
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 22 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

The Journal of Adhesion
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

Elastic Analysis of the Loop Tack Test for Pressure Sensitive Adhesives
Raymond H. Plauta; Nurocha L. Williamsa; David A. Dillarda

a Center for Adhesive and Sealant Science, Virginia Polytechnic Institute and State University,
Blacksburg, VA, USA

To cite this Article Plaut, Raymond H. , Williams, Nurocha L. and Dillard, David A.(2001) 'Elastic Analysis of the Loop
Tack Test for Pressure Sensitive Adhesives', The Journal of Adhesion, 76: 1, 37 — 53
To link to this Article: DOI: 10.1080/00218460108029616
URL: http://dx.doi.org/10.1080/00218460108029616

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713453635
http://dx.doi.org/10.1080/00218460108029616
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J Adhesion. 2001. Vol. 76, pp. 37-53 
Reprints available directly from the publisher 
Photocopying permitted by license only 

81 2001 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science Publishers imprint, 
a member of the Taylor & Francis Group. 

Elastic Analysis of the 
TackTest for Pressure 
Sensitive Adhesives 

Loop 

RAYMOND H. PLAUT*, NUROCHA L. WILLIAMS 
and DAVID A. DILLARD 

Center for Adhesive and Sealant Science, Virginia Polytechnic 
Institute and State University, Blacksburg, VA 24061-0201, USA 

(Received 31 August 2000; In final form 75 November 2000) 

The behavior of pressure sensitive adhesive (PSA) tapes is sometimes examined via the 
loop tack test, in which a loop of the tape is brought into contact with a flat surface and 
then pulled away. A numerical analysis of the test is presented here. The loop is treated 
as an elastica, but with a nonlinear moment-curvature relation, so that the material 
is assumed to be elastic and inextensible. Debonding at the edge of the contact region is 
assumed to occur when the adhesive reaches a critical elongation. This elongation is 
assumed to depend on the maximum contact pressure and, in part of the results, on the 
length of time of contact. Shapes of the loop and values of the corresponding forces are 
obtained using a shooting method, and the effects of the stiffness and thickness of the 
adhesive and backing are examined. 

Keywords: Loop tack; Pressure sensitive adhesive; Numerical analysis; Elastica; Elastic 
foundation; Shooting method 

1. INTRODUCTION 

The loop tack test has been used in industry to investigate the behavior 
of a strip (e.g. ,  a tape) consisting of a backing with a pressure sensitive 
adhesive. The ends of the highly-flexible strip are brought together and 
clamped, with the adhesive on the outside, to form a teardrop shape 
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38 R. H. PLAUT el al. 

(see Fig. la). The top of the strip is moved downward and the loop 
makes contact with a horizontal, rigid substrate. After a certain 
contact area is attained, the loop may be held for a short time (the 
dwell time) and then the top is pulled upward until the loop separates 
from the substrate. Measurements are made of the deflection at the top 
of the loop and the associated applied vertical force. Often the 
maximum force reached as the loop is pulled off the substrate is called 
the tack or pull-off force. The objective of this paper is to formulate 
the basic loop tack test mathematically and develop a simple 
numerical solution procedure to compute the essential characteristics 
of the behavior of the loop. Such a methodology could prove useful in 
interpreting the results of these tests, which reportedly depend on 
several factors in addition to the adhesive used. 

Short descriptions of the loop tack test are presented in Pizzi and 
Mittal [l]  and Satas [2]. Muny [3] discussed various PSA tests, includ- 
ing loop tack, and Lin [4] obtained separation forces for loop tack tests 
on four surfaces. The relation between ultraviolet dose and loop tack 
was examined by Brockmann and Geiss [5 ] .  Chuang et al. [6] com- 
pared the Avery Adhesive Test with the loop tack test. Roberts [7,8] 
described FINAT test method number 9 for loop tack and compared 
results of tests carried out on three sets of tapes by 13 laboratories, and 
Tobing and Klein [9] listed experimental results for loop tack. 

