wound care products that utilize
silicone tacky gels as the skin contact adhesive and are loaded with chlorhexidine gluconate
and other antimicrobial agents have also been investigated [40]. This may signal further inter-
est in the utilization of SSA in even more advanced active-loaded therapies in addition to the
traditional wound therapies where it has been used historically.

9. Soft skin adhesive: characterization

Many of the analytical techniques used to characterize silicone PSA have been modified
to characterize the SSA materials, although shear tests are less emphasized for SSA due to
the characteristically low cohesion of the SSA. In addition to adhesive peel measurements,
the measurement of the softness of the SSA by penetration test is often performed. Over a
broad range, the penetration measurement shows correlation to adhesion performance values
within a formulation type and is linked to the adhesive network chemistry; therefore, it is
often used as a quality control measurement.

Peel tests are commonly used in the adhesive industry, because for many applications these
relatively easy to perform tests fit well with the final application of the adhesive. The sub-
strates upon which most adhesives are tested to evaluate adhesive strength (e.g., stainless
steel) often are not predictive of the relative strength SSA will exhibit in practice on skin.
Therefore, some users have resorted to using substrates that have a surface energy more simi-
lar to that of skin as the test substrate for SSA. The number and diverse composition of sub-
strates including plastic films, paper and even artificial skin materials, make standardization
across the industry difficult, and comparison between users problematic. Testing is conducted
similarly to that described for PSA, with the SSA typically being cast and cured at a consistent
thickness directly onto a film. This substrate may influence the peel adhesion result due to
its intrinsic elasticity and also potentially through interactions with the SSA. The gel on the
backing substrate is then applied on a test substrate, taking care to apply the adhesive with
a constant force. After a designated equilibration time, the adhesive is peeled from the sub-
strate, typically at a 180° angle, and the force required to remove it is measured.
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While this method provides relative adhesion strength, allowing comparison of adhesive val-
ues, the results may be significantly influenced by the backing substrate, as well as the test sub-
strate used, so the results do not necessarily simulate the application of the adhesive to skin.

10. Soft skin adhesive: rheology

Rheological measurements have been developed and used for decades to characterize sili-
cone PSA and provide more realistic predictions of real-world adhesive performance than
classical peel tests are capable of providing. Recently, similar rheological measurements have
been applied to characterize the intrinsic properties of the SSA and offer a characterization
method more capable of harmonization across the industry. The SSA rheological character-
ization is performed on free standing gels and is able to characterize the adhesive proper-
ties without the influence of backing or test substrates unlike the aforementioned adhesion
tests. SSAs may be characterized in dynamic oscillation modes, using strain and frequency
sweeps to measure the viscoelastic characteristics (e.g., storage modulus, G’ and loss modu-
lus, G"). Different SSA, which exhibit significant differences with respect to adhesion can also
be discriminated using rheological analysis. Identifying the true viscoelastic properties of the
adhesives is critical to understand the adhesion performance of such products. Using the data
generated from the rheometer, it is possible to correlate viscoelastic properties to adhesion,
and to better understand structure-property relationships.

