
Although much attention has been 
given to the formation, structure, and 
properties of biological interfaces, an 
especially unsettled aspect of the subject 
is biological adhesion, without which 
organized tissue would not exist. In con- 
trast, much progress has been made in 
recent years in our understanding and 
control of adhesion in man-made sys- 
tems, resulting in the development of 
both physical and chemical techniques 
for controlling adhesion in problems 
ranging from improving adhesion to im- 
peding it. Therefore, it seems timely to 
apply what has been learned from stud- 
ies of man-made junctions to problems 
in bioadhesion, wherever possible. This 
is particularly appropriate since adhesive 
behavior in biological environments has 
received increased attention recently in 
research on surgical adhesives, marine 
fouling, dental restoratives, extracorpo- 
real circuits, and prosthetic implants. 

Adhesion between Dry Solids 

Adhesion between dry, nonreacting 
solids in contact is caused by a strong, 
but extremely localized, field of attrac- 
tive force emanating from each solid 
surface. In the absence of ions or strong 
permanent dipoles in (or near) a solid 
surface, this fld of force varies as the 
inverse seventh power of the distance 
away from the solid surface. The total 
attractive force is generally negligible 
when two plane solids free of net elec- 
tric charge are separated by distances 
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variously estimated at tens to hundreds 
of angstroms. Only when there is a 
large area of intimate (or real) contact 
between the dry solids can they be made 
to adhere significantly. Since solid sur- 
faces are rarely ideally planar, the ef- 
fort needed to pull them apart is usually 
insignificant because the real area of 
contact (that is, the total of individual 
areas of contact between those few op- 
posed asperities in position to touch 
each other) is generally a very small 
fraction of the apparent area of contact 
(1, 2). But if one or both solids is suf- 
ficiently soft to permit deformation of 
the surface, the real area of contact and 
the adhesion developed under modest 
loads can be large (3, 4). Because of the 
extreme localization of the attractive 
force field, a very thin adsorbed film of 
oxide or as little as one condensed 
monolayer of organic contamination can 
greatly decrease the adhesion of dry 
solids (3, 5). 

Another cause of loss of adhesion is 
the release of the internal stresses which 
develop in the area of elastic deforma- 
tion at the base of every compressed 
asperity when the load applied to press 
two hard solids together is removed. As 
Tabor has demonstrated (4), if these 
elastic stresses can be removed by an- 
nealing the two solids while the load is 
maintained, strong adhesive junctions 
will persist even after the load is re- 
moved. This is further proof that good 
adhesion can result from the operation 
of purely physical forces without the 
necessity of chemical interaction. 

A wealth of experimental evidence 
that contacting, clean, dry solids adhere 
significantly has come from research 
on the nature of dry friction. Various 
well-controlled experiments by Bowden, 
Tabor, and their co-workers (2) have 
demonstrated that such friction is 

caused by the adhesion of the two rub- 
bing solids at the areas of real contact 
between the plastically deformed tips of 
their contacting asperities. Such adhe- 
sion (or cold welding) makes it neces- 
sary to apply a force to overcome fric- 
tion; to a first approximation this force 
is equal to the true (or real) area of all 
the contacting asperities multiplied by 
the average shear strength of the junc- 
tions. The principal cause of wear is the 
breaking of these junctions, usually by 
a shearing within the weaker of the two 
contacting asperities. 

A massive and reliable literature ex- 
ists indicating the friction-lowering (and 
hence the adhesion-lowering) properties 
of thin films of oxides, water, or organic 
compounds, all of which are common 
surface contaminants. Although high 
friction and wear are common when 
uncontaminated, dry organic solids are 
rubbed together, the effect of varying 
the chemical composition of the organic 
surface can be great. Figure 1 shows 
the effect on the coefficient of friction 
(t ) of substituting halogen for hydrogen 
in the ethylene monomer of polyethyl- 
ene-type polymers (6). Whereas pro- 
gressive substitution of fluorine lowered 
lt from 0.33 to 0.04, an analogous pro- 
gressive chlorination of the ethylene 
monomer increased ,u to 0.9 when only 
half of the hydrogen atoms had been 
replaced [as in poly(vinylidene chlo- 
ride)]. By comparison, values of /t up 
to 0.10 are common for well-lubricated 
metal joints. These results deserve the 
attention of biological and medical sci- 
entists in view of the present or con- 
templated uses of such polymers in pros- 
thetic implants as well as in biological 
research. 

Behavior of Liquids in 

Making Adhesive Joints 

When two flat, smooth, solid surfaces 
are spontaneously wetted by a thin layer 
of a liquid, strong adhesion can result. 
The reason is evident from Fig. 2 and 
an application of the classic Laplace- 
Kelvin equation of capillarity (7) 

PT pv= (v Ri R2) (1) 

Here p, and p, are, respectively, the 
pressure within the liquid and the pres- 
sure in the vapor outside the liquid; R, 
and R2 are, respectively, the radius and 
half the thickness of a thin, circular 
layer of liquid in contact with the solid; 
and y7v is the surface tension of the 
liquid If R2 < RI, then p, will be 
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greater than p,; hence, the two plates 
will be forced together because of the 
pressure difference p,-pl. From Eq. 1 
it follows that many common liquids 
which spontaneously wet two such solid 
surfaces will hold them together. Bud- 
gett (8) found that when two highly 
polished, flat steel disks (4.5 centimeters 
in diameter) were completely wetted by 
a paraffin oil having ylv = 28 dynes 
per centimeter, a total force of about 
20 kilograms was needed to pull the 
disks apart. The force calculated from 
Eq. 1 was 30 kilograms. 

Such a method of forming an adhe- 
sional joint has several serious limi- 
tations. 

