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Abstractmlndentation tests perpendicular to the major plane of 
a material have been proposed as a means to index some of its 
in-plane mechanical properties. We showed the feasibility of 
such tests in myocardial tissue and established its theoretical 
basis with a formulation of small indentation superimposed on a 
finitely stretched half-space of isotropic materials. The purpose 
of this study is to better understand the mechanics of indentation 
with respect to the relative effects of indenter size, indentation 
depth, and specimen size, as well as the effects of material prop- 
erties. Accordingly, we performed indentation tests on slabs of 
silicone rubber fabricated with both isotropic, as well as trans- 
versely isotropic, material symmetry. We performed indentation 
tests in different thickness specimens with varying sizes of in- 
denters, amounts of indentation, and amounts of in-plane stretch. 
We used finite-element method simulations to supplement the 
experimental data. The combined experimental and modeling 
data provide the following useful guidelines for future indenta- 
tion tests in finite-size specimens: (i) to avoid artifacts from 
boundary effects, the in-plane specimen dimensions should be at 
least 15 times the indenter size; (ii) to avoid nonlinearities asso- 
ciated with finite-thickness effects, the thickness-to-radius ratio 
should be >10 and thickness to indentation depth ratio should be 
>5; and (iii) we also showed that combined indentation and in- 
plane stretch could distinguish the stiffer direction of a trans- 
versely isotropic material. 

Keywords--Mechanics of indentation, Finite-element method, 
Cell-poking, Rubber elasticity, Anisotropic materials. 

INTRODUCTION 

The idea of using indentation type tests to delineate 
mechanical properties of materials is not new. There are 
both theoretical formulations and experimental studies (1- 
5,11,12), as well as finite-element simulations of indenta- 
tion (4,6). Almost all of the theoretical studies are re- 
stricted to infinitesimally small indentations in linearly 
elastic materials, whose results are not necessarily appli- 
cable to finite indentations in a finite-thickness specimen 
with more complex material properties, such as tissues 
(10,19,16,17). 

The conditions under which indentations reliably index 

in-plane properties in finite-sized specimens size have not 
been delineated. Knowing these conditions becomes of 
paramount importance as indentation tests are being more 
widely applied to assess properties of biological materials, 
particularly extremely thin specimens such as cells that 
typically have cytoplasmic thicknesses of <1 ~m (21,23). 
In addition, because most biological materials are neither 
linear nor isotropic, it is also important to know how ac- 
curately indentation responses reflect the material proper- 

ties. 
The purpose of this study is to better understand the 

relative effects of indenter size, indentation depth, and 
specimen size, as well as material properties on the me- 
chanics of indentation. Toward this end, we fabricated 
silicone rubber slabs with either isotropic or transversely 
isotropic material symmetry. Using methods described 
previously (13,14), we first obtained the functional form 
of the constitutive relations and the values of their param- 
eters from appropriate sets of  experiments. We then per- 
formed indentation tests in different thickness slabs with 
varying sizes of  indenters,  indentat ion depths, and 
amounts of in-plane stretch. Since analytical solutions for 
finite-sized materials are not tractable, we used predictions 
obtained with the finite-element method (FEM) to supple- 
ment the experimental data. We first validated the finite- 
element model by showing that (i) the predictions closely 
matched those from our previous analytical formulation, 
and (ii) using the values of the material parameters ob- 
tained from the experiments,  the model  predictions 
matched the experimental results. We then used FEM pre- 
dictions to better understand the effects of relative speci- 
men and indenter size, as well as amount of indentation in 
materials with both linear and nonlinear constitutive laws. 
These experimental and numerical results provide both 
insight into the mechanics of indentation and data upon 
which to guide future indentation studies. 

METHODS 

Address correspondence to Frank C.P. Yin, Carnegie Building, 
Room 530, Cardiology Division, Johns Hopkins Hospital, 600 North 
Wolfe Street, Baltimore, MD 21287, U.S.A. 

(Received 7Feb97, Revised 9May97, Revised, Accepted 14May97) 

Specimen Fabrication 

Isotropic slabs of Dow Coming HS II RTV silicone 
rubber (Dow Coming Co., Midland, MI, USA) with base 
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and catalyst in a 20:1 ratio were made by casting the 
mixture in 65 x 65 mm square Plexiglas molds (of varying 
heights) previously coated with 1,1,1-trichloroethane to 
facilitate subsequent removal of the cured specimen. Air 
bubbles were removed by covering the mold and imposing 
a vacuum of about -700 mm Hg for 15 min. After curing 
for at least 24 hr, the specimen was removed from the 
molds and tested within 1 week's time. 