To understand the rheological characteristics of this material one must identify the linear vis-
coelastic (LVE) zone by submitting the sample to an oscillatory strain sweep analysis. In the
LVE zone, the elastic modulus (G') and the loss modulus (G”) are independent of the shear
strain, indicating that within this strain zone, the response of the material does not depend on
the strain applied, and there are no modifications of the material structure. In the LVE zone
identification test, the strain is the only parameter which varies, all other parameters, (e.g.,
temperature and oscillation frequency) are fixed. The LVE graph for the SSA exhibits a large
linear viscoelastic zone from 0.5 to 30% logarithmic strain, providing some flexibility to set the
strain when performing the frequency sweep at a fixed strain is the next step of the measure-
ment process. Knowing the LVE zone of the material allows one to carry out the second phase
of the rheological evaluation, the oscillatory frequency sweep test. Previously unreported data
is shown to elucidate this concept in Figure 13. Samples were prepared by weighing equal
amounts (+2%) of the two parts of the SSA and mixed to ensure homogeneity and then were
degassed in a vacuum chamber. The mixed, uncured SSA was coated onto a polytetrafluoroeth-
ylene (PTFE) film at a thickness of 0.9 mm, and placed in a forced air oven at a temperature of
130°C for 4 min to cure the SSA. The cured laminate was removed from the oven and allowed
to cool to ambient temperature. A second PTFE film was applied using a 6.8 kg (15 Ib.) rubber
coated roller to ensure complete and consistent contact between SSA and PTFE. The film was
allowed to rest for 24 h after which a disc was cut from the SSA laminate using a 24 mm stain-
less steel punch. Dynamic frequency sweeps (1-100 rad/s) were conducted on SSA with a TA
ARES-G2 rheometer at 32°C using 25 mm stainless steel parallel plates and a gap of 0.5 mm
with a 10% strain (in the linear viscoelastic region). Data collection was set for 5 pts./decade.
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Figure 13. Frequency sweep of three typical SSA.

The frequency sweep test is the most suitable rheological test to assess SSA adhesive properties
in the final application. The viscoelastic behavior at low frequencies is related to the bonding
step which occurs at low deformation rates and is linked to the SSA ability to wet the sur-
face. Alternatively, the viscoelastic behavior at high frequencies is related to debonding (peel)
which occurs at high deformation rates and is linked to the elasticity and energy dissipation
during the removal. SSAs with varying adhesive levels can be effectively discriminated based
on their rheological profiles. The rheological characterization agrees with the results experi-
enced by skin adhesion, where adhesives with higher G’ and G” provide higher skin adhesion.

This rheology methodology should be an effective tool and a suitable starting point to
understand the structure-property relationships of the SSA technology. It should also pro-
vide a means to separate the innate adhesive performance from the influences of substrates.
Understanding the relationships between the SSA chemistry, adhesion and rheological pro-
files will provide key and essential information on structure-property relationships to push
the boundaries of SSA even further.

11. Conclusion

Silicone adhesives have been safely and effectively used in a variety of medical applications
and are notably present in drug delivery and wound care applications because of the unique
benefits and properties provided. Continued investigation has resulted in recent, innovative
product developments using established silicone adhesive technologies including innovative
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TDDS designs, wound care devices that prevent scar formation and those that are loaded
with antimicrobial actives. Adhesive chemistry research has resulted in novel chemistries
that combine seemingly incompatible acrylate and silicone adhesive technologies, whereas
advances in measurement techniques have brought about clearer understanding of adhesive
structure property relationships, avoiding many pitfalls experienced by previous researchers.
Despite being used for several decades, the number and variety of recent developments sug-
gest that identifying new medical applications of silicone adhesives remains relevant and the
extent to which it may be used has not yet been tapped.
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Abstract

Adhesives can be defined as social substances capable to join permanently to surfaces,
by an adhesive process. This process involves two dissimilar bodies being held in inti-
mate contact such that mechanical force or work can be transferred across the inter-
face. Since their early discovery by the Egyptians—3300 years ago—intensive research
efforts have been made with the purpose of obtaining high-quality, biocompatible adhe-
sives. Bitumen, tree pitches and beeswax—used in ancient and mediaeval times—were
replaced by rubber cements and natural and synthetic components; nowadays, the focus
is being mostly on eco-friendly adhesives. Starting with a brief history of adhesive use,
this chapter then proceeds to cover the main industrial, biomedical and pharmaceutical
applications of adhesives. Additionally, we focus on the new generation of adhesives,
based on modern technologies such as nanotechnology, derivatised polymers, and bio-
mimetic adhesives. The limited raw materials and the negative impact of synthetic adhe-
sives on both human health and environment impose that further research is conducted
with regard to renewable materials, in order to obtain environmentally safe bioadhesives
that best fit their applicability domains.