1) The resistance of the joint to 
shear stresses is determined solely by 
the viscosity of the liquid film; hence, 
only if the viscosity is very great could 
the joint long withstand an external 
shearing stress. 

2) It would be necessary to prepare 
extremely closely fitted, smooth, solid 
adherends in order to bring the solid 
surfaces together closely enough to form 
a joint having high tensile strength. 

3) Freedom of the solid surfaces and 
the liquid from dust or other particles 
could be critically important in forming 
a strong joint. 

However, a stronger and much more 
useful joint would be formed if the vis- 
cosity of the intervening thin liquid 
layer were increased greatly through 
any of various mechanisms, such as (i) 
solvent permeation or evaporation, (ii) 
polymerization, (iii) gelling caused by a 
dispersed solid or polymer, or (iv) cool- 
ing until the liquid solidifies. 

Whereas joints with great resistance 
to tensile stress but low resistance to 
shearing stress are of little technological 
usefulness, they may be important in 
the many relatively mobile, conformable 
systems found widely in biological sys- 
tems. The limited requirement for shear 
strength in such biological joints may 
be satisfied if the liquid is very viscous. 
It should be remembered that protein- 
aceous viscous liquids obtained from 
fish and animal sources were among the 
earliest adhesives known to man. Any 
cross-linking of the liquid adhesive 
would strengthen the joint, and any de- 
polymerization or thinning through di- 
lution, or as the result of enzymatic 
action, would weaken it. Since many 
biological membranes or other biological 
systems are sufficiently nonrigid to con- 
form to the requirement for coplan- 
arity or efficient mating of contours of 
the opposed surfaces, it is very prob- 
able that intervening liquid films catise 
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many biological surfaces to adhere 
adequately for nature's purpose. 

McBain and his co-workers (9) first 
established the following three require- 
ments for the formation of a useful, 
strong, adhesive joint: (i) good wetting, 
(ii) solidification, and (iii) sufficient 
deformability to reduce the buildup of 
elastic stresses in the formation of the 
joint. The second and third require- 
ments have been fully investigated, but 
the need for the first was not adequately 
understood until much later (10-13). 

Effects of Surface Roughness 

Of course, real, solid, "flat" surfaces 
are not planar; too little attention had 
been given to the disturbing effects of 
surface roughness on adhesion. The in- 
numerable small hills, valleys, and crev- 
ices in the surface of practically any 
real solid create problems which must 
not be neglected if strong, durable, ad- 
hesive joints are desired. A viscous 
liquid can appear to spread well over a 
solid surface and yet have many gas 
pockets or voids in small surface pores 
and crevices where the liquid adhesive 
has formed a mantle over neighboring 
peaks without having fully penetrated 
into the valleys. Even if the liquid ad- 
hesive spreads spontaneously over the 
solid, there is no certainty that intimate 
contact of liquid and solid interface will 
have occurred everywhere. This prob- 

u 

o 

{- 

0 

},4 

a) 

.) C) 

0 
0 

4< 

fa 

0 
w> 
<DS 

0 

lem is magnified when the liquid rapidly 
polymerizes or hardens soon after being 
applied. 

When a liquid adhesive solidifies, the 
loss in joint strength caused by the in- 
terfacial voids is much greater than 
would be expected from the ratio of the 
interfacial area occupied by voids to the 
area of the entire joint interface. This 
result arises from the action of internal 
and external stress concentrations; each 
of these types of action has been given 
increasing attention in the past several 
decades. Griffith (14) showed that ad- 
hesive joints may fail at relatively low 
applied stresses if cracks, air bubbles, 
voids, inclusions, or other surface de- 
fects are present. On application of an 
external load to the joint, stress con- 
centrations arise that can be much 
higher than the mean applied stress. 
Real joints are better represented by 
Fig. 3 than by Fig. 2. If the gas pockets 
or voids in the surface depressions of 
the adherend are all nearly in the same 
plane and are not far apart (as is shown 
for the upper adherend of Fig. 3), 
cracks can readily propagate from one 
void to the next, and the joint can 
break as easily as if it had a built-in 
"zipper." Because this situation is de- 
sirable in molding rubber and plastics, 
in such processes both a smooth finish 
and a coating of release agent are ap- 
plied to the surface of the mold (15). 
For a strong adhesive joint, however, 
the kind of roughness shown on the 
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Fig. 1. The effect, on surface properties, of progressive hydrocarbon replacement in 
polyethylene-type surfaces by chlorine (open symbols) and fluorine (solid symbols). 
(Squares) Friction; (circles) wettability. 
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lower adherend would be preferable 
(provided roughening of the surface did 
not result in excessive formation of 
voids) because crack propagation in the 
resin would have to follow a much 
longer, nonrectilinear path to connect 
neighboring voids. 

Stress Concentration Problems 

Internal stresses and stress concen- 
trations usually develop during solidi- 
fication of the adhesive. In general, the 
strength of the adhesive joint is de- 
creased considerably below its theoreti- 
cal value by the development of these 
internal stress concentrations; the ef- 
fect is especially serious in joining ad- 
herends with an adhesive such that 
neither the adherends nor the adhesive 
has significant ability to shrink during 
the cooling (due to unmatched thermal 
expansion coefficients) or curing of the 
joint. In a lap joint (Fig. 4), poor wet- 
ting of the adherend tends to produce a 
greater stress concentration at the free 
surface of the adhesive, where failure is 
most likely to be initiated. As the con- 
tact angle (0) of the adhesive becomes 
large, the maximum stress concentra- 
tion increases and moves toward the 
lineal boundary where the adhesive and 
atmosphere make contact with the ad- 
herend (16). 

