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Interfiber Forces During 
Wetting and Drying 

John Skelton 

In a previous article (1) I discussed the 
relative importance of frictional and elas- 
tic forces in determining the mechanical 
behavior of textile materials, and I showed 
that the recovery from imposed deforma- 
tion is a sensitive indicator of the magni- 
tude of interfiber frictional force. This fric- 
tional force is determined by the normal 
force between fibers and by the coefficient 
of interfiber friction, and in the previous 
article these parameters were treated as 
constants. In fact for most polymeric ma- 
terials both parameters can vary with tem- 
perature and moisture content, and during 
cycles of wetting and drying the frictional 
forces in a fibrous assembly consequently 
undergo a series of complex changes. The 
elucidation of the mechanisms of some of 
these changes provides an excellent ex- 
ample of the degree to which rather subtle 
physical principles are involved in a very 
commonplace phenomenon. 

Interfiber Forces in Dry and 

Immersed Assemblies 

As a starting point for the consideration 
of more complicated systems, I will discuss 
first the origins and nature of interfiber 
forces in dry and in totally immersed fi- 
brous assemblies. Commercial textile fi- 
bers have diameters in the range of 10 to 
30 micrometers (2), and at this scale the in- 
terfiber forces are mainly elastic in origin: 
that is, they arise because the individual fi- 
bers are in stressed configurations, and can 
only be maintained in these configurations 
through the action of forces at the points of 
contact with neighboring fibers. Calcu- 
lations predict, and measurements con- 
firm, that normal forces at the contact 
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points are typically in the rang 
micronewtons (3). This is app 
one order of magnitude great( 
Van der Waals forces between 
cylinders of the appropriate dio 
gaseous medium (4) and is man 
magnitude greater than the gr 
forces in the assembly (5, 6). At 
mospheric humidities the e 
forces between fibers are small 
very dry conditions, where the r 
polymeric fibers is markedly 
electrostatic forces become im 
and can even interfere with t 
processes of textile production. 

Relative motion of the corn 
the fibrous assembly is resisted 
tional forces that arise as a re 
normal forces, and for bulk mE 
which the true area of intimate 
much smaller than the geometr 
the contacting surfaces (8), a s 
portionality exists between 
forces. However, the contact re, 
crossed textile fibers, only a few 
crometers in area, is very sirr 
area of true contact, and for this 
tion the coefficient of friction, p 
the ratio of the frictional force 
mal force, is a function of both 
force and the diameter of th, 
Since the frictional force is fun 
a consequence of local adhesiol 
nitude of which is determined t 
of the shear strength to the mo( 
polymer, it is not surprising 
strong dependence of the coeff 
ber-fiber friction on temperatu 
midity (10). As the temperatur 
through the glass transition regi 
shear strength and the mo 
though at different rates, and t 
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the two properties can increase or de- 
crease: for example, the coefficient of fric- 
tion for nylon falls with increasing ambient 
temperature between -50? and 100?C, 
while that of polypropylene shows a 
marked rise over the same temperature 
range. Increasing the moisture content of a 
polymer lowers its glass transition temper- 
ature and is equivalent in effect to a rise 
temperature. However, the variation of p 
with humidity is a little less complex than 
the variation with temperature, probably 
because the modulus is decreased by the 
presence of moisture to a much greater ex- 
tent than is the shear strength. Most poly- 
mers showed a marked increase in 

e 10 to 100 coefficient of friction with increasing hu- 
)roximately midity: an excellent illustration of this in- 
er than the crease is found in the work of Duckett and 
contacting Cheng (11), who measured the energy loss- 

ameter in a es in an assembly of fibers over a wide 
ly orders of range of atmospheric humidities. 
ravitational A number of parameters controlling the 
normal at- interfiber frictional forces are affected 