Keywords: industrial adhesives, bioadhesives, mucoadhesives, sealant, tissue

1. Introduction

Adhesives are social substances and can be defined as a mixture in a liquid or semi-liquid
state, capable to join permanently to surfaces, by an adhesive process. The word ‘adhesive’
can be used either as a noun or as an adjective, defining substances which tend to adhere or
stick to other substances. Adhesion refers to the interaction of the adhesive surface with the
substrate surface, and it involves two dissimilar bodies being held in intimate contact such
that mechanical force or work can be transferred across the interface. Several theories that
explain the adhesion process have been postulated, the forces involved in the process being
van der Waals forces, chemical bonding, or electrostatic attraction. On the other hand, the
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mechanical strength of the system depends not only on the interfacial forces but also on the
mechanical properties of the interfacial area, as well as the two bulk phases [1, 2].

Adhesives were first mentioned in history 3300 years ago, when Egyptian carvings depicted
the glueing of a piece of veneer to what appears to be plank of sycamore. In ancient and medi-
aeval times, bitumen, tree pitches and beeswax were used as sealants and adhesives [3]. In the
nineteenth century, rubber cements were introduced, but decisive advances in adhesive tech-
nology awaited the twentieth century, when natural adhesives have been improved and many
synthetics components have been developed. Adhesives are essential components of shoes,
automobiles, cartons, furniture and non-woven fabrics and a host of other products. The aero-
space field was the first sector that promoted the use of adhesives in the aircraft manufactur-
ing process; hence, the growth of the aircraft and aerospace industries has influenced adhesive
technology in a great extent. The requirement to get a high degree of structural strength and
a high resistance to fatigue promoted the development and production of high-performance
adhesive materials, which found various domestic and industrial applications [3-5].

The raw materials used as adhesives are mainly polymeric materials, both natural and syn-
thetic. Taking into consideration the costs, natural products (such as starch, dextrin, casein,
naturally gums) are still important; however, synthetic ones have largely taken over the adhe-
sive industry, both as modifiers of natural materials and, more importantly, as high-strength,
moisture-resistant additives capable of being produced in many readily usable forms.

Among the key factors influencing the evolution of adhesives are globalisation, the matu-
rity of technological processes and governmental regulations worldwide, militating for the
usage of non-volatile adhesives, including epoxies, cyanoacrylates and urethanes, to the detri-
ment of solvent-based adhesives [6].

Adhesives are also used in the healthcare sector, thus having broad applications in dentistry,
medical and pharmaceutical field. Various modern adhesives are used in medicine and den-
tistry, in direct physiological interactive modes or to assemble thousands of medical devices. In
the pharmaceutical field, the use of adhesives aims to design modern pharmaceutical systems,
in order to optimise drug release rate, as well as targeted drug delivery. This favours a more effi-
cient use of the pharmacological potential of the active substance, leading to an increased treat-
ment efficiency, with the reduction of overall dosages and hence of the adverse reactions [7-9].

Nowadays, the focus is not only on the production of high-quality adhesives using modern
technologies such as nanotechnology but also on the production of eco-friendly adhesives,
named ‘green’ adhesives, for all domains of applicability [6, 10-12].

2. Adhesives for industrial applications

Adhesives are designed for specific applications. Besides their role in the adhesion process,
they can be used for other purposes, such as sealing agents, in order to eliminate the effect of
self-loosening caused by dynamic loads, sealing of areas to prevent oxidation and corrosion,
waterproofing, etc. Sealants can be used as electrical or thermal insulators, fire barriers and
products for smoothing, filleting or flying. The materials that are used as sealants have lower
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strength than those used as adhesives, because sealant formulations contain large amounts
of inert filler material for cost reduction and gap filling purposes. Certain sealants, like adhe-
sives, can be used to assemble parts, and many adhesives can be used to seal. The adhesives
and sealants are mainly used to bond the following substrates: metals, plastics (thermosets
and thermoplastics), composites, foams, elastomers, wood and wood products, glass and
ceramics and sandwich and honeycomb structures [1-3, 5, 6].