Definitions and Concepts 
about Wetting and Spreading 

The extent to which liquids spread 
over a solid surface and the adhesion 
of these liquids to the solid define the 
wetting properties of the solid. In con- 
sidering the wetting properties of solid 
surfaces it is helpful to distinguish two 
broad classes of solids according to their 
specific surface free energies (17) even 
though reliable determinations of the 
surface free energy of a solid in a 
vacuum (y7o) cannot yet be made for 
most solids. At ordinary temperatures, 
solids having strong intermolecular 
forces always have specific surface free 
energies ranging from around 100 to 
10,000 ergs per square centimeter; the 
higher values correspond to the hardest 
materials with very high melting points. 
The much weaker intermolecular forces 
in soft, organic solids of low melting 
point are reflected in their lower spe- 
cific surface free energies, which range 
from 10 to <100 ergs per square centi- 
meter. We have classified solids of these 
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two types as solids having "high-energy 
surfaces" and "low-energy surfaces," re- 
spectively (17). 

In marked contrast, the specific sur- 
face free energy of a pure liquid is 
easily obtained because this is simply 
its surface tension (yl). The specific 
surface free energies of organic liquids 
and of most inorganic liquids (exclusive 
of the liquid metals) at ordinary tem- 
peratures are readily measured; they 
rarely exceed the value for water. 
Hence, one would expect these liquids 
to spread spontaneously on contact with 
solids of high surface energy, since a 
large decrease in the surface free en- 
ergy of the system would result from 
such contact. But since the surface free 
energies of such liquids are comparable 
to those of low-energy solids, among 
the organic liquids should be found 
many that do not spread readily on low- 
energy solids (11, 13). 

Thomas Young (18) was the first to 
discuss the contact angle of a liquid and 
the equilibrium of a drop resting on a 
plane solid surface under the action of 
three surface tensions. These tensions 
are indicated in Fig. 5, where yi,o is 
the surface tension at the interface of 

the liquid and vapor phases, y,I is that 
at the interface of the solid and the 
liquid, and y7vo is that at the interface 
of the solid and vapor. Hence, 

Ysvo - 'Ysli =- iv? COS 0 (2) 
In effect, Young provided the first good 
approach for describing the wettability 
and spreading of a liquid on a solid and 
the relation of this property to the equi- 
librium contact angle. 

First, let us consider the liquid-solid 
interface to be a plane. When 0 =- 0, 
the liquid is said to spread spontane- 
ously or completely on the surface of 
the solid; when 0 # 0, the liquid is said 
to be nonspreading. However, because 
we always find some liquid-to-solid ad- 
hesion, we can say that every liquid can 
wet every solid to some extent. On a 
sufficiently smooth and homogeneous 
solid surface, 0 is independent of the 
volume of the liquid drop. Since the 
tendency for a given mass of liquid to 
spread (and adhere) increases as 0 de- 
creases, the contact angle is a useful 
inverse measure of wettability; cosine 0 
is an obvious direct measure. As 0 de- 
creases, a liquid drop will spread and 
come in contact with a larger area of 
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Fig. 3. Effect of surface roughness on coplanarlty of gas bubbles. 
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the surface; as 0 vanishes, the area 
covered by the liquid drop becomes in- 
creasingly great; therefore, when 0 = 0, 
spontaneous spreading will occur over 
the accessible solid surface. 

The oldest experimental problem in 
measuring contact angles results from 
the difference between the advancing 
contact angle (0A), the angle observed 
when a liquid boundary advances over 
a clean, dry, solid surface, and the re- 
ceding contact angle (OR), the angle ob- 
served when the liquid boundary re- 
cedes from a previously wetted surface. 
When a difference is observed between 
these two angles, the most common 
cause is the entrapment of liquid in the 
valleys, crevices, and pores of the solid 
surface as the liquid advances over it. 
When the liquid recedes, the surface 
uncovered usually includes wet areas; 
hence, for this case, 0R is smaller than 

A^. However, when care is exercised to 
prepare solids with sufficiently smooth, 
clean, homogeneous surfaces, no signifi- 
cant differences are found between the 
contact angles exhibited by a pure liquid 
whether advancing or receding over the 
solid (11, 13). 

Wenzel (19) investigated the way in 
which the gross or macroscopic rough- 
ness of a solid surface was related to 
(i) the apparent (or measured) con- 
tact angle (0') between the liquid and 
the envelope to the surface of the solid 
and (ii) the true contact angle (0) 
between the liquid and the surface at 
the air-liquid-solid contact boundary. 
Using as the measure of the roughness 
(r) the ratio of the true area of the 
solid to the apparent or envelope area, 
he found the simple relation 

r cos (3) cos 0 
Wenzel's equation is important be- 

cause r varies widely in practice; in- 
stances where r - 1.00 are rare indeed. 
Perhaps the nearest thing to such a 
smooth surface is that of glass freshly 
polished by fire, or a very carefully 
cleaved single crystal of mica. Even 
carefully machined and ground metal 
surfaces usually have r ranging from 
more than 3.0 to not less than 1.5. 
Several consequences of Wenzel's equa- 
tion (Eq. 3) are especially important. 
It indicates that when 0 < 90 degrees, 
0' < 0. Since most organic liquids ex- 
hibit contact angles of less than 90 
degrees on clean polished metals, the 
effect of randomly roughening the 
metals is to make the apparent contact 
angle, 0', between the drop of liquid 
and the envelope to the metal surface 
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Fig. 4. Variation of stress concentration maxima in lap joint adhesive with angle of 
contact. [After Mylonas (16)] 

less than the true contact angle 0. In 
other words, each liquid will appear to 
spread more after the metal surface has 
been roughened. Equation 3 indicates 
that when 0 > 90 degrees, 0' > 0. 
Since pure water makes a contact angle 
of from 105 to 110 degrees with a 
smooth paraffin surface, the effect of 
roughening the paraffin makes 0' 
greater; values of 140 degrees have 
been observed. Various investigators 
have discussed the effect of roughness 
on 0 in more detail (20); their work 
is especially interesting in describing 
contact-angle hysteresis on surfaces 
having an orderly roughness, such as 
the surfaces of woven textiles. 