To produce transversely isotropic slabs, we imbedded 
initially straight, parallel nylon threads into the silicone 
rubber. To do this, we wound nearly parallel loops of 100 
denier nylon (Du Pont 100-34-R25 Type 285) onto a rack 
with evenly spaced comb-like teeth on both ends. The 
nylon threads had first been primed (Dow Coming 1200 
prime coat) to prevent them from separating from the sili- 
cone. The tension on the continuous length of nylon was 
kept as constant as possible by feel during the winding. 
After completing the winding, we gently poked on each 
loop to qualitatively test for equal tension. Appropriate 
adjustments were made if needed. The rack was then 
placed in an empty mold, the mixture poured in, and de- 
gassed. We fabricated specimens with nylon volume frac- 
tions of 0.055 and 0.11%. 

Determination of Material Properties 

We used approaches previously described to determine 
the overall functional form of the strain-energy function 
for both the isotropic (20) and the transversely isotropic 
specimens (13). Briefly, assuming incompressibility, for 
an isotropic material, we assumed that the strain-energy 
function can be described in terms of the strain invariants 
I 1 and I2, where 11 = trC and 12 = (trC) 2 - trC 2 and C is 
the right Cauchy-Green tensor. For a transversely isotropic 
material, we assumed the strain-energy function could be 
expressed in terms of the strain invariants I~ and I4, where 
14 is the square of the stretch ratio in the predominant fiber 
direction. With these assumptions, the first derivatives of 
the strain-energy function with respect to the two strain 
invariants can be expressed in terms of the directly mea- 
sured in-plane stresses and stretch ratios. By using tests in 
which first one and then the other strain invariant was held 
constant, we obtained a family of curves of the derivatives 
of the energy function with respect to the invariants (the 
so-called response functions) that suggest the functional 
forms of the strain-energy functions. Once these forms 
were determined, the values of the parameters for each of 
the strain-energy functions were obtained by nonlinear 
least-squares regression fits to data from combinations of 
equibiaxial and uniaxial in-plane stretching tests (14). 

The apparatus for performing the studies has been de- 
scribed previously and consists of two pairs of carriages 
that are mounted on two orthogonally positioned long lead 
screws---each of which is threaded oppositely at its ends 

(8). One carriage of each pair is attached rigidly to a fixed 
bar, and the other carriage is attached to a force transducer 
(Interface, SM-100, Scottsdale, AZ, USA), on which a 
horizontal bar is attached. The specimens were aligned 
with their edges parallel to the two stretching directions of 
the apparatus. The opposite edges of the specimen were 
attached in trampoline fashion to the bars with multiple 
loops of continuous silk suture. Deformations in the cen- 
tral portion of each specimen were measured by using a 
video tracking system (9) that recorded the positions of 
four small black ink marks drawn on top of the specimen. 
Custom software used these deformations to control the 
stretch applied in each direction. The forces and deforma- 
tions in each direction were transformed to strains (stretch 
ratios) and Cauchy stresses by custom software. 

Indentation Tests 

The indentation tests were performed using a slight 
modification to the apparatus previously described (10). 
Static indentations were imposed using various diameter, 
circular cylindrical probes bolted onto the active arm of 
another strain-gage force transducer (Interface, SM-10) 
that was, in turn, bolted to a rigid horizontal plate attached 
to a movable platform whose vertical position was con- 
trolled by a pair of threaded leadscrews. The vertical mo- 
tion of the probe/platform combination was measured by a 
linear transducer (Trans-Tek 0244-0000) mounted verti- 
cally on the side of the platform. Since the horizontal plate 
was rigid, the vertical displacement of the transducer was 
equal to that of the probe. The specimen was placed on the 
bottom of a base plate that contained a small, rigid, cir- 
cular cylinder whose surface was raised a few thousandths 
of an inch above the floor of the base plate. This base plate 
was used to ensure that there was no vertical rigid body 
translation of the center of the specimen during the inden- 
tation. Once the probe contacted the surface, the subse- 
quent force and indentation depth were recorded. The 
static indentation was then increased stepwise and the 
force at each step of indentation recorded. Total indenta- 
tion depths were kept to 250 txm. The total force divided 
by the area of the probe face is the indentation stress. 
Transverse stiffness (TS) was defined as the slope of the 
linear indentation stress-depth relationship. 