The main areas using industrial adhesives are the following:

Construction: floor tile and continuous flooring installation, ceramic tile installation, coun-
tertop lamination, manufacture of prefabricated beams and trusses, carpet adhesives,
flooring underlayment adhesives, installation of prefinished panels, joint cements, drywall
lamination adhesives and covering installations.

Consumer adhesives: model and hobby supplies, decorative films, school and stationery
products.

Packaging: carton-side seam and closures, composite bonding of disposable products,
bags, labels, cups, cigarette and filter manufacture, speciality packages (cosmetics, toilet-
ries), composite containers and tubes.

Tapes: packaging, industrial, surgical, masking, and consumer tapes.

Transportation: auto, truck and bus assemblies, weatherstrip and gasket bonding, aircraft
and aerospace structural assemblies.

Other rigid bondings: shake-proof fastening; furniture manufacture; manufacture of mill-
work, doors, kitchen cabinets and vanitories; appliance assembly and trim attachment; TV,
radio and electronics assembly and machinery manufacture and assembly.

Other non-rigid bondings: apparel laminates, shoe assembly, sports equipment, book
binding, rug backing, flock cements, air and liquid filter manufacture, etc. [1].

The main adhesives for industrial applications are summarised in Table 1.

Adhesive type Applications Refs.
Natural

Animal source: Wood industry [13]
albumin, animal glue, casein, shellac, beeswax Food industry

Vegetable source: Paper, paperboard, light wood, cork [14]
Natural resins: gum arabic, tragacanth, colophony

Oils and waxes: carnauba wax, different oils Sealants in wood and metal industry [15]
Proteins: soybean Wood industry [10, 15]
Carbohydrates: starch, dextrin Paper industry

Mineral: Wood industry [1]
Inorganic minerals: silicates, magnesia, phosphates,

sulphur

Mineral waxes: paraffin
Mineral resins: amber

121



122 Applied Adhesive Bonding in Science and Technology

Adhesive type Applications Refs.
Bitumen: asphalt Binder in roads, roofing and flooring, [16]
installation of asphalt tile, sealant
Synthetic
Elastomers: Bonding paper, plastic, leather, shoe industry  [1]
Natural rubber and derivatives
Synthetic rubber: butyl, polyisobutylene, polybutadiene Bonding rubber to itself and plastic materials ~ [17, 18]
blends, polyisoprenes, polychloroprene, polyurethane, or metals; forms good bonding with most
silicone, polysulfide, polyolefins plastic films, glass, wood
Some of them are sealants
Reclaimed rubber Bonding paper, rubber, plastic and ceramic [1]
tile, adhesive for electrical installations
Neoprene rubber Bonding weather stripping and fibrous [1]
soundproofing materials to metal
Sealant
Nitrile rubber Bonding plastic films to metals and fibrous [19]
materials and nylon to nylon and other
materials
Sealant
Thermoplastics:
Cellulose derivatives: acetate, acetate-butyrate, caprate, Bonding non-metallic material: wood, leather, [10, 20]
nitrate, methyl cellulose, hydroxyl ethyl cellulose, ethyl plastic, paper
cellulose, carboxymethyl cellulose Used in packaging
Polyacrylates: methacrylate and acrylate polymers, Generally, adhesives for metals, some of them [16, 21]
cyanoacrylates for plastic; thread lockers, thread sealants,
retaining compounds, gasket
Electronics, toys, cosmetic packaging,
automotive sealants
Bonds only to non-porous materials
Glass industry
Anaerobic: based on synthetic resins (acrylates) Secure, seal and retain machined, threated or ~ [22-24]
similarly close-fitting parts
Polyesters (saturated): polystyrene, polyamides Sealants for potting, moulding and [1]
encapsulating
Vinyl polymers and copolymers: polyvinyl acetate, Bond porous materials [1]
polyvinyl alcohol, polyvinyl chloride, polyvinylidene Paper, wood and general packaging
chloride applications
Thermosettings
Amino plastics: urea and melamine formaldehydes Wood industry [15]
Epoxies: epoxy polyamide, epoxy bitumen, epoxy Ability to bond many substrates [25]
polysulfide, epoxy nylon Sealants in constructions, electricity
Phenolic resins and derivatives: phenol and resorcinol, Wood industry [26, 27]
formaldehydes, phenolic nitrile, phenolic neoprene, Metal industry