Surface roughness increases the diffi- 
culty of measuring 0 accurately. The 
experimental methods used to measure 
the contact angle generally measure 0', 
and all too often it is assumed that 
0' = 0. Analysis of Eq. 3 reveals the 
following relationship: the smaller the 
contact angle to be measured, the 
greater the solid-surface smoothness 
needed in order to obtain a given pre- 
cision of measurement. When the con- 
tact angle is large, a high surface fin- 
ish is not so essential. 

Effects of Constitution on Wetting 

Only in the past two decades have 
we learned much about the relation of 
the constitution of solids and liquids 
to the equilibrium contact angle. Vari- 
ous pure liquids and solids were ex- 
amined under controlled experimental 
conditions, frequent use being made of 

homologous families of liquid com- 
pounds. The solid organic surfaces used 
were chemically well-defined polymers 
pressed into the form of smooth pol- 
ished plates. Guided by the results of 
such experiments, we turned to pol- 
ished, clean, solid surfaces of glass or 
metals and coated each with an ad- 
sorbed, condensed, organic monolayer. 
Through use of such solids and of 
liquids which had been carefully freed 
of surface-active impurities, reproduc- 
ible contact angles were obtained; fur- 
thermore, the advancing and receding 
contact angles of each solid-liquid pair 
were identical so long as the liquid 
drop was advancing or receding suffi- 
ciently slowly to be reasonably close 
to equilibrium conditions. 

A rectilinear relation was established 
empirically between the cosine of the 
contact angle and the surface tension 
for each homologous series of organic 
liquids (11, 13, 21). Figure 6 illustrates 
the results observed with the n-alkanes 
on polytetrafluoroethylene (Teflon) (17). 
The critical surface tension (yc) for 

wetting by a homologous series of 
liquids was defined as the intercept of 
the horizontal line cos 0 = 1 with the 
extrapolated straight-line plot of cos 0 
against y7,o. Even when cos 0 is plotted 
against yivo for a variety of nonhomol- 

ogous liquids, the plotted points fall 
close to a straight line or collect around 
it in a narrow rectilinear band. For 
certain surfaces, such as that of poly- 
tetrafluoroethylene, the points fell on 
a curve for values of y,vo above 50 

dynes per centimeter, but in these cases 
the curvature was due to the formation 
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Table 1. Critical surface tension (ye) of var- 
ious polymeric solids. 

Polymeric solid m at 20( C) 

Poly (1,1-dihydroper- 
fluorooctyl methacryl- 

ate) 10.6 
Polyhexafluoropropylene 16.2 
Polytetrafluoroethylene 18.5 
Polytrifluoroethylene 22 
Poly(vinylidene fluoride) 25 
Poly (vinyl fluoride) 28 
Polyethylene 31 
Polytrifluorochloro- 

ethylene 31 
Polystyrene 33 
Poly (vinyl alcohol) 37 
Starch 39 

Poly(methylmethacrylate) 39 
Poly (vinyl chloride) 39 
Poly(vinylidene chloride) 40 
Poly (ethylene 

terephthalate) 43 
Cellulose 45 
Poly (hexamethylene 

adipamide) 46 

of weak hydrogen bonds between such 
liquids and the solid surface (13). 
When there was no hydrogen bonding 
with the atoms in the solid surface, as 
was true in the case of polyethylene 
or of poly(vinyl chloride), the data 
points for cos 0 plotted against y,o. for 
any low-energy surface always fell on 
a straight line or within a narrow rec- 
tilinear band. Whenever rectilinear 
bands are obtained in this type of 
graph, the intercept of the lower limb 
of the band at cos 0 - 1 is chosen as 
the critical surface tension (yc) of the 
solid. Although this intercept is less 
precisely defined than the critical sur- 

Table 2. Critical surface tensions (ye) of low- 
energy surfaces. 

Surface constitution (dyne/ cm at 20?C) 

Fluorocarbon surfaces 
-CF3 6 
-CF2H 15 

-CF3 and -CF2- 17 
-CF2-CF2- 18 

-CF2-CFH- 22 
-CF2-CH2- 25 
-CFH-CH2- 28 

Hydrocarbon surfaces 
-CH3 (crystal) 20-22 
-CH3 (monolayer) 22-24 
-CH2-CH2- 31 

CHIGe (phenyl ring edge) 35 

Chlorocarbon surfaces 
-CC1H-CH2- 39 

-CC12-CH2- 40 

;rCCl2 43 
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face tension of a homologous series of 
liquids, it is an even more useful pa- 
rameter because it is a characteristic 
of the solid surface alone; it has proved 
a useful empirical parameter which is 
symbatic with the free surface energy 
yso- 

By comparing the ye values of struc- 
turally "homologous" or "analogous" 
solids, such as an unbranched poly- 
ethylene and its various chlorinated or 
fluorinated analogs, and by making the 
reasonable assumption that the surface 
composition of the solid polymer is the 
same as that of the extended polymer 
molecule oriented parallel to the sur- 
face, it was possible to investigate the 
effect of the surface constitution of such 
polymeric solids on their critical sur- 
face tensions. Striking differences are 
evident from the two curves in Fig. 1 
representing wetting behavior. Thus, 
we see that, whereas fluorination of 
polyethylene decreases y, chlorination 
raises it (compare the solid and open 
circles of Fig. 1). Strikingly similar 
effects for halogen substitution are 
noted in the two frictional graphs as 
well (compare the solid and open 

square representing values in Fig. 1). 
Results of many investigations of 

clean, smooth, plasticizer-free, poly- 
meric solids of general interest are 
summarized in Table 1. Values of y, 
for a series of hydroxyl-rich surfaces 
including cellulose composites (various 
dry, clean woods) and starch polymers 
range from 40 to 45 dynes per centi- 
meter (22). These values of yc are 
reasonably close to the value of 43 
dynes per centimeter reported for the 

oxygen-rich surface of Dacron or 
Mylar [poly(ethylene terephthalate)]. 
Nylon 66, with its many exposed amide 
groups, has the highest yo value (46 
dynes per centimeter) of the common 
plastics reported. 