Our previous formulation showed that the TS-in-plane 
stretch relationship could distinguish between isotropic 
materials with linear versus nonlinear (exponential) con- 
stitutive laws (12). To see if indentation tests could also 
distinguish directional differences in properties in a trans- 
versely isotropic material, we measured the TS-in-plane 
stretch relationship during strip biaxial loading (i.e., as one 
direction was being stretched, the orthogonal direction was 
held at its unloaded dimensions). Then, the stretched and 
held directions were reversed. 
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Finite-Element Model 

The finite-element code used was ABAQUS running on 
a Sun Sparc 1+ workstation. For ease of implementation, 
we used an axisymmetric model, of which a typical mesh 
is shown in Fig. 1. The four central nodes at the lower 
surface were fully constrained to model the base plate 
under the specimen. The remaining nodes at the bottom 
surface were free to slide. The four central nodes at the 
upper surface represented the indenter head. Indentation 
was imposed by moving these four nodes vertically with 
the total indentation limited to 250 Ixm. In-plane stretch 
was modeled by moving the peripheral nodes radially. The 
vertical reaction forces on the three elements bounded by 
the central nodes were summed to yield the total indenta- 
tion force. The in-plane dimensions were varied by adding 
more of the larger elements at the periphery. The thickness 
was varied by adding or subtracting layers. 

For the material property, we selected the hyperelastic 
option and chose a Mooney-Rivlin constitutive law (with 
the values of the parameters being the mean values from 
tests in six isotropic specimens). To model a nonlinear 
material, since the software package did not readily enable 
one to input an exponential constitutive law, we chose the 
following simple strain-energy function: 

W = Dlo(I a - 3) + O 2 o  ( I  1 - 3) 2. (1) 

Values of Dlo = 0.167 kPa and D 2 o  = 2.39 kPa were 
selected because they yielded equibiaxial stress-strain re- 
sponses that qualitatively resembled those for passive 
myocardium (15). 

RESULTS 

Constitutive Laws 

For the isotropic specimens, the response functions for 
the constant 11 and 12 tests (data not shown) suggested that 
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FIGURE 1. Typical axisymmetric finite-element model used to 
simulate indentation. This mesh was for a 2 mm radius in- 
denter with a 24 mm half-length and 16 mm thickness. The 
open nodes indicate the portion indented and the closed 
nodes indicate the fully constrained nodes to simulate no slid- 
ing of the specimen on the back plate. The remaining nodes at 
the bottom were only constrained from vertical displacement. 
The open squares indicate the nodes used to prescribe in- 
plane stretches, 
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FIGURE 2. In-plane stress-stretch ratio responses (symbols) 
during equibiaxial loading for a typical homogeneous silicon 
rubber specimen along with the predicted stresses (lines) 
based on Eq. 2, The predicted stresses were those corre- 
sponding to the actual stretch ratios attained during the test. 

the constitutive law, as for latex rubber (20), could be 
expressed as a Mooney-Rivlin material with a strain- 
energy function of the form 

W = C 1 ( I  1 - 3) + C 2 ( I  2 - 3). (2) 

Figure 2 illustrates typical equibiaxial loading stress-strain 
responses along with the predicted responses (based on 
Eq. 2) in both directions for a silicon rubber specimen 
without fibers. The nearly identical responses in both di- 
rections confirmed that the material was isotropic. The 
close agreement between the predictions and the data veri- 
fies that the material behaves like a Mooney-Rivlin type 
material. 

For the fiber-imbedded specimens, the response func- 
tions for the constant 11 and 14 tests (data not shown) 
suggested a strain-energy function of the form 

W = C l o ( I  1 - 3) + C o 2 ( I  4 - 1 )  2 + C 0 3 ( 1 4  - 1 )  3.  (3) 

Figure 3 illustrates typical loading and unloading stress 
strain responses for a uniaxial test of a single nylon fiber, 
as well as typical equibiaxial stress-strain responses of a 
fiber-embedded specimen. 