phenolic epoxy

Table 1. Industrial applications of the main adhesives (adapted from ref. [1]).
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3. Adhesives for biomedical and pharmaceutical applications

The use of adhesives in the medical field has been restricted for a certain while, to the produc-
tion of self-adhesive strips or plasters. The first reported pressure-sensitive adhesive used in
the composition of bandage materials was natural rubber, followed by synthetic rubber, and,
lastly, polyacrylic acid ester-based adhesives gained significance nowadays. Various medical
adhesive tapes/dressings/devices are used to cover and protect wounds, to seal the skin edges
of a wound or to support an injured part of the body [28, 29]. Advanced adhesives have a wide
range of biomedical and pharmaceutical applications and are currently used in various medi-
cal procedures, as medical devices: restorative dental filings, blood transfusions, anaesthetic
administration, intravenous drug delivery, heart bypass surgery, urological surgery and plas-
tic surgery (Table 2) [7, 30-33].

Adhesive type Applications Refs.

Natural or biological

Albumin Haemostat in vascular and cardiac surgeries [64, 76]

Alginate Binds the tissue, even after exposure to an aqueous [76,77]
environment
Adhesive, pharmaceutical excipient: stabilising agent, tablet
and capsule disintegrant, tablet binder

Chitosan-based adhesives Bioadhesives, antibacterial, haemostatics, wound-closing agents [64, 76, 78]
Pharmaceutical excipient: bioadhesives coating agents,
disintegrants, film-forming agents, tablet binders

Collagen-based adhesives Haemostatics for general and vascular surgeries, retroperitoneal [64]
injuries, sealants (clot formation), wound dressing

Chondroitin sulphate glue Bonds the native cartilage tissue, wound-closing agent [67,79]
Bonds implants, seals corneal incisions

Fibrin-based adhesives Haemostatics, sealants (clot formation), wound-closing agents  [32, 80]

Gelatine and gelatine-based products Haemostatics in various surgical procedures and anatomical [64, 65]
sites (clot formation), sealants, adhesives

Hyaluronate sodium Bioadhesive, sealant [81-83]
Plastical surgery
Pharmaceutical excipient: humectant, lubricant, matrix for
sustained release

Synthetic and semisynthetic

Cyanoacrylates Tissue adhesives in surgical procedures: vascular surgery, [33, 69, 71,
urology, cosmetic surgery, skin graft fixation 84]