Hu et al. [lo], Duncan and Lay [I  I], and Duncan et al. [I21 
presented numerical results obtained with the use of the finite element 

FIGURE 1 Illustration of (a) loop before contact with foundation, (b) pushing phase, 
and (c) pulling phase. 
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ANALYSIS OF THE LOOP TACK TEST 39 

method. The loop was assumed to be elastic, and the tack force 
decreased as the stiffness or thickness of the backing increased. Plaut 
et al. [13,14] examined the behavior of an elastica loop pressed 
against a rigid, flat surface. In [14], the work of adhesion between the 
loop and the substrate was modeled using JKR and DMT types of 
analyses. 

Here the loop is an adhesive tape, consisting of a backing and a 
PSA. Various assumptions are made. The strip is unstrained when it is 
flat. It is thin, uniform, inextensible, and (unlike [13, 141) nonlinearly 
elastic. Anticlastic curvature is neglected, as well as the weight of the 
strip. As the loop is pulled upward, it continuously debonds from the 
substrate at the ends of the contact zone when the adhesive reaches a 
certain critical elongation, which depends on the pressure that has 
been applied at  that location and, in one part of this study, on the time 
of contact (but indirectly, since time dependence is not included in the 
analysis). The adhesive is assumed to be located on the substrate 
rather than on the loop, which is equivalent if the influence of the 
adhesive on the bending stiffness is neglected, and if the resisting forces 
only depend on the vertical elongation of the adhesive, as assumed 
here. (In fact, the adhesive is attached to the substrate in one of the 
standard British loop tack tests, and in the probe tack test [15].) The 
adhesive is modeled as an elastic Winkler foundation (i.e., a 
continuous distribution of independent vertical springs), as has been 
done sometimes in the analysis of the peel test [16]. 

In the next section, the problem is formulated. Results for cases in 
which the contact time is not included are presented in Section 3. 
Equilibrium shapes and corresponding forces are determined. In 
Section 4, the contact time is introduced and results are obtained. 
Conclusions are given in Section 5. 

2. FORMULATION 

The “pushing” phase will refer to the period when the top of the loop 
is moving downward (Fig. 1 b), and the “pulling” phase will refer to 
the subsequent time when the top is moving upward (Fig. lc). The 
mathematical formulation and results will be presented in nondimen- 
sional terms. In Figure 1, point A represents the bottom of the loop, 
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40 R. H. PLAUT et al. 

point B is at the right end of the contact zone, and point C is at the top 
of the loop. The height of point C above the unstrained level of the 
foundation is denoted h, and the distance of point B above that level is 
denoted u. Therefore u = 0 during pushing (when B is at the unstrained 
foundation level) and u > 0 during pulling (when the adhesive near the 
detachment point B is stretched). The horizontal distance b from A to 
B will be called the contact length. 

Due to symmetry, only the right half of the loop will be analyzed, as 
shown in Figure 2a. For the section BC of the loop that is not in 
contact with the foundation, the horizontal coordinate is x, the vertical 
coordinate is y, the arc length is s, the total arc length from B to C is 
sc, and the angle of the tangent with the horizontal is 8. At C ,  the 
horizontal and vertical forces are p and r, respectively, and the bending 
moment is mc. For the section AB in contact with the foundation, the 
coordinates are < and 77, the arc length is z, and the angle with the 
horizontal is 4. Both coordinate systems have their origin at B, to 
simplify the solution procedure. The bending moment at A is mA and 

r t  't Tm(s+ds) 

m(z+dz) 

FIGURE 2 Illustration of (a) right half of loop, (b) free-body diagram of element in 
section BC, and (c) free-body diagram of element in section AB. 
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ANALYSIS OF T H E  LOOP TACK TEST 41 

the horizontal force at  A is p. Positive senses are shown in Figure 2a. 
The distributed force on section AB is k(7-u) and acts upward if 
q > u. 

