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Abstract—Indentation testing, also refereed to as tonometry in medical diagnostics, is one of the most fre-
quently used methods for studying the properties of soft biological tissues. In the case of lymphedematous
tissues, characterized by abnormal accumulation of excess interstitial fluid, the indentation method constitutes
an objective alternative for the standard manual palpation test, that is used for evaluation of elastic modulus and
time dependent tissue response related to finding parameters of effective compression therapy. This paper fo-
cuses on the numerical modelling of a deep indentation test for which the flat cylindrical tip with a surface area
of 1 cm? penetrates the tissue at a constant rate until 1 cm depth is reached. The indentation generates large
deformations of skin and subcutaneous tissue and squeezing of part of the interstitial fluid from the compressed
region. The skin is modelled as an isotropic neo-Hookean solid and subcutaneous tissue is modelled as a fluid
saturated porous matrix. The effective stress law, isotropic neo-Hookean elastic matrix and the Darcy’s type of
interaction force between phases are adopted for the subcutaneous tissue. The finite element simulations deliver
results for time dependent indentation force and pore pressure under the indenter for different and relevant to
real tissues properties. The role of the properties and the presence of skin are analysed. The values of maximum
reaction force and relaxation time are compared and evaluated as descriptors of mechanical properties of tis-
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1. INTRODUCTION

Lymphedema is a disease, which is a consequence
of the obstruction of lymph transport in or into lym-
phatic system caused by such factors as inflammation,
excision of lymph nodes or irradiation. This type of
edema is related to accumulation of capillary filtrate
with proteins and other components which constitute
substrates for growing subcutaneous tissue with excess
of stagnant fluid [1]. Among the conservative thera-
peutic modalities, which are effective to minimize the
edema of limbs there are different types of external
compression, particularly intermittent pneumatic com-
pression (IPC) [2—4]. In most cases the technique uses
a number of chambers, which are sequentially inflated
starting from the most distal one. As a result the fluid
in compressed tissue is translated to proximal regions.
In order to assure the effective intermittent pneumatic
compression action proper pressures and times of com-

pression must be applied. The therapeutic parameters
are dependent on properties of tissue such as elastic
modulus and permeability and cannot exceed physiolo-
gically acceptable limits [1]. One of the methods that
are most frequently used for evaluation of mechanical
properties of soft tissues is the indentation test [5—17],
which is used also for lymphedematous tissue [5—11].
The method is a more advanced and objective version
of the manual palpation test. The indentation method,
in medical diagnostics called also tonometry, can be a
load or displacement control test. When both the maxi-
mum values of force or displacement and creep or
relaxation periods are observed the technique can be
useful for evaluation of elastic modulus and hydraulic
properties of tissue.

In the literature there are available numerous ana-
lytical models for classical or rebound indentation,
developed for small deformation cases [e.g. 12—14],
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and numerical models of indentation test for large
deformation range, see e.g. [15—17]. Then, however,
in most cases a single-phase material model of tissues
is considered.

Taking into account the fact that the deep inden-
tation test generates not only large deformations of
tissues but also squeezing of the interstitial fluid from
the compressed region of subcutaneous tissue the finite
strain model of the fluid saturated solid matrix is used.
Following the model proposed by Li et al. [18] the
effective stress law along with the isotropic neo-Hoo-
kean elastic matrix and the Darcy’s type of interaction
force between phases are adopted for the subcutaneous
tissue. The skin is modelled as an isotropic neo-Hoo-
kean solid. The indentation of the flat cylindrical tip
with a surface area of 1 cm?, which penetrates the tissue
at constant rate until 1 cm depth is reached, is simulated.

The finite element technique implemented within
COMSOL Multiphysics environment delivers results
for time dependent indentation force and pore pressure
under the indenter for different and relevant to real
tissues properties. The role of tissue properties and the
presence of skin are analysed. The maximum reaction
force, as well as the relaxation times is determined.
The results are discussed in light of fits obtained for
linear model of indentation into finite solid layer [12]
and poroelastic homogeneous material [19].

2. DEEP TONOMETRY OF SOFT TISSUES

The considered deep indentation method applied
for lymphedematous tissues [2] uses a flat cylindrical
tip with a surface area of 1 cm?, which is pressed against
tissues at constant rate of approximately 1 mm per
second to the depth of 1 cm. In the simplest case the
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maximum force is recorded by a dynamometer [2]
(Fig. 1a). In more advanced solutions the micropro-
cessor-controlled device (Fig. 1b) allows for displace-
ment control according to ramp-hold type function
(Fig. 1c) and acquisition of time dependence of the
force on indenter [16]. Then, the peak force and the
relaxation time can be determined and used as the des-
criptors of mechanical state of the tissue.