,lectrostatic when a fibrous assembly is immersed in 
, but under water. Perhaps the most important change 
esistivity of is the fall in bending modulus which occurs 

increased, when most polymers are immersed in wa- 
portant (7) ter (12). This will reduce the normal forces 
the normal in open structures, but transverse swelling, 

which is commonly observed in textile fi- 
iponents of bers, can have the opposite effect in a 
by the fric- densely packed assembly (13). The trans- 
esult of the verse modulus is also reduced on wetting 
aterials, for (14), which should increase the frictional 
e contact is force, but the presence of liquid water at 
ical area of the fiber-fiber interface provides lubrica- 
simple pro- tion which will decrease the coefficient of 
these two friction. The net effect of these changes is 
gion of two usually, though not inevitably, a modest 
square mi- reduction in frictional force when a fibrous 

-ilar to the assembly is immersed in water. One con- 
s configura- sequence of this reduction may be readily 
i, defined as observed: if a wad of surgical cotton is 
to the nor- placed into water it will usually become 
the normal more voluminous, partly as a direct con- 
e fiber (9). sequence of fiber swelling, but mainly be- 
damentally cause the lowering of the frictional forces 
n, the mag- permits the fibers to move and relieve their 
by the ratio bending stresses (15). A contrary example 
dulus of the is provided by a tightly woven cotton can- 

to find a vas, which becomes dense and extremely 
icient of fi- stiff and boardy on immersion as the fibers 
ire and hu- attempt to swell against the already large 
re increases restraining forces (16). 
on both the 
dulus fall, 
the ratio of 
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Interfiber Forces in Drained and 

Drying Assemblies 

If the wad of cotton discussed above is 
removed from the containing vessel it is 
immediately apparent that for fibrous as- 
semblies the state of being wet in water is 
very different from that of being wet with 
water. As the water surrounding the wad 
drains away, the surface area of the water- 
air interface is minimized by the surface 
tension forces and the assembly becomes 
much more compact. The initial change in 
appearance is dramatic, but the effect on 
the interfiber forces is often quite small: 
the individual fibers are still completely 
surrounded by water, and the only effect of 

the compressive stress caused by the di- 
minishing interfacial area is to increase 
slightly the normal force between the fi- 
bers. As draining proceeds further, how- 
ever, the resistance of the assembly to fur- 
ther contraction exceeds the driving force 
of the draining liquid, and air strikes 
through and fills the larger pores in the as- 
sembly. At this stage of drying the fibers 
are connected to neighboring fibers by liq- 
uid bridges at each point of contact or near 
contact, and the portions of the fibers not 
in direct contact with liquid water begin to 
dry. 

The mechanisms and energetics of the 
wetting and draining of fibrous assemblies 
has been discussed in detail by Burgeni and 
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Fig. 1. Deformation of parallel contacting elastic cylinders by capillary liquid. FT = capillary force; 
FE = elastic force; and FM = maximum interfiber force. 
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Fig. 2. Variation of normal force per unit length of fiber in various textile assemblies with changing 
water content. 
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Kapur (17) and by Steiger and Kapur (18). 
These authors describe the refinement of 
an experimental technique originally used 
to investigate moisture equilibrium phe- 
nomena in soils (19). Their emphasis is on 
an understanding of the conditions leading 
to the maximization of the absorptive ca- 
pacity of fibrous assemblies, but the data 
presented includes curves for hydrostatic 
pressure versus volume for the adsorption 
and exsorption processes, from which it is 
possible to derive the sorption hysteresis 
energy losses. It is interesting that these ex- 
perimentally determined losses are com- 
pletely consistent with the work losses cal- 
culated for the capillary deformation of a 
fiber mass, using literature values for the 
normal force per contact and the number 
of fiber-to-fiber contacts per unit length 
(20). 