The quantity r represents half the total vertical force on the loop 
at its top. Dimensional lengths can be obtained by multiplying the 
nondimensional lengths (such as h, u, b, x, and y) by L, which is half 
the dimensional length of the actual loop. Dimensional forces 
are found by multiplying nondimensional forces (such as p and r) 
by EI/(L2), where E is the initial modulus of elasticity of the backing 
and I is the moment of inertia of the rectangular cross section of 
the backing. Multiplying m, mA, and mc by EI/L furnishes dimension- 
al bending moments. The nondimensional foundation stiffness, k, 
is related to the dimensional stiffness, K, of the adhesive by k =  
KL4/( El). 

In dimensional terms, if the backing and adhesive have width W, if 
the backing has thickness Hb, and if the adhesive has thickness H, and 
is linearly elastic with modulus of elasticity E,, then 

For example, if L = 45 mm, E = 1,000 MPa, E, = 0.15 MPa, 
Hb = 0.25 mm, and H, = 0.05 mm, then k = 2.4 x lo6. The stiffness, 
k, basically represents the relative stiffness of the adhesive to the 
backing. Numerical results will be presented for k = lo6 and k = lo4 
(a stiffer backing). 

The bending resistance of the adhesive is neglected. It is assumed 
that the moment-curvature relation for the backing follows a power 
law, with the material becoming weaker as i t  bends. The particular 
law chosen in the numerical examples will be given in Eqs. (2c) 
and (3c). It leads to maximum curvatures that are about twice as 
great as they would be for a linearly-elastic backing with modulus of 
elasticity E. 

A free-body diagram of an element from s (at the bottom) to s+ds 
on segment BC is depicted in Figure 2b. The governing equations for 
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42 R. H. PLAUT et al. 

segment BC are as follows: 

= sine, dY 
ds 
- 

- = m + 0.01 m3, 
de 
ds 

dm 
- = -p sin 0 - r cos 8. 
ds 

Equations (2a) and (2b) follow from geometry, Eq. (2c) is the 
nonlinear moment-curvature relation, and Eq. (2d) describes equili- 
brium of moments. Figure 2c shows a free-body diagram of an element 
from z (at the top) to z+dz on segment AB. The vertical force is g(z). 
The governing equations for segment AB, including equilibrium of 
vertical forces, are 

= cosq5, dC 
dz 
- 

= sin+, 9 
dz 

= -(m + 0.01 m3), - dq5 
dZ 

dm 
- = p sin+ - gcosq5, 
dz 

The boundary conditions at  C are x = - b and 8 = 4 2 .  At A, [ = b, 
q5 = 0, and g = 0 (due to symmetry of the loop). The conditions a t  B are 
as follows: x, y, < and q are zero, + = 0, g = - r, and m is continuous. 
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ANALYSIS OF THE LOOP TACK TEST 43 

Numerical solutions are obtained with the use of a shooting method 
[17]. The nondimensional length of the right half of the loop is unity. 
In order to combine Eqs. (2) and (3) with a single length, t, that varies 
from zero at B to unity at C and A, t is defined as s / sc  for Eqs. (2) and 
as z/(l - s c )  for Eqs. (3). The nine equations are written in terms o f t .  
There are seven “initial” conditions at  t = 0 ( i .e . ,  at B), leaving two 
unknown initial conditions. The five unknown quantities are taken to 
be f l (O) ,  m(O), r, p, and sc. As described above, there are five known 
“end” conditions at t = 1 (Le., at C and A). Thus, for fixed values of b, 
k, and u, the five unknown quantities are varied systematically until 
numerical integration of the nine governing equations from t = 0 to 
t = 1 leads to satisfaction of the five end conditions with sufficient 
accuracy. The programs NDSolve and FindRoot in Mathematica 
[18-201 are utilized to carry out this shooting procedure. Once the 
unknown quantities are computed, the forces, moments, and shape of 
the loop can be obtained. 