A wide variety of similar measure- 
ments of cos 0 relative to 7y1 proved 
that the value of yc, for low-energy 
organic surfaces, as well as for high- 
energy surfaces coated with condensed 
organic monolayers, was determined 
essentially by the nature and packing of 
the outermost or exposed surface atoms 
of the solid; it was independent of the 
chemical nature and arrangements of 
the atoms and molecules beneath that 
solid surface or surface coating (11- 
13, 21). Moreover, uniform, condensed 

single monolayers of stearic acid, pri- 
mary octadecyl amine, or octadecyl 
alcohol, even though only about 24 

angstroms thick, were sufficient to re- 
duce the wetting properties to the same 

value of ye (characteristic of CH,-rich 
surfaces), regardless of the nature of 
the solid substrate. This result provided 
strong evidence that the attractive field 
of force emanating from the metallic 
or nonmetallic solid substrate was 
minor at this distance. Because the 
field of force became unimportant at a 
distance of very few atom diameters, 
atoms not in the first few surface layers 
of the solid made little contribution to 
the adhesion. There was good evidence 
that when the constitution of the solid, 
or of the adsorbed monolayer, was such 
that: either ions or large, uncompen- 
sated, permanent dipoles were located 
in the outermost portion of the surface 
monolayer, the residual field of force 
of the surface was much less localized 
(13, 21, 23). 

The effect of surface constitution 
on ye for low-energy solid surfaces is 
summarized in Table 2. The surfaces 
are identified with respect to probable 
exposed atoms or organic radicals and 
are arranged in the order of increasing 
y/c within the subgroup. Results of ma- 

jor interest to surface and polymer 
chemistry can be deduced readily from 
Table 2 (for a full discussion of these 

results, see 13, 15, 23). In general, the 
observed effectiveness of covalent 
atomic substituents (attached to carbon 
atoms) tending to increase ?y, can be 

expressed by the inequality series 

F<H <Cl <Br< I < O<N (4) 

Surface Chemical Interferences 

and Aids in Adhesion 

An adequate understanding of ad- 
hesive action should provide an expla- 
nation of poor as well as good adhesion, 
hence an explanation of the properties 
of "abhesives," which are materials 
commonly applied, as thin coatings, to 
one solid to prevent-or greatly de- 
crease-adhesion of that solid to an- 
other solid after the two have been 
brought into intimate contact. Abhe- 
sives are used in molding, casting, or 
rolling operations; therefore, it is com- 
mon in industry and the arts to refer 
to them as "parting," "mold-release,"' 
or "antistick" agents. 

A tabulation of the values of ye for 
each of the much-used types of release 
films or coatings, such as fatty alcohols, 
silicones, and fluorocarbons, reveals 
that the films having the most general 
effectiveness have the lowest values of 

yo (12, 13, 15). Each such abhesive 
coating converts the solid into a low- 

energy surface. When a liquid is placed 
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on that coated surface, the more ylvo 
exceeds yc, the greater the equilibrium 
contact angle will be. As 0 becomes 
larger, more interfacial voids develop, 
and such poor adhesion results that, 
after the liquid has solidified in the 
mold, the application of a modest ex- 
ternal stress suffices for effective sepa- 
ration from the wall of the mold. 
Therefore, the basis of abhesive action 
is the surface-energy decrease induced 
in the high-energy surface by the ad- 
sorption of a monolayer of a polar 
amphipathic compound having an outer- 
most terminal group such as -CH3 or 
-CF3. 

Hence, it should now be evident that, 
in order to obtain optimum adhesive 
strength in a joint, it is essential that 
the interface with each adherend be 
kept as free as possible from low- 
energy organic films. In this way the 
incidence and size of interfacial voids 
may be kept to a minimum. This con- 
clusion may be of importance in bio- 
logical systems, for it means that an 
apparently subtle change in the surface 
composition of a biological membrane 
can greatly decrease (or increase) its 
wettability and also its adhesiveness. 

Vapor 

An outermost substituent which de- 
creases y, (such as -CH3 or -CH2-) 
would decrease adhesiveness, whereas 
one which increases yc (such as phenyl, 
-OH, -SH, -COOH, or -NH2) would 
increase adhesiveness. 

Many high-energy solids, such as 
glass, silica, alumina, metals, metal ox- 
ides, and a great variety of organic 
polymeric solids like cellulose, poly- 
saccharides, polypeptides, and proteins, 
readily adsorb water. When a polymo- 
lecular or "duplex" film of water is 
present on such surfaces, all but the 
most firmly adsorbed portion (often 
only a monolayer) can be removed by 
gentle heating, by drying in a vacuum, 
or by use of a water-displacing agent 
at ordinary temperatures (24). Remov- 
ing the last monolayer of adsorbed 
water can be difficult, however. 