The magnitude of the interfiber forces 
set up by the liquid menisci during the late 
stages of drying are worthy of detailed 
study. The first extensive study of capillary 
effects between fibers was that of Preston 
and Nimkar (21), but some of their results 
were not expressed in a readily usable 
form. The mathematical problems asso- 
ciated with a complete general description 
of the air-water interface between con- 
tacting bodies are highly intractable (22), 
but for contacts between common textile 
fibers it is reasonable to make the assump- 
tion that the contact angle between the 
phases is zero and that in the final stages of 
drying the curvature of the meniscus is 
much greater than the curvature of the fi- 
ber surface. Under these circumstances the 
normal force between perpendicular con- 
tacting fibers is entirely attributable to the 
pressure differential across the air-liquid 
interface, and the magnitude of the force 
per contact is given by 2rDT, where D is 
the fiber diameter and T is the surface ten- 
sion of the liquid. The amount of liquid 
present in the bridge does not appear in 
this expression, so we may expect to find 
the same level of interfiber force over a 
wide range of moisture content. This con- 
clusion has been verified only to a limited 
extent for crossed fibers, but the mathe- 
matically identical problem of the calcu- 
lation of the normal force between con- 
tacting spheres, or between a sphere and a 
plane, has been extensively investigated, 
and it has been convincingly demonstrated 
that the normal force rapidly reaches a 
constant value as the amount of liquid in 
the capillary bridges decreases to zero (23). 

The expression given above for the nor- 
mal force at the contact zone is valid only 
for crossing fibers that are mutually per- 
pendicular; for other crossing angles a 
more complicated expression is required. 
It is of particular interest to consider the 
limiting case of parallel fibers, for which 
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Fig. 3 (left). Experimental arrangement for the measurement of interfiber 
frictional force in a fibrous assembly during a cycle of wetting and drying. 
Tup = tension in test fiber when container is moving upward; TDOWN = tension in test fiber when container is moving downward; W = tension 
weight; F = frictional force. Fig. 4 (right). Experimental arrangement for the simultaneous measurement of interfiber frictional force and water 
content of a fibrous assembly during a cycle of wetting and drying. S = weight of sample container. 

the capillary force per unit length does not 
approach a finite limit as it does for the 
perpendicular crossing, but theoretically 
becomes infinite as the volume of capillary 
liquid approaches zero (22, p. 27). In ac- 
tuality, the increasing normal force even- 
tually causes local elastic deformation of 
the fibers, which transforms what is theo- 
retically a line contact into an area con- 
tact, and this limits the magnitude of the 
force. The equilibrium between the capil- 
lary force and the elastic deformation is 
best explored by consideration of the half- 
angle 0 subtended at the center of the fiber 
by the boundaries of the liquid bridges, de- 
fined as shown in Fig. 1. The capillary 
force per unit length is given approximate- 
ly by FT = 4T/6, where T is the surface 
tension of the liquid, while the elastic force 
is given by FE = DE02/2, where D is the fi- 
ber diameter and E is the transverse modu- 
lus of the fiber material (24). As the vol- 
ume of liquid decreases the capillary force 
rises according to the relationship illustrat- 
ed in Fig. 1, until the elastic deformation, 
which tends to increase 0, is sufficient to 
offset the decrease in 0 caused by the di- 
minishing volume of liquid. This is a self- 
stabilizing configuration, and subsequent 
decreases in volume do not lead to an in- 
crease in the interfiber force. The maxi- 
mum attainable value of the interfiber 
force, FM, is given by the condition FM = 
FE = FT, which implies the relationship 

FM = (8DET2)1/3 

One of the interesting features of this ex- 
pression is that it suggests a relatively 
simple technique for the determination of 
the transverse modulus of fine fibers, a 
measurement which has proved extraordi- 
narily difficult to make (25). Preliminary 
measurements have been made in which 
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the force required to pull a fiber axially 
across a smooth glass plate was followed 
continuously as a small amount of liquid 
held by capillarity between the fiber and 
the plate was allowed to evaporate. This 
system is mathematically very similar (al- 
though not identical) to the system in- 
volving two parallel fibers, and the results 
were in good agreement with the theo- 
retical predictions. Much work is needed 
to refine the experimental technique, but it 
shows great promise. 