3. DEBONDING INDEPENDENT OF CONTACT TIME 

In this section, it is assumed that the debonding criterion depends on 
the pressure but not on the time of contact. The program is run for a 
series of values of the contact length, b. The loop is pushed down until 
b = 0.20 (i.e.,  the maximum contact length of the loop is one-fifth of 
the length of the loop), which is used in some loop tack tests. During 
the pushing phase, b is chosen to be 0.01,0.02,. . . ,0.20. The stiffness k 
is fixed, and u=O in Eq. (3e). For each value of b, the numerical 
solution is obtained. With k = lo6, the shapes for contact lengths 
b=0.01, 0.05, 0.15, and 0.20 during pushing are shown in parts 
(a)-(d), respectively, of Figure 3. 

Although it cannot be seen in Figure 3, the strip may oscillate in the 
contact region. Figure 4 uses a highly exaggerated scale of the 
nondimensional vertical deflection to show this for the whole contact 
region. When b=0.05, the deflection is not oscillatory, but when 
b = 0.10, 0.15, and 0.20, the deflections have a local maximum at the 
center (point A) and then local minima before reaching zero deflection 
at the ends of the contact region (i.e., at B). In fact, for b = 0.15 and 
0.20, the central part of the loop rises above the unstrained location of 
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(el (f) (9) (h) 

FIGURE 3 Equilibrium shapes of loop during pushing for k = lo6 with (a) b = 0.01, 
(b) b=0.10, (c) b=0.15, and (d) b=0.20, and during pulling with (e) b=0.15, (f) 
b=0.10, (g) b=0.05,  and (h) b=0.015. 
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FIGURE 4 Illustration of deflection in contact region during pushing at four values of 
b for k = lo6. 

the foundation and is pulled downward by the adhesive. These 
features also occur in problems involving beams attached to elastic 
foundations [21]. 
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The bottom solid curve in Figure 5 shows how the vertical force, 
r, and the height, h, of point C are related. Just before the loop 
makes contact with the substrate, h = 0.8486, p = 9.913, mA = 5.384, 
and mc= -3.028 [13]. As the loop is pushed downward, r de- 
creases to negative values and h decreases. At b=0.20, it is found 
that r =  -30.2, h=0.448, p=4.14, mB= 1.35, mc= -6.55, and 
OB=0.030, where mB and Os denote the bending moment and 
angle (in radians), respectively, at point B. The relation for k =  lo4 
is shown by the bottom solid curve in Figure 6. When b=0.20 for 
this case, r =  -23.5, h=0.581, p=6.16, mB=2.95, mc= -5.32, 
and OB=0.255. Figures 7 and 8 show the corresponding relations 
between the force r and the contact length b along the bottom solid 
curves for k = lo6 and k = lo4, respectively. Naturally b increases as 
the top of the loop is pushed downward (i.e., as r becomes more 
negative). 

When the top of the loop is pulled upward, the adhesive resists 
debonding. The detachment point B lifts above the unstrained level of 
the foundation. It is assumed in this section that detachment occurs 
when the elongation of the foundation ( ie . ,  the adhesive) reaches the 
value u = 5qmax where qmax is the maximum downward deflection that 
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FIGURE 5 Vertical force versus loop height for k = 10'. 
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FIGURE 7 Vertical force versus contact length for k = lo6 

occurred previously at that location. Since the foundation pressure is 
proportional to the deflection, this criterion is directly related to the 
maximum pressure. Creton [22], among others, stated that the tack of 
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FIGURE 8 Vertical force versus contact length for k = lo4. 

PSAs increases with an increase in pressure. The factor five is chosen 
arbitrarily to obtain the numerical results in this study. 