Table 1 lists the values of the pertinent parameters for 
each of the 6 isotropic and 7 transversely isotropic speci- 
mens obtained by fitting data from combined equibiaxial 
and strip biaxial tests. 

Effect of Finite In-Plane Size 

The effect of finite in-plane size on the TS response 
predicted by the FEM is shown in Fig. 4. The TS increases 
nonlinearly with the ratio of specimen length to indenter 
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FIGURE 3, (Top) In-plane stress-stretch ratio responses dur- 
ing equibiaxiai loading and unloading in the fiber and cross- 
fiber directions for a typical fiber-imbedded material with a 
fiber volume fraction of 0,11%. (Bottom) Uniaxial stress- 
stretch response for a nylon fiber, 

radius and plateaus at ratios greater than -15. Since this 
ratio is apparently the minimum needed to avoid boundary 
effects due to finite in-plane size, all subsequent simula- 
tions were made with models with this ratio kept constant 
at a value of 15. 

TABLE 1, Best-fit values of the parameters for the 
strain-energy functions for the Mooney-Rivlin material (Eq. 

2} and for the transversely is�9 material (Eq, 3). 

Specimen 
Fiber 

C~ C2 C~o Co2 Co3 Vol% 

Is�9 Specimens 

60 48 
77 39 
98 34 
99 2t 
86 26 
85 25 

Transversely Is�9 Specimens 

7 
8 
9 

10 
11 
12 
13 

143 12 521 0,055 
129 -32 657 0.055 
122 -7 614 0,055 
128 11 583 0.055 
131 -148 1201 0.11 
124 -138 1180 0.11 
122 -89 1070 0.11 

Effects of Thickness and Indenter Size 

Figures 5 to 8 illustrate experimental and model pre- 
dictions of the effects of relative indenter size and speci- 
men thickness in unstretched specimens. Figure 5 shows 
experimental data of TS as a function of thickness for 
three different-sized indenters in is�9 specimens with 
in-plane dimensions of 65 x 65 ram. The TS is inversely 
related to indenter size and, for each size indenter, TS is 
a monotonically decreasing, highly nonlinear function of 
the thickness. FEM predictions of TS as a function of 
1/thickness for the same three indenter sizes are illustrated 
in Fig. 6. As with the experimental data, there is an inverse 
dependence of TS on indenter size. The linearity of the 
dependence on 1/t allows one to extrapolate to l/t = 0 
(i.e., a half-space) to compare the model predictions with 
those of our analytical formulation (12). These extrapo- 
lated values for the 2, 3, and 4 mm radius indenters (278.6, 
186.3, and 139.4 kPa/mm) compare very closely with the 
values of 280.1, 186.7, and 140.1 kPa/mm, respectively 
predicted by the theory (obtained from Eq. 8 in Res t2), 

Figure 7 directly compares the experimental results 
with the FEM predictions by plotting the TS for each size 
indenter normalized by its extrapolated half-space value as 
a function of the thickness-to-radius ratio. The fact that 
both the experimental data and model predictions have the 
same relationship is further direct evidence of the correct- 
ness of the FEM. 

Figure 8 illustrates the force at the base of the speci- 
men, compared with that under the indenter head as a 
function of thickness/radius. For thin specimens, almost 
all of the applied force was transmitted to the base, 
whereas for specimens with thickness-to-radius ratio 
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FIGURE 4. FEM predictions of TS as a function of the ratio of 
specimen in-plane half-length: indenter radius for a 20 mm 
thick Mooney-Rivtin material. The maximum indentation 
depth was 250 pro, and the material law coefficients were 
C1 = 85 and Ca = 25 kPa. 
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FIGURE 5. Experimental results of TS for various thicknesses 
of isotropic specimens indented with three different radii in- 
denters. The half-length of each specimen was 32.5 mm and 
the maximum indentation was 250 pm. 

greater than -10, the force at the bottom of the specimen 
was negligible. The stress contours for different thickness 
specimens (data not shown) confirmed that the stresses in 
the transverse direction were transmitted much more 
widely (both in the transverse and radial directions) in 
thin, compared with thick, specimens. 