We have seen that the capillary force per 
unit length between contacting fibers 
reaches a limiting value for both per- 
pendicular and parallel arrays of fibers as 
the amount of liquid is reduced. In fact it is 
possible to demonstrate that a limit is 
reached for all orientations of the crossing 
fibers, with the two cases discussed above 
forming the extreme values of the limit. 
The ratio of the two extreme values can be 
readily calculated. For the parallel fibers 
the force per unit length is given directly by 
the expression Fll = (8DET2)1/3. The cal- 
culation for the perpendicular crossing 
gives the force per contact and in order to 
evaluate the force per unit length of fiber 
we must make some assumptions con- 

S (Tu+ TD)/2 

cerning the density of contact points. The 
number of contact points per unit length is 
inversely proportional to the diameter of 
the contacting fibers (6), since in physical 
terms the diameter of the elements of the 
fibrous assembly sets the scale for all the 
geometrical properties of the assembly. 
For the purpose of this discussion I have 
chosen a system in which the contacts are 
spaced apart by a distance equal to two fi- 
ber diameters, which represents an assem- 
bly with close to the maximum attainable 
density. For such an assembly the force per 
unit length of the fiber is given by Fj = 
27rDT X (1/2D) = 7rT. The ratio of the 
force per unit length for parallel and per- 
pendicular assemblies is then given by 

FL/Fj = (8DET2) 1/3/rT 
0.6(DE/T)1/3 

For typical textile fibers D = 20 Am, 
and the transverse modulus may be taken 
as 3.0 x 108 newton/m2 (26). Substituting 
these values in the expression above leads 
to 

FII/F .- 25 

Thus the force per unit length between 
fibers in a parallel assembly of fibers is be- 

Fig. 5. Schematic experimental record for the arrangement shown in Fig. 4. 
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tween one and two orders of magnitude 
greater than the force per unit length in a 
perpendicular assembly. Common mani- 
festations of the large interfiber forces in 
wetted parallel fibrous arrays are mani- 
fold: paint brushes rely on the phenomenon 
for their usefulness, and locks of wet hair 
are highly consolidated by the capillary 
forces. We are all familiar with the prac- 
tice of moistening the end of a yarn before 
threading a needle: in this case the capillar- 
ity provides sufficient interfiber force to ef- 
fectively change the yarn from an assembly 
of individual fibers to a monofilament, 
with a corresponding increase in flexural 
stiffness which is of the order of the num- 
ber of fibers in the yarn (27)-approxi- 
mately 100 for a typical yarn. 

The examples mentioned above are for 
highly ordered parallel assemblies. In 
more random assemblies the number of to- 
tally parallel interfiber contact regions is 
much lower, and in order to estimate the 
average force per unit length in this case it 
is necessary to know the relative abun- 
dance of parallel and perpendicular con- 
tact points. This is a difficult estimate to 
make, but such evidence as exists suggests 
that the abundance of parallel contacts is 
approximately one order of magnitude less 
than the abundance of perpendicular con- 
tacts (28). Combining this information 
with the estimate of the relative force lev- 
els, we are led to the remarkably simple 
conclusion that the capillary force per unit 
length on a fiber will usually reach a limit- 
ing value which is to a good approximation 
independent of the degree of order of the 

assembly, provided that it is not entirely 
parallel in its organization. The theoretical 
variation of force with moisture content 
for various assemblies is illustrated in Fig. 
2: note that a woven fabric provides exam- 
ples of both limiting types of interactions, 
since the fiber-to-fiber contacts within the 
yarns are essentially parallel in nature, 
while the contacts between yarns at the 
crossover points in the fabric are almost 
entirely perpendicular. 

Experimental Verification 

The discussion in the previous sections 
has been concentrated heavily on the theo- 
retical aspects of the problems. What ex- 
perimental techniques and results are 
available to lend support to the overall pic- 
ture that has been developed of the varia- 
tion of interfiber forces during wetting and 
drying? The simplest experimental ap- 
proach involves a modification of a tech- 
nique first described by Litav et al. (29), 
who used the frictional force experienced 
by a steel plunger passing through a wad of 
fibers to investigate the transmittal of com- 
pressive forces in the assembly. The sub- 
stitution for the plunger of a filament iden- 
tical in composition and diameter with the 
fibers making up the assembly permits the 
direct measurement of the fiber-to-fiber 
frictional force. Since the test filament, un- 
like the steel plunger, is incapable of sus- 
taining compressive force, it is necessary to 
ensure that it is always under tension: a 
suitable experimental arrangement is 

FRICTIONAL FORCE 
MILLINEWTONS/CM 

400 

300 c 

200 

I 

! 20 

B 

Tit l j' i 
F.lll [Hlln : .RR R ; nI 

:l4l . 8 1 12 'I '..10. 