The maximum deflection that occurred is found numerically from 
the results at  previously-considered values of contact length, b. First, b 
is set at  0.19. For k = lo6, the downward deflection at  that location at  
the end of pushing was 0.00024. Thus, the quantity u in Eq. (3e) is put 
equal to five times that value, and the system of equations is solved. 
Next, b = 0.18 is considered. At that location, the downward deflection 
when b = 0.19 during pushing was 0.00023, when b = 0.20 it was 
0.00037, and when b = 0.19 during pulling the deflection was upward. 
Thus, u is taken as five times 0.00037 and the solution for b = 0.18 is 
obtained. This procedure is continued as pulling commences and b 
decreases, considering all previous deflection values. For b = 0.15 and 
smaller, the maximum downward deflection occurs during the 
previous part of the pulling phase rather than during the pushing 
phase, i.e., the central part of the contact region is pushed further into 
the substrate as the top of the loop is pulled upward. When b becomes 
small, results are computed for additional values of b as the force and 
height increase toward their maximum values before pull-off takes 
place. 
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For k = lo6 and lo4, respectively, the upper solid curves in Figures 5 
and 6 show the relation between r and h during pulling. Consider 
Figure 5 first. The initial part of this curve is only slightly above the 
curve for pushing. It then reaches a peak at r=88.9, which is the 
nondimensional tack force. At this peak, h = 0.956, b = 0.01 5, 
p = 13.2, me = 9.93, mc = - 1.39, and Be = 0.329. In the standard 
loop tack test, the displacement of the top of the loop is controlled and 
the curve continues a little further until h reaches its largest value, 
0.957, and r reduces to 88.5. Separation of the loop from the substrate 
occurs at  that point. 

Dashed curves represent equilibrium states which exist mathema- 
tically between the point with the largest height, h, and the point at 
which the test cycle began. These states do  not occur physically during 
the test, since the loop separates completely from the substrate before 
these states can be reached. 

The scales in Figures 5 and 6 are not the same. For k =  lo4 in 
Figure 6, the tack force is r = 43.1. Associated quantities are h = 0.899, 
b=0.069, p=11.9, mB=5.96, mc= -1.76, and Bg=0.829. For 
displacement control, the largest value of h is 0.917, with a cor- 
responding force r=32.6. Due to a relatively stiffer backing here, 
these forces and heights are smaller than in Figure 5. 

For k =  lo6, the shapes of the loop during pulling are depicted 
in parts (e)-(h) of Figure 3 for b=0.15, 0.10, 0.05, and 0.015, 
respectively. Figure 9 shows the corresponding exaggerated shapes in 
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- 
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3 

FIGURE 9 Illustration of deflection in contact region during pulling at four values of 
b for k = lo6. 
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ANALYSIS OF THE LOOP TACK TEST 49 

the contact region for b=0.20. 0.15. 0.10, and 0.05. The plot for 
b = 0.20, at the end of pushing and beginning of pulling, naturally is 
the same as in Figure 4, but with a different vertical scale. In Figure 9, 
the values of the deflection, u, at  the edge of the contact region are 
0.0022, 0.0032, and 0.0039, respectively, for b = 0.15, 0.10, and 0.05. 
The shapes for the last two values of b do not oscillate. 

4. INCLUSION OF CONTACT TIME 

In standard loop tack tests, the top of the loop is pushed downward at  
a constant speed, and then pulled upward at the same constant speed. 
Sometimes there is no dwell time between these phases (e.g., in FINAT 
test method number 9 [7]). If it assumed that the speed is constant and 
that the dwell time is negligible (or that the change of adhesion 
properties is negligible during the dwell time), then the effective time 
that a location on the strip is in contact with the substrate can be 
computed from the change of height during pushing and pulling. 

Since the strip is almost flat in the contact region, a horizontal 
position is essentially associated with a location on the strip. For 
example, consider b = 0.16. Let h, be the value of h when the loop 
initially comes into contact at b=0.16 during pushing, let hp be the 
height at the end of the pushing phase, and let hD be the height when 
the loop detaches at  b = 0.16. The total change is Ah = (h, - hp)+ 
(hD- hp). It is assumed in this section that the resistance to pull-off 
increases as the time of contact increases, so that the critical elongation 
length increases as Ah increases. To obtain numerical results, this 
length is arbitrarily chosen to be 

u = ( 5  + IOAh)~,,,,,. (4) 

This criterion would be the same as in the previous section if the 
coefficient of Ah were set equal to zero. Since the value of hD is not 
known until the solution is known (for the particular value of contact 
length, b), an iterative procedure is required. 