Recent investigations have demon- 
strated that adsorbed water greatly de- 
creases the surface energy of glasses, 
silica, alumina, and metals (25). At 
room temperature one condensed mono- 
layer of adsorbed water will convert 
these high-energy solid surfaces into 
low-energy surfaces. As more than a 
monolayer of water is adsorbed, yc de- 

creases somewhat and approaches the 
critical surface tension of a bulk water 
surface (about 22 dynes per centimeter 
at 20?C). Therefore, if any liquid de- 
void of hydrophilic groups (such as a 
hydrocarbon, chlorocarbon, bromocar- 
bon, or iodocarbon) comes in contact 
with such a moist surface, it will not 
spread and will have a fairly large con- 
tact angle. But liquids containing ac- 
cessible hydrophilic groups will tend 
to spread more readily upon such 
moist surfaces. If the organic liquid is 
sufficiently hydrophilic, it may spread 
so vigorously as to displace the bulk 
adsorbed water (24), and in the most 
extreme situation it may even displace 
or desorb all but the last monolayer of 
water. Good examples of this large 
group of compounds are the liquid 
polar-nonpolar hydrocarbon derivatives 
such as the alcohols, glycols, ketones, 
acetates, acetoacetates, and ether alco- 
hols, as well as certain volatile liquids 
with unusually low surface tensions, 
such as the Freons and the dimethyl 
silicone trimer and tetramer. Because 
there are so many water-displacing 
agents among the polar-nonpolar, hy- 
drophilic organic compounds, it is prob- 
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Fig. 5 (left). Schematic diagram of a finite contact angle formed 
by a sessile drop resting on a solid surface. 

Fig. 6 (below, left). Wettability of polytetrafluoroethylene by 
the n-alkanes. 

Fig. 7 (below, right). Schematic representation of a surface- 
active coupling agent. 
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able that, in the application of some 
liquid resin systems to make adhesive 
joints, an addition agent, impurity, or 
diluent functions as a water-displacing 
agent. When such an agent is used, it 
may be possible to obtain good wetting 
and adhesion by the resin even if the 
relative humidity is high. However, if 
any hydrophilic groups are added to 
the resin molecules to give the resin 
the ability to spread spontaneously on 
water and to give it also some water- 
displacing ability, the substitution 
should not be carried too far because 
then the resin will become more sus- 
ceptible to water permeation and to 
displacement, by water, after it has 
been adsorbed on the adherend. 

Since a polymolecular adsorbed film 
of water offers little resistance to shear- 
ing stresses, the presence of such a 
layer of water on the adherend surface 
will normally greatly decrease the 
strength of the adhesive joint formed. 
An exception is the special case where 
the adhesive is a gradually thickening 
aqueous solution, such as a viscous 
aqueous silicate solution (for example, 
a cement), or a polymer-thickened 
aqueous solution. But if an organic 
liquid adhesive, while polymerizing, is 
not able to react with, dissolve, or dis- 
place all of the adsorbed water on the 
adherend, the joint, after it has "set," 
will be weak. Such problems are com- 
mon where joints must be made under 
conditions of great humidity or under 
water. Of course, these problems are 
commonplace in biological and dental 
systems. 

Still another problem encountered 
after a good adhesive joint has formed 
is its gradual deterioration as a result 
of prolonged immersion in water or 
prolonged exposure to a very humid 
atmosphere. This problem is all too 
often encountered in the failure of pro- 
tective coatings on wood, brick, or 
concrete. Another example of the same 
problem is the deterioration of a com- 
posite plastic reinforced with a hydro- 
philic solid fiber such as glass. A sim- 
ilar problem is the gradual deterioration 
of dental fillings made from cements 
or from organic composite materials. 
To understand how barnacles and 
other marine organisms can maintain 
such strong adhesion to foreign sur- 
faces while submerged in water is still 
a challenge. 

No general solution to such problems 
exists; however, several approaches are 
known. Obviously, long exposure to 
moisture requires that the adhesive 
used to make the joint be chemically 
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resistant to decomposition by water. 
The use of an appropriate "coupling 
agent" in forming the joint is also help- 
ful; since use of such agents is increas- 
ing rapidly, they deserve a brief dis- 
cussion. 

Promotion of Adhesion 

by Coupling Agents 

A coupling agent is a special type of 
surface-active agent intended to pro- 
mote adhesion; it functions by adsorb- 
ing on, and altering, the surface of the 
solid to facilitate its interaction with 
the liquid adhesive by either chemical 
or physical processes. A number of ma- 
terials (26, 27) are being used as 
coupling agents for glass-fiber-reinforced 
plastics. These agents are believed to 
react chemically with both the adherend 
and the adhesive. But high joint strength 
can be achieved if there is a sufficiently 
intimate molecular contact between ad- 
hesive and adherend; thus surface- 
active coupling agents can be designed 
which do not require chemical inter- 
action with both phases (28). Several 
new classes of such compounds have 
been synthesized and investigated at 
the Naval Research Laboratory (29- 
31). These compounds are sufficiently 
surface-active to adsorb strongly on 
many types of solid, high-energy ad- 
herends. The resulting adsorbed mono- 
layer presents an outermost surface on 
which the liquid adhesive will spread 
spontaneously even at high humidities 
without chemically combining with the 
film-coated surface. 

Since many organic adhesives are 
applied as solutions or dispersions 
which are thinned with solvents hav- 
ing low surface tensions, it might be 
supposed that such adhesives would 
invariably spread spontaneously on ad- 
herends having high-energy surfaces, 
and that the use of a coupling agent 
to improve wetting would be unnec- 
essary. Such is usually not the case, 
however, because the high-energy sur- 
faces are highly susceptible to the ad- 
sorption of interfering low-energy films 
of the type discussed above. In practice, 
such adhesives do not always spread 
readily or uniformly over many kinds 
of metals and other inorganic surfaces. 
A hitherto unrecognized and important 
function of the adsorbed film of ad- 
hesion promoter can be to prevent such 
contamination by serving as a prelim- 
inary protective coating for the clean, 
high-energy solid prior to application 
of the liquid adhesive. A second func- 

tion is to prevent the adsorption of 
any contaminant which may have mi- 
grated from the liquid adhesive toward 
the high-energy surface of the adher- 
end. In either case, the adsorbed mono- 
layer of coupling agent should prevent 
surface contamination by organic sub- 
stances, or by water, which could in- 
terfere with spontaneous spreading by 
the liquid adhesive, interpose a weakly 
bound layer at the interface, or intro- 
duce a plane of easy parting after the 
adhesive had solidified (28, 30). 