The FEM model was used to predict the TS-in-plane 
stretch relationships for a Mooney-Rivlin material under- 
going in-plane stretching for stretch ratios up to 1.2. Note 
that such materials display nearly linear stress-strain be- 
havior over this range of stretches. For different ratios of 
thickness-to-radius, the results (data not shown) indicated 
that, as long as the thickness-to-radius ratio was >5, there 
was a (correct) linear relationship between TS and in- 
plane stretch. Both the intercept and the slope of the rela- 
tionship decreased toward the line for an infinitely thick 
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indenter radius for both the experimental data shown in Fig. 
5 and the FEM predictions shown in Fig. 6. 

specimen as the thickness-to-radius ratio increased. For 
thickness-to-radius ratios <5, however, the TS-in-plane 
stretch relationship was nonlinear--clearly an incorrect 
result. 

Effect of Relative Indentation Depth 

The FEM predictions of  the effect of  relative indenta- 
tion depth for a 2 mm diameter indenter in varying thick- 
nesses of  specimen are shown in Fig. 9. Regardless of the 
thickness-to-radius ratio, l inear responses are observed 
only if  the amount of  indentation relative to the thickness 
is less than -0 .15 to 0.2. Similar  results were observed for 
a 4 mm diameter  indenter  (data not shown). Since a 
Mooney-Rivl in  material should have a constant stiffness, 
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regardless of whether stiffness is determined from in-plane 
or indentation tests, significant deviations from linearity 
indicate an artifact arising from the effects of finite thick- 
ness and thereby delineate the limit of the validity of the 
indentation technique. 

Effects o f  Anisotropy 

The experimentally measured TS-in-plane stretch re- 
sponses in the fiber and cross-fiber directions for a fiber- 
imbedded specimen revealed that, over this range of 
stretches, TS was linearly related to stretch ratio with the 
slope of the relationship being almost 2 times larger when 
the specimen was stretched in the direction parallel to the 
nylon fibers, compared with stretching in the direction 
perpendicular to the fibers. The slopes (kPa/mm) and cor- 
relation coefficients for the fiber and cross-fiber responses 
are 1,676 and 0.999 and 972 and 0.992, respectively. 

Effects of Material Nonlinearity 

As with the linear material, the FEM predicted TS for 
an isotropic, nonlinear material with the polynomial con- 
stitutive law (Eq. 1) was linearly related to 1/thickness. 
The extrapolated value of TS for 1/t = 0 was 0.435 kPa 
that matched the theoretically predicted TS for the half- 
space based on the exponent ia l  stress-strain law in (12). 

Thus, despite the differences in functional form of these 
two nonlinear material relationships, the effect of thick- 
ness was the same. 

The FEM predicted TS in-plane stretch and TS in-plane 
stress relationships for an isotropic, nonlinear material 14 
mm thick indented to 250 I~m are shown in Fig. 10. The 
TS versus in-plane stretch relationship is nonlinear and 
concave upward--similar to the theoretical predictions for 
a half-space (12). In contrast, the TS versus in-plane stress 
relationship is also slightly nonlinear but is concave down- 
ward as opposed to the nearly linear TS versus in-plane 
stress relationship predicted for a half-space. Of particular 
note is that the nonlinear TS versus in-plane stretch rela- 
tionships for both finite and infinitely thick specimens 
differ from the linear relationship for the linear material. 

DISCUSSION 

Accounting for effects of finite size in mechanics is 
notoriously difficult. With respect to indentation, one 
could avoid the difficulties by adhering to plane strain or 
plane stress approximations (i.e., infinitesimally small in- 
denters and indentations). Our results, however, provide 
more useful insight by explicitly demonstrating the effects 
of finite specimen size--both in linear and nonlinear, as 
well as isotropic or anisotropic, materials. The close agree- 
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the theoretical half-space prediction. The values of the param- 
eters are listed in the text below Eq. 1. 

ment between the finite-element predictions and the theo- 
retical predictions, along with the close agreement, both 
qualitatively and quantitatively, between the FEM simu- 
lations and the experimental data demonstrate the correct- 
ness of our approach. 