Results for k = lo4 are presented in Figures 10 (r versus h) and 11 
(r verms b). Since the critical length of the adhesive for debonding 
is higher than in the previous section, the tack force will be higher. 
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FIGURE 10 Vertical force versus loop height for k = lo4 including effect of contact 
time. 
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FIGURE 1 I Vertical force versus contact length for k = lo4 including effect of contact 
time. 
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Here it is r =  118 (compared with r=43.1 in Figs. 6 and 8). Corre- 
sponding to this peak, h = 0.905, b = 0.065, p = 16.2, mH = 5.54, 
mc = - 1.48, and OB = 1.15. If  the displacement is controlled, the loop 
separates when h = 0.940, where r = 68.4. 

5. CONCLUDING REMARKS 

A mathematical formulation of the loop tack test has been presented, 
and the governing equations were solved numerically with the use of a 
shooting method. Large deflections were considered. The adhesive 
tape was assumed to be nonlinearly elastic, with the bending resistance 
weakening as the moment increased. Stretching of the backing was 
neglected, as was its weight. The adhesive was modeled as being on the 
substrate, which is equivalent in this formulation to being attached to 
the backing. The adhesive was assumed to act as a distribution of 
independent, linearly-elastic springs, which detached from the loop 
after a critical elongation was attained. 

The critical value for debonding was assumed to depend on the 
maximum pressure applied to the adhesive, and also in one case on the 
time of contact (assuming no dwell time exists between the pushing 
and pulling phases of the loop onto the substrate). Particular choices 
of the moment-curvature relation and the debonding criteria were 
made, but the formulation is applicable to other choices. The 
computer program Mathematica was applied to obtain numerical 
solutions in an approximate step-by-step procedure. Shapes of the 
loop during the cycle were determined, as well as values of forces. The 
maximum force required for separation of the loop from the substrate 
is the tack or pull-off force. 

The shooting method transforms a boundary value problem into 
an initial value problem. Initial guesses are chosen for unknown 
parameters and initial conditions, and the differential equations are 
solved numerically. The method is accurate. For this highly nonlinear 
problem, however, convergence to the desired solution may be 
sensitive to the initial guesses. Sometimes the method converges to a 
mathematical solution which does not represent the actual physical 
loop. For a relative stiffness k =  lo6 and taking time of contact into 
account as in Section 4, the pulling force reached r = 146 [20] but 
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further results were not obtained due to convergence difficulties and, 
hence, results for that case were not presented here. 

The nondimensional stiffness, k, defined in Eq. (1 b) is proportional 
to the ratio of the adhesive stiffness to the initial backing stiffness. It 
also depends on the thicknesses of the backing and adhesive, and on 
the length of the loop. The results indicate that the pull-off force 
increases as k increases, i.e., as the stiffness of the backing or the 
thickness of the backing or adhesive decreases, or as the stiffness of the 
adhesive or the length of the loop increases. 

The work presented here for an inextensible, nonlinearly-elastic 
loop represents an initial analysis of the loop tack test based on a set of 
governing differential equations. The results describe the main 
characteristics of the shapes and forces occurring during the test. 
This basic investigation is being extended to include other factors. 
Stretching of the loop during pulling may cause the curves to exhibit a 
plateau before separation occurs. Inelastic behavior of the loop may be 
important, especially during the final stages of the cycle. Viscoelastic 
behavior of the adhesive may have a significant effect. Various 
detachment criteria have been proposed for PSAs, including critical 
stress or strain, critical total stored elastic energy, and critical stored 
elastic energy density [23]. In conjunction with this analytical and 
numerical investigation, a set of experiments is underway to validate 
the theoretical models being developed. 

Tack of a PSA tape depends on several factors, including the 
stiffness of the backing. There is a need to understand and interpret 
results obtained from loop tack tests. This paper is part of an 
investigation which will provide insights to those trying to utilize the 
results of such tests and to design PSA tapes. 
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