Fistula repair, closure of hernia incisions

Endoscopic, laparoscopic and interventional radiology
procedures

Sealants in dentistry

Disposable plastic medical devices

Transdermal patches
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Adhesive type Applications Refs.
Dendrimers Studied as sealant agents in corneal incisions [28, 67]
Polymers and their hydrogels
PEG-based adhesives Sealants in gynaecologic and colorectal procedures [67, 75, 79]
Sealing of fluid leaks, acute aortic dissection, haemostasis in
anastomotic bleeding wound closure
Bone fixation, sealant for vascular graft, haemostatic, wound-
closing agent
Carbomer Bioadhesive [37, 58]
Pharmaceutical excipient: release-modifying agent, tablet
binder, viscosity-increasing agent, suspending agent, tablet
binder
Polycarbophil Bioadhesive [58, 85]
Pharmaceutical excipient: absorbent, controlled-release tablet
binder, emulsifying agent, thickening agent, suspending agent
Polyethylene oxides and derivatives ~ Bioadhesive, surgical tissue adhesive [58, 86]
Pharmaceutical excipient: tablet binder, thickening agent
Poly(methyl vinyl ether/maleic Bioadhesive [58]
anhydride) Pharmaceutical excipient: colour dispersant, complexing agent,
film former, emulsion stabiliser, viscosity-increasing agent
Povidone Bioadhesive [58]
Pharmaceutical excipient: disintegrant, tablet binder
Urethane-based Sealant, tissue adhesive [67, 87]
Fixation of vascular graft and bone
Cosmetic surgery
Preventing seroma formation in abdominoplasty
Nano-enabled adhesive materials
Polar lipids: glyceryl monooleate Bioadhesive, pharmaceutical excipient [60-62]
Nano-vehicle for many active substances
Nanoparticles (based on different Bioadhesives [64, 87, 88]
components) Antibacterial properties
Wound-closing agents
Biomimetic adhesives
Marine mussel extract adhesives Bioadhesives, repairing gestational fatal membrane ruptures [31, 33, 89]
Islet transplantation at extrahepatic sites
Prosthetic mesh fixation
Some derivatives: haemostatic and wound-closing agents
Gecko-inspired adhesives Wound sealing, suture and staple replacement [33, 64]

Suture/staple replacement/supplements

Waterproof sealant for hollow organ anastomoses and for
prevention of air leaks in lung resection

Haemostatic, wound dressing, mesh grafts (ulcers, hernias,
burns)

Adapted from [28, 58, 64, 67, 76]

Table 2. Summary of the representative adhesives with biomedical and pharmaceutical applications.
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When an adhesive comes in contact with a biological tissue, it is named ‘bioadhesive’.
Bioadhesion is the capacity of a compound to adhere to the biologic substrate for a long time.
When the biologic substrate is represented by a mucosa, the phenomenon is called mucoad-
hesion. The mucoadhesive materials interact with the glycoproteins in the mucus covering
the epithelia of the mucosae. The generally accepted idea is that the mucoadhesion process
involves several stages: wetting and swelling of the hydrophilic polymer which allows its con-
tact with the biologic tissue and the interpenetration of the polymer chain with the molecules
in the mucin, which leads to an adequate interpenetration of the substrate and creates a semi-
permanent adhesive bonding. Other theories explain the forces that underpin bioadhesion:
van der Waals forces, hydrogen bondings, disulphide bridges, hydration forces, hydrophobic
interactions, steric forces, covalent bonds, etc. [34, 35].

Bioadhesive drug delivery systems are promising systems for delivery of numerous and vari-
ous active substances, from common ones to prebiotics [36], herbal products [37] and proteins
[38]. They present themselves as solids, semisolids and liquids (gels, films, tablets, etc.) in
conventional formulations or as nanoparticulated systems, designed for various routes like
oral route [39, 40], skin route [41, 42] or mucosal route (buccal [43], ocular [44], vaginal [45],
nasal [46], oesophageal [47]). The use of nanoparticulate bioadhesive systems can substan-
tially improve the absorption of the active substances while offering protection against certain
factors. Moreover, nanoparticulate bioadhesive systems represent potential targeted protein
delivery systems [48].

Testing of the mucoadhesion represents a very important objective during the development
of bioadhesive systems for drug release, as it can reveal the compatibility with the other com-
ponents of the system, their stability and the strength of the adhesion capacity. Most meth-
ods used for the control of the mucoadhesive capacity of drug systems cited in the literature
are based on the measurement of the force required to the disruption of the adhesive bond
between the model membrane and the adhesive material [49].