Figure 7 presents schematically the 
role of a surface-active coupling agent 
in an adhesive joint. The desired wetting 
properties are obtained by incorporating 
an appropriate atomic group (or organic 
radical) at the outer end of the oriented 
adsorbed molecule. The opposite end of 
the molecule can comprise one or more 
polar groups each of which is able to 
adsorb, quite independently, on the ad- 
herend surface by strong physical or 
chemical adsorption. The coupling 
agent would thus be highly resistant to 
displacement by solvents or by surface- 
active components in the liquid adhesive. 
Since the small size of the water-vapor 
molecule makes permeation of organic 
coatings by moisture a constant threat 
to the integrity and longevity of adhesive 
joints, the outer surface of the coupling- 
agent film should be more hydrophobic 
than hydrophilic. Finally, where there 
is a chemical reaction between coupling 
agent and adherend, the product should 
have optimum resistance to immersion 
in water; it should be insoluble in water 
and should be as hydrolytically stable as 
possible. 

For example, highly adsorptive 
chlorine-containing compounds can be 
chosen which, when adsorbed, have 
covalent chlorine atoms in the outer- 
most film surface, form a very hydro- 
phobic coating, are resistant to chlorine 
hydrolysis, and have critical surface 
tensions of wetting of 40 dynes or more 
per centimeter (11-13, 32). Obviously 
the choice of the adsorbing group to be 
used for coupling the agent to the solid 
surface will depend on the nature of 
that solid and on whether or not any 
chemical interaction with the adherend 
surface can provide high resistance to 
water-degradation of the joint. Thus, 
for oxygen-rich surfaces, a variety of 
substituted silanes (26) and many types 
of coordination complexes with chro- 
mium (27) have been used; compounds 
with related structures are still being 
developed. Similarly, the use of sub- 
stituted amines on glasses, paper, and 
cellulose has been proposed. Chloro- 
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phenyl-substituted mono-, di-, and tri- 
carboxylic acids are already being 
applied to metal surfaces and have been 
proposed for application to surfaces of 
metal oxides and to the hydroxyapatite 
constituent of teeth (29, 30). The speci- 
fic types of surface-active coupling 
agents discussed above were designed 
to be added to an adhesive joint of 
current interest. However, effective 
coupling agents may already be present 
in biological systems in the form of the 
naturally occurring amino acids, car- 
boxylic acids and salts, amines, and even 
the lower-molecular-weight proteins or 
polypeptides. Manifestly, synthetic ma- 
terials chosen for biological use would 
have to be nontoxic and nonirritating. 

Some Implications for Bioadhesion 

The correlation of yc with biological 
interactions can be illustrated by brief 
discussion of three examples: (i) the 
contact interaction of blood with foreign 
surfaces; (ii) the interaction of isolated 
cells with foreign surfaces; (iii) the selec- 
tive behavior of highly developed orga- 
nisms on solids. 

When blood comes in contact with 
foreign solid surfaces, there are specific 
adsorptive interactions which can initiate 
important events such as the formation 
of a thrombus and blood coagulation. 
Two well-recognized processes may 
occur: (i) the adsorption of proteins 
leading to coagulation; (ii) the adhesion 
of platelets, at first to the solid and then 
to each other. The growing mass of 
platelets forms a thrombus, which ad- 
heres to the solid surface. 

Surface attraction of the solid is in- 
volved in three ways: in the adsorption 
of proteins, in the initial adhesion of 
the platelets, and to, some extent in 
control of the adhesional lifetime of the 
thrombus. The lifetime (and therefore 
the aggregate size) of the thrombus 
should decrease with decreasing ye of 
the foreign surface because of the 
poorer adhesion to lower-energy sur- 
faces. Consequently, the smaller size 
of the thrombus upon detachment 
from such a surface should result in a 
decreased likelihood of embolism down- 
stream. Lyman and his co-workers (33), 
studying the relation of blood-coagula- 
tion induction times to ye, reported an 
encouraging inverse correlation. Since 
thrombus formation involving cell ad- 
hesion is a parallel process in vivo, 
very likely there is also a correlation 
of platelet adhesion with 
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cells from a variety of tissues with 
foreign surfaces, there seems to be 
general agreement that adhesion and 
spreading of cells can be a direct func- 
tion of the solid-surface energy. For 
example, Taylor (34) and Weiss and 
Blumenson (35), using serum-free 
media, have demonstrated that cells 
attach and spread more readily on 
high-yc materials like glass and less 
readily on low-yc materials like Teflon 
and silicone-coated surfaces. Taylor's 
results on cellulose acetate and various 
proteins are difficult to interpret without 
determination of the value of ye for 
each material by methods other than 
the comparison of hydrophobic contact 
angles. 

Since it has been observed that dead 
cells can exhibit as much variety in their 
adhesional behavior as living cells (34, 
36), the initial stages of adhesion must 
be greatly influenced by the simple 
surface-chemical mechanisms discussed 
above. This is important to note, since 
cell aggregation studies have shown that 
the initial contact of cells with each 
other is essentially a random process, 
any cell being potentially capable of 
adhering to any other cell (36). Sub- 
sequently, however, metabolic activity 
and cell movements may play the dom- 
inant role in determining the persistence 
of individual adhesive joints and the 
relative competition among adhesive 
joints in an aggregating cell mass. 