40 60 80 100 120 140 160 

MINUTES 

Fig. 6. Experimental record of interfiber frictional force for viscose rayon surgical wadding, showing 
the behavior at various stages of the wetting and drying cycle. (A) Assembly equilibrated at 65 per- 
cent relative humidity and 20?C. (B) Assembly immersed in water. Immersion reduces the average 
force level because of the buoyancy effect of the displaced water. As the crosshead moves up and 
down the specimen holder is immersed to a greater or lesser extent, and the force trace shows a saw- 
tooth variation. (C) Assembly draining. The water content of the assembly is here a maximum, and 
the force trace has its highest average level. The hot air blower was started just after the removal 
from the water. (D) Between C and D the assembly is losing water by draining and by evaporative 
loss. Point D marks the initiation of capillary bridging between fibers and a marked increase in the 
interfiber frictional force. (E) Between D and E the assembly is losing water mainly by evaporation 
at an almost constant rate. The frictional force also remains constant over this range, then falls rap- 
idly at E as the last traces of liquid water disappear. (F) The assembly is fully dry and weighs a little 
less than in the conditioned state at A. The hot air was switched off at F and the assembly slowly in- 
creased in weight again as moisture was absorbed from the ambient air. 
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shown in Fig. 3. The fibrous assembly is 
constrained in an open mesh container 
which is continually driven up and down, 
and the total tension, T, is measured by a 
load cell and its variation with time is re- 
corded. When the assembly is moving 
down the frictional force, F, adds to the 
tension, W, supplied by the weight, and 
when the assembly is moving up the fric- 
tional force is in the opposite direction. 
Thus the envelope of the experimental 
curve defines a force whose magnitude is 
twice the frictional force experienced by 
the test fiber (Fig. 3). 

The entire apparatus is enclosed in a 
container equipped with suitable con- 
nections for filling and draining. In this 
way the fibrous assembly can be totally im- 
mersed and subsequently drained, and the 
variation of frictional force can be fol- 
lowed throughout a complete cycle of wet- 
ting and drying. The technique works very 
well, but it suffers from the shortcoming 
that the amount of water present in the as- 
sembly at any instant is not accurately 
known. Since our main interest in this in- 
vestigation is the variation of frictional 
force with water content, it is obviously de- 
sirable to have simultaneous measure- 
ments of these two parameters. An ex- 
tremely elegant modification of the origi- 
nal experimental arrangement, suggested 
by my colleague N. J. Abbott, allows these 
measurements to be made. The modified 
arrangement, which is shown in Fig. 4, dif- 
fers from the previous arrangement only in 
that the test fiber with its tensioning weight 
is now driven up and down and the speci- 
men holder and the fibrous assembly under 
investigation are suspended from the load 
cell. This duplicates all the essential fea- 
tures of the original arrangement, but now 
the frictional force is added to and sub- 
tracted from the weight, S, of the specimen 
and holder. A schematic experimental 
record is shown in Fig. 5. As before, the en- 
velope of the curve defines the frictional 
force, but in addition the mean level of the 
curve measures the weight of the container 
and test assembly, and by subtracting out 
the known weight of the container an accu- 
rate measure of the amount of water 
present in the system at any instant is 
available. 

An actual experimental record obtained 
using this technique is shown in Fig. 6, 
which illustrates many of the points men- 
tioned earlier in the discussion. The test 
specimen was viscose rayon surgical wad- 
ding which had been previously wet out 
and dried several times in order to stabilize 
its response to water. In the dry state 
that is, with the assembly equilibrated in 
air at 20?C and 65 percent relative humidi- 
ty-the frictional force per unit length for 
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the assembly was 14 millinewton/cm. On 

immersion this increased to 25 millinew- 

ton/cm and immediately after draining it 

increased again, to 59 millinewton/cm. 
The assembly was then fully saturated and 
was holding approximately 900 percent by 
weight of water. After a short interval the 

assembly was exposed to a current of hot 
air (600C) which was maintained until the 

assembly was dry. The rapid increase in 
frictional force associated with the in- 