The main excipients of a bioadhesive system are represented by bioadhesive polymers and
their structural and functional characteristics having a decisive influence on the bioadhe-
sion. These polymers are hydrophilic matrices consisting of a reticular network that swell in
contact with water without being dissolved. The polymeric materials are available in a wide
variety of molecular weights and compositions which adsorb the water, swell and gener-
ate a gel structure (hydrogel). These swollen gels act as a reservoir and ensure a prolonged
release of the active substances dispersed in the meshes of the polymeric network. After swell-
ing, a relaxation of the network chains takes place, and the incorporated drug substances are
released through the spaces inside the network. The property to control the release rate of
the biologically active substance, the bioadhesive performance and the nontoxic profile of the
polymer are primordial criteria for the selection of a bioadhesive agent used in the designing
of controlled drug release systems. The hydrogel-forming polymers used for the preparation
of mucoadhesive systems are represented mainly by polyacrylates (Carbopol and polycarbo-
phil), polyethylene oxide, polyvinyl alcohol, poly(N-acryloylpyrrolidine), reticulated gelatin,
sodium alginate, natural gums (guar, xanthan, karaya), cellulose ethers, etc. [34, 35]. The poly-
mer only plays the role of a vector or a host matrix, and it should have as neutral behaviour as
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possible towards the active drug substance. The polymer-drug system must be chosen in such
a way as to avoid chemical reactions between components, which may lead to the degrada-
tion of the active substance. The existence of possible interactions between the host polymer
matrix and the drug can be tested at an atomic and molecular scale through well-known
techniques such as differential scanning calorimetry (DSC) and spectroscopic methods such
as Fourier transform infrared spectroscopy (FTIR), X-ray diffraction, electron spin resonance
(ESR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, Raman spectroscopy
and others [50-52].

Different hydrogels can be combined together or with other components, obtaining deriva-
tised polymers, with the purpose of improving their jellifying and adhesion properties [42,
53-55]. An innovative approach in the synthesis of hydrogels aims at the improvement of
their mechanic properties. This can be achieved by grafting various functional groupings that
allow self-assembling in aggregates or triblocks polymers (Poloxamers) that can change their
consistency in the presence of certain stimuli (pH, temperature, etc.). Heat-sensitive polymers
are of particular interest as drug vehicles, as they allow the preparation of formulations with a
lower consistency and are easy to apply and develop a good contact in the presence of physi-
ological medium, by forming in situ gels [47, 56, 57].

Besides their role as adhesives, bioadhesive polymers can also fulfil other functions in a phar-
maceutical system: diluent, disintegrant, viscosity enhancer, etc. Their nature, quantity and
association with other excipients highly influence the final drug product quality [58].

Bioadhesive polymers are used in many medical devices and drug delivery systems, includ-
ing transdermal patches. Transdermal patch technology is another application of biomedi-
cal adhesives, ensuring drug delivery to the bloodstream through the skin; this is a highly
effective method of drug administration, as the drug is incorporated into a membrane
(made of adhesive) that sticks the patch to the skin and controls the rate at which the drug is
absorbed. These systems ensure that the drug is continuously administered throughout the
day, avoiding the fluctuations of the plasmatic concentration, usually associated with orally
administered drugs. The applications of patches include hormone replacement therapy, pain
cessation, smoke cessation and treatment of various cardiovascular pathologies [30, 59].

An alternative for polymeric materials with bioadhesive properties is polar lipids (e.g. glyceryl
monooleate). Polar lipids are water-insoluble amphiphilic molecules that swell when in contact
with water, associate and form various types of aggregates (spheric, hexagonal micelle, lamellar
phase, cubic phase). The cubic crystalline phase has the aspect of a transparent, rigid, viscous gel
with good mucoadhesive characteristics and can incorporate hydrophilic, amphiphilic as well as
lipophilic drug substances. These bioadhesive properties make it an in situ forming biodegrad-
able matrix, thus a potential nanostructured vehicle for prolonged drug release. Cubosomes
represent a dispersion of the cubic crystalline phase (similar to liposomes which represent the
dispersed lamellar crystalline phase). They are submicronic particles and present unique prop-
erties as they can incorporate drug substances with various polarities and molecular masses
(rifampicin, carbamazepine, griseofulvin, coenzyme Q10, lycopene, phytosterols, sodium diclof-
enag, etc.). Some studies revealed that cubic-phase dispersions can maintain high plasma oligo-
peptide levels for several hours and favour insulin absorption through the nasal mucosa in rats.
Moreover, cubosomes lower the rate of enzymatic degradation of the oligopeptides (insulin,
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somatostatin) and enzymes. Multiple possibilities of using cubosomes as drug vehicles for vari-
ous routes of administration (oral, parenteral, cutaneous or mucosae: nasal, ophthalmic, vaginal,
buccal, periodontal pocket) have been reported so far in literature [60-63].