Our results suggest the following guidelines for accu- 
rately delineating material properties from indentation 
tests: (i) the in-plane dimensions relative to the indenter 
size should be > 15, otherwise the effects of the finite-sized 
boundaries will need to be accounted for; (ii) similarly, to 
avoid the nonlinearities and/or incorrect results due to fi- 
nite-thickness effects, the thickness-to-indenter size ratio 
should be >10; and (iii) to avoid the properties of the 
underlying substrate affecting the indentation results, the 
thickness-to-indentation depth ratio should be >5. Unless 
these guidelines are adhered to, one may not only overes- 
timate the absolute value of stiffness, but also incorrectly 
conclude that a material with linear constitutive properties 
has nonlinear behavior. Figures 8 and 9 show why this is 
so. When indenter size or indentation depth are "too 

large" relative to the thickness, the vertical force under the 
indenter is due not only to the properties of the material, 
but also to some contribution from the underlying sub- 
strate. This requirement for small relative indentations un- 
derscores the importance of having accurate, high- 
resolution methods to measure the amount of indentation. 

Despite these constraints, indentation tests are still po- 
tentially of great utility. In addition to allowing assessment 
of in-plane stresses, which often cannot be assessed by 
other means in tissues and cells, indentation has the po- 
tential to describe the general form of the constitutive law. 
Our previous formulation for the indentation of a half- 
space demonstrated that, for both linear and nonlinear (i.e., 
exponential) materials, whereas the relationship between 
TS and an in-plane stress index was linear, the relationship 
between TS and an in-plane stretch index was of the same 
form as the in-plane stress-strain relationship (12). The 
present results show that this finding also pertains in fi- 
nite-sized specimens. 

In addition to being able to distinguish between linear 
and nonlinear forms of constitutive laws, our results also 
suggest that indentation tests may be able to distinguish an 
important property of anisotropic materials, namely the 
direction of greater stiffness. In the transversely isotropic 
material we constructed, as expected, we found the trans- 
versely isotropic specimens to be stiffer in the fiber than 
the cross-fiber direction when this material was indented 
while being stretched separately in the fiber and cross- 
fiber directions. It should be pointed out that our results 
pertain only to the ideal situation with parallel fibers em- 
bedded in an isotropic matrix in which stretching is also 
parallel to the fiber directions. Although these conditions 
are unlikely to hold in tissues, our results suggest the 
possibility that simultaneous stretching and indentation 
might be able to at least determine the direction of greater 
stiffness in anisotropic materials. 

Finally, our results suggest that, with judicious choice 
of the relative size of indenter and/or indentation depth, 
one could possibly probe the properties at different depths 
into a specimen. That is, if the material were heteroge- 
neous through its thickness, one might be able to delineate 
some of these properties. Obviously, this is difficult be- 
cause the dependence of TS on in-plane size and thickness 
is so highly nonlinear, but the possibility deserves further 
consideration. 

Limitations of the Study 

There are some limitations that should be pointed out. 
The different stress-strain responses between loading and 
unloading in the fiber direction (Fig. 3) was a manifesta- 
tion of the viscoelastic property of the nylon, because it 
was only manifested in the fiber direction responses. Be- 
cause we used only static indentations, we could not an- 
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swer the question of whether dynamic indentations could 
also discern the viscoelastic behavior of an anisotropic 
material. 

Even the small volume fraction of fibers was sufficient 
to induce some nonlinear in-plane behavior in the fiber 
direction of the composite material. This was undoubtedly 
due to the much higher stiffness of the fibers, compared 
with the matrix that may not pertain for other materials 
such as tissue. In contrast, using indentation, we found a 
linear response in the fiber direction. It seems that the 
indentation test, because it represents some combination of 
properties in the two directions, is apparently not sensitive 
enough to distinguish the slightly nonlinear material prop- 
erty induced by the fibers. How nonlinear a material has to 
be before an indentation test can distinguish it from a 
linear material remains to be elucidated. 

Finally, the results described herein pertain to a flat 
end, circular cylindrical probe and may not hold for other 
geometries of  indentation probes. This limitation may be 
especially important when one wishes to use (e.g., atomic 
force microscopy) to perform indentation studies on cells 
and other surfaces (7,18,21,22). Typical tips for atomic 
force microscopy indentations are pyramidal-shaped crys- 
tals. Although the general guidelines we suggest with re- 
spect to relative sizes of  probe, indentation and specimen 
may still pertain; the details of the mechanics of indenta- 
tion with such a different-shaped probe might be consid- 
erably different than what we described. Therefore, spe- 
cific guidelines for such probes need to be developed. This 
important issue awaits further study. 
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