Although the correlations with sur- 
face constitution seem promising, they 
hold only for serum-free media; recent 
work demonstrates that these simple 
relations disappear in the presence of 
proteins adsorbed on the solids (35). For 
example, cells will adhere well on both 
Teflon and glass surfaces in the presence 
of horse serum (35). We can understand 
such interferences because our work has 
demonstrated that an adsorbed mono- 
layer will completely change the wet- 
tability and adhesiveness of the solid 
substrate. 

Since single cells respond to dif- 
ferences in the surface properties of 
various solid substrates, it is not sur- 
prising that small organisms do likewise. 
Marine larvae, for instance, exhibit 
varied behavior in their settling and 
ultimate adhesion to solid surfaces and 
are known to respond specifically to the 
presence of different adsorbed films (37) 
and particularly to proteins (38). 

While the foregoing examples are 
encouraging and well-documented, they 
pertain to laboratory simulations of 
biological systems. Since the presence of 
proteins plays a major role in even such 

model systems, in real biological sys- 
tems, where numerous proteins (as well 
as other surface-active materials) are 
present, the difficulties are compounded. 
Thus, if considerations of surface energy 
are to be useful, it will be in the sense 
that they define properties of the under- 
lying substrate which may influence the 
conformation of the adsorbed species 
making up the new, outermost molecu- 
lar layer. 

There is a real possibility that changes 
in the surface properties of cells mediate 
the various stages of cell adhesiveness. 
For example, any of the numerous sur- 
face-chemical interferences with ad- 
hesion that are discussed above might 
diminish the strength of cell-to-cell 
joints and lead to the increased invasive- 
ness that characterizes malignant cells. 

It is also possible that the blood 
vessels change their internal surface 
properties with aging, perhaps suffer- 
ing surface-chemical alterations which 
lead to increased critical surface ten- 
sions and thus to increased adhesion, 
to the vessel walls, of material circu- 
lating in the blood. A related difficulty 
is the current debate regarding the "wet- 
tability" of the vascular endothelium 
and the relation of this wettability to 
blood flow. Perel'man (39), in agree- 
ment with Moolten et al. (40), maintains 
that the endothelial lining is "nonwet- 
table," while Zubairov and his co- 
workers (41) and Copley (42) reject this 
thesis on the basis of essentially similar 
experiments, all involving the creation 
of a polar-nonpolar interface in the 
blood vessel. We believe that the rapid 
and spontaneous adsorption of proteins 
and other blood surfactants at such an 
interface will surely result in a yc and 
a wettability different from those of the 
unmodified vessel wall. 

We can anticipate major influences, 
in biological environments, not only 
from the water and from the numerous 
hydrogen-bonding and surface-active 
molecules present but also from the 
variety of configurational changes 
known to occur with biopolymers. For 
example, although hydrogen-bonding 
ability is a general feature of the sur- 
face of a membrane of such a simple 
polyamide as a nylon (43), both poly- 
peptides and proteins will either exhibit 
or mask their hydrogen-bonding abili- 
ties depending on the conformation of 
the polyamide chain, the location of 
the side groups, and the nature of the 
adjacent liquid phase. Variation in the 
wetting by hydrogen-bonding liquids 
with conformational changes has been 
demonstrated in the alpha-to-beta tran- 
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sition of the model polypeptide, poly- 
methylglutamate (43), and in the col- 
lagen-to-gelatin transition (43). If one 
could manage to induce or modify spe- 
cific configurations of proteins at the 
site of interest, adhesion could be either 
hindered or assisted. 

The knowledge gained from studies 
of simple systems may well provide a 
useful starting point for better under- 
standing of biological adhesion, which 
is the necessary prerequisite to bene- 
ficial interference with living systems. 

Note added in proof. Since this arti- 
cle was written, Lyman, Brash, and 
their colleagues (44) have demonstrated 
a direct correlation between the num- 
ber of platelets adherent to plastic sur- 
faces and the critical surface tensions 
of the surfaces involved. 
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NEWS AND COMMENT 

Strategic Studies: British Center 
Said To Attract Nixon's Interest 
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Strategic Studies: British Center 
Said To Attract Nixon's Interest 

London. Apparently in line with 
President-elect Nixon's pledge to en- 
gage a wide range of advisers for his 
administration, a Nixon emissary, 
former congressman Robert Ellsworth, 
recently spent an afternoon here visit- 
ing a research organization known as 
the Institute for Strategic Studies (ISS). 

Ellsworth's time abroad was brief, 
and seems to have been for no other 
official purpose than to look in on ISS. 
He said his object was merely to be- 
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come acquainted with ISS's operational 
methods, and ISS staff members say 
they discussed nothing but that. What, 
if anything, is going to come out of 
the visit has not been revealed to out- 
siders. But what makes the episode a 
bit curious is that the director of ISS, 
Alastair Buchan, who is on 3 months' 
leave to a Canadian university, saw 
Ellsworth in the United States prior 
to his visit here, and the ISS staff says 
that it knew nothing of Ellsworth's 
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visit until the morning of the day he 
showed up for a noon-to-5 p.m. discus- 
sion. Probably the whole matter can 
be explained in terms of crossed 
signals and the incoming administra- 
tion's desire to learn something about 
one of the more esteemed and unusual 
institutions of strategic scholarship. 
Nevertheless, if the administration is 
going to seek advice abroad, it is 
worth looking at what is possibly the 
first foreign organization to engage its 
interest. 

ISS, little known to the general pub- 
lic but extraordinarily well connected 
to western military and political circles, 
is a British incorporated, nongovern- 
mental, London-based organization 
founded in 1958. Listed as the found- 
ers were seven Britons, including Denis 
W. Healey, who is now Minister of 
Defence; there was also a retired ad- 
miral who was a director of Vickers- 
Armstrong, and the then-editor of the 
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