cursion of air into the assembly and the on- 
set of the capillary mode of water retention 
at a water content of 700 percent is evident 
in Fig. 6, as is the long period of constant 
rate of drying during which most of the 
water was removed and the frictional force 
remained essentially constant at a value of 
133 millinewton/cm, approximately ten 
times the force in the dry state. As the last 
trace of liquid water disappeared, the fric- 
tional force was rapidly and drastically re- 

duced, and for the hot, dry assembly had 
the constant value 16 millinewton/cm. At 
this point the heater was switched off and 
the assembly was allowed to return to equi- 
librium with the original atmosphere: the 
small increase in weight attributable to the 

adsorption of water could be detected, to- 

gether with a concomitant small decrease 
in the frictional force load to its original 
level. Thus, the assembly was taken 

through a repeatable cycle of wetting and 

drying, and throughout the cycle simulta- 
neous measurements of the frictional force 
and water content of the assembly were 
made. The results were in full accord with 
the previous theoretical discussion. 

Applications and Remaining Problems 

No mention has yet been made of the 
usefulness of the concepts and measure- 
ments described above. This is a relatively 
new field of investigation, and the details of 

many problems have not yet been worked 
out. However, the ideas have considerable 
usefulness in many aspects of the com- 
mercial wet-finishing of textile materials. 
Fabrics as they are produced are often 
harsh and boardy to the touch, and accept- 
able handling characteristics are obtained 

only after their mechanical properties and 
esthetic qualities have been changed by a 
suitable sequence of wetting and drying op- 
erations (30). A more familiar example of 
this is the behavior of fabrics when they are 
laundered. This is a complex and difficult 
area of investigation and the details of the 
interactions are obscure, but there is no 
doubt that the appearance of a fabric after 
laundering is influenced to a large extent 

by the magnitude of the interfiber forces 

during washing and drying (31). 
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The concept that changes in the inter- 
fiber forces during drying can influence the 
mechanical properties of the dried fabric is 
not difficult to comprehend. However it is 
now becoming apparent that a deeper level 
of interaction exists, and recent work has 
suggested that the interfiber forces can af- 
fect the nature and the rate of the drying 
process itself (32). One area of application 
where an understanding of these inter- 
actions could be valuable is commercial 
papermaking; this consists almost entirely 
of a series of dewatering and drying pro- 
cesses, carried out at very high rates of wa- 
ter removal, and small increases in the 
drying rate can lead to large economic ad- 
vantages. In fact, paper may be the ulti- 
mate manifestation of the development of 
interfiber forces during drying. It consists 
of a dense network of small cellulose fibers 
(33), which are brought into such intimate 
contact by the development of high capil- 
lary forces that hydrogen bonding is estab- 
lished between the fibers at the contact re- 
gions (34). In this system, therefore, the 
forces of interfiber bonding must increase 
enormously as the last traces of water are 
removed, and the fully dry assembly devel- 
ops the high cohesion that gives paper its 
good mechanical strength. The devel- 
opment of these interfiber forces has not 
been studied explicitly in much detail, and 
this is a fascinating area for further study. 

Conclusions 

Many of the mechanical properties of 
polymeric materials are sensitive to varia- 
tions in moisture content and temperature, 
and consequently large changes can take 
place in the properties of fibrous assem- 
blies during wetting and drying. These 
changes are attributable to both intrinsic 
fiber behavior and the complex inter- 
actions between fibers in the assembly. The 
interactions are particularly complicated 
by the presence of capillary water at the 
contact points, and as the last traces of liq- 
uid water are removed the surface tension 
forces dominate the behavior of the assem- 
bly. The study of these changing inter- 
actions provides a wide variety of theo- 
retical and experimental challenges, and 
leads to a new appreciation of the com- 
plexity that can underlie apparently simple 
processes. 
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Recognition of nonself antigenic config- 
urations on infectious agents, tumors, and 
assorted macromolecules is mediated by 
specific receptors that occur on the surface 
of lymphocytes. Knowledge of the nature 
of these recognition molecules is critical to 
an understanding of the mechanisms of im- 
mune function. Although immunologists 
have pondered the problem of antigen rec- 
ognition for over 70 years (1), studies that 
provide definite information on the mo- 
lecular properties of lymphocyte receptors 
for antigen were performed only within the 
past few years. It is now possible to draw 
general conclusions regarding antigen-spe- 
cific receptors on bone marrow-derived 
lymphocytes (B cells) and on thymus-de- 
rived lymphocytes (T cells). The viewpoint 
I develop in this article is that membrane- 
associated immunoglobulin related to the 
immune macroglobulin antibodies (that is, 
the immunoglobulin M, or IgM, class) 
serves a recognition role in many immuno- 
logically specific reactions of both B and T 
lymphocytes. 