Wound closure is a key step in the success of surgical procedures. Surgical adhesives repre-
sent a convenient method for wound closing, having several advantages: less pain, no suture
removal, excellent cosmetic result, and localized drug release [64]. A tissue adhesive can be
defined as any substance with characteristics that allow in situ polymerisation to cause adher-
ence of tissue to tissue or tissue to non-tissue surfaces. Their applications include prostheses,
bleeding control (haemostats) and serving as a barrier to gas and liquids (sealants) [65]. Many
tissue adhesives and haemostats have been developed over the past 30 years, based on vari-
ous materials. The existing models are not sufficient for an in-depth study of the attachment of
adhesives to living tissues; therefore, the strength of the adhesive joint is determined experi-
mentally, according to standard tests and under conditions that are close to a real surgical sit-
uation. A bioadhesive must exhibit distinct characteristics, depending on the targeted tissue
[66]. The successful usage of a tissue adhesive depends on its specific indications/limitations,
which need to be thoroughly analysed by surgeons in order to choose the best product [67].

There are different commercially available tissue adhesives: natural or biological, synthetic,
semisynthetic and biomimetic. The biomimetic action of adhesives is based on algae’s abili-
ties to wet a surface and the gecko’s ability to ‘adhere’ on to surfaces. Surgical adhesives and
sealants based on natural polymers offer a more biocompatible alternative to synthetic glues.
The composition of a new bioadhesive material from fish parasite Neobenedenia girellae was
recently reported, proteomic analysis revealing that the adhesive is mainly composed of cyto-
skeletal proteins such as actin, keratin and tubulin [28, 68].

Dental adhesives are intended to provide retention to composite fillings or composite cements.
They can be defined as solutions of resin monomers (with both hydrophilic and hydropho-
bic groups) that make the resin-dental substrate interaction possible. Some of them are also
used for their protective effect against enamel erosion. The failure of restorations occurs more
often due to the inadequate sealing, with subsequent discoloration of the cavity margins,
rather than loss of retention. Recent development of dental adhesives has greatly simplified
the application procedure, as opposed to classical bonding agents (multistep systems), with
the purpose of reducing technique sensitivity and manipulation time [69-74].

While older generation of mucoadhesive polymers lacks specificity and targeting capability,
newer polymers—falling into the second generation of mucoadhesives—can form covalent
bonds with the mucus and the underlying cell layers, thus exhibiting improved chemical inter-
actions and offering new possibilities for more specific drug-receptor interactions. Examples of
such new-generation adhesives are thiolated and lectin-mediated mucoadhesive polymers [75].

4. Conclusions and perspectives

Adhesives have been used in industry for decades; however, the environmental influence of
adhesives has not been investigated up until recently. Therefore, one must emphasise on the
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necessity to develop steps that will allow obtaining environmentally safe and high-quality
adhesives that best fit their applicability domains. Due to the limited raw materials (reserve
of oil) and the negative impact of synthetic compounds on both human health and environ-
ment, natural and renewable resources represent an attractive alternative for the production
of adhesives. One innovative alternative for synthetic reactive glues like cyanoacrylates is
represented by gecko-inspired and marine-inspired bioadhesives (mussel proteins) or their
combination; however, further research needs to be conducted in this direction. Taking into
consideration the rapid development of bioadhesive market, more work needs to be done in
both environmental and economic aspect.
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