Basic properties of lymphocyte popu- 
lations. Members of lymphocyte popu- 
lations within an individual animal are 
phenotypically restricted in their capacity 
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to respond to antigens. In accordance with 
the clonal selection hypothesis of Burnet 
(2), sometime during the ontogenetic de- 
velopment of lymphocytes, the individual 
cells become committed to the extent that 
each lymphocyte can respond to only one 
antigen. It is thought that each cell ex- 
presses on its surface one type of receptor 
for antigen. Combination of the proper an- 
tigen with this receptor initiates the chain 
of immune differentiation that results in 
the production of antibodies to the antigen. 
The most obvious molecular candidate for 
the role of cell surface receptor for antigen 
is the antibody itself; a conjecture that was 
stated as early as 1900 by Ehrlich (1). 
However, direct proof of this "minimal hy- 
pothesis" has been difficult to attain for 
two reasons. First, clonal restriction of the 
response made precise studies arduous be- 
cause few cells in a normal population- 
for example, usually at most only one cell 
in a thousand (3)-respond to a given anti- 
gen. This problem necessitated the devel- 
opment of methods capable of analyzing 
binding of antigen by individual cells and 
hindered quantitative biochemical ap- 
proaches that measure bulk or average 
properties of a cell population. The second 
problem arises from recent discoveries that 
functionally distinct classes of lympho- 
cytes exist and play specialized roles in the 
generation of an immune response. 
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Lymphocytes in the mouse and in vari- 
ous other mammals and birds can be di- 
vided into two broad categories on the 
basis of surface markers and functional 
properties (4). Such cells develop in ontog- 
eny from cells of the hemopoietic system. 
Hemopoietic stem cells arise in the yolk 
sac of the embryo and localize in the bone 
marrow of the adult mammal. The stem 
cells ancestral to lymphocytes are gener- 
ated in the bone marrow, but migrate to 
primary lymphoid organs such as the 
thymus and the bursa of Fabricius in birds 
or the bursal equivalent in mammals where 
they differentiate, respectively, into T cells 
and B cells. Both types of cells possess spe- 
cific receptors for antigen. The B cells are 
the precursors of antibody-forming cells, 
whereas T cells are responsible for cell-me- 
diated immune reactions such as rejection 
of allografts, elimination of tumors, and 
delayed hypersensitivity reactions and, 
moreover, can act as "helper cells" that 
collaborate with B cells in the generation 
of antibodies to certain antigens. Largely 
because of the ease with which surface im- 
munoglobulin is demonstrable on B cells, 
the present consensus is that the receptor 
for antigen on these cells must be immuno- 
globulin. The situation has not been so 
clear with T lymphocytes. In the first 
place, it has been considerably more diffi- 
cult to detect surface immunoglobulin on 
T cells than on B cells, and varied results 
have been reported. As is cited below, sur- 
face immunoglobulin of T cells has now 
been shown by a number of techniques. 
Another aspect of the problem clouding 
the nature of the T lymphocyte receptor 
for antigen stems from the fact that all 
functions carried out by T lymphocytes are 
not necessarily immunological (5, 6), and it 
is inaccurate to speak of "the" T cell re- 
ceptor. In general, it might be more apt to 
restrict comments to T cells carrying out a 
particular function. 

Some of the heterogeneity of surface 
recognition processes of lymphocytes are 
shown in Fig. 1, by presenting a hypotheti- 
cal scheme depicting the evolutionary ori- 
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