The measurements are usually performed for se-
lected localizations of the internal side of limbs. The
examples of results for deep tonometry performed
before and after application of intermittent pneumatic
compression for a patient with diagnosed lymph edema
are shown in Fig. 2.

As it can be noticed from Fig. 2 the indentation test
shows that for lymphedematous tissues the compres-
sion therapy lowers elastic modulus of tissue, the peak
force and influences the properties, which determine
relaxation time.

3. MATHEMATICAL MODEL

To model indentation test it is assumed that the de-
formation takes place for a layer of skin and sub-
cutaneous tissue, while muscles and bones remains
undeformable. The skin is modelled as homogeneous
isotropic neo-Hookean solid. For the subcutaneous
tissue the two-phase model of porous matrix filled with
fluid is adopted. The elastic matrix (mostly cells and
fibers) is homogeneous and isotropic neo-Hookean
material and viscous fluid (interstitial fluid) has pro-
perties of water. Gravity and inertial forces are dis-
regarded. The finite strain poroelastic model developed
by Li et al. [18] is used with matrix deformation and
pore fluid pressure as dependent variables.

(b)

U, mm
10F---- ()

10 75 t,s

Fig. 1. Schematics of simple tonometry test with dynamometer (a) and microprocessor-controlled device (b) along with ramp-hold

type displacement function of indenter (c).
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Fig. 2. Examples of results from deep tonometry tests for a patient with lymphedema of lower limb recorded at ankle (a) and in the
middle of calf (b) before (/) and after intermittent pneumatic compression (2).

The equilibrium equation formulated in reference
configuration takes on the form:

DIVP' =0, (1)
where index i refers to skin (s) or subcutaneous tissue
(t), the operator DIV is defined in the reference con-
figuration, P’ denotes the first Piola—Kirchhoff stress
tensor. In the case of subcutaneous tissue the tensor
P’ is the total stress, which includes stresses in matrix
and fluid and can be represented by effective stress
principle

P'=P'-BO(F") 7, ()
where P' is the effective stress tensor, 6 stands for
the Kirchhoff pressure in fluid, related to Cauchy pore
fluid pressure p

0=J'p, (3)
where B is the effective stress coefficient, J' = det F*
and F' is the deformation gradient of solid matrix.
For homogeneous isotropic neo-Hokean materials
the stress tensors are related to elastic strain energy
functions W'’

S t
poop ) poop. ) 4)
a t

C oC

where ' '
i_Ml i i PN o
/4 —?[trC =3]-w'InJg +?ln J', ®)

C' are the right Cauchy—Green deformation tensors,
J'=detF" are the determinants of the deformation
gradient, W' and A’ are elastic material constants.
Taking into account equation (2) for the case of sub-
cutaneous tissue the elasticity constants correspond to
drained deformation of the matrix.

The model of flow of interstitial fluid in tissue is
formulated in current configuration combining the
mass balances for the tissue (for both components),
linear momentum for pore fluid and a set of constitutive
equations [18]. The mass balance for the tissue reads

120 dp,, |, @ dpr iy y

pm dt pf dt "
1 ..
+—div(gp;u) =0, (6)
Pr

where @, p,,, s are porosity, true densities of solid
matrix and pore fluid, v, and u are velocities of solid
matrix and pore fluid with respect to the matrix. The
convective component of the total time derivative d/d¢
includes the matrix velocity and the operator div is
defined in current configuration.

The linear momentum of pore fluid (with neglected
inertial and gravity forces and operator grad defined
in current configuration) is

—opgrad p+h =0, @)
where h is the vector of viscous interaction force be-
tween matrix and fluid. The constitutive equations
expressing the barotropic fluid, the dependence of
density of matrix on its dilatation, and relating the
interaction force between phases to relative velocity
are

©_ ®
pr Ky
120 dpy _ —£divvm, 9)
p,, dt K.,
h=-¢’nk 'u, (10)

where parameters K¢, K, and K denote bulk modulus
of fluid, material of matrix and porous matrix, 1 is
fluid dynamic viscosity, and k is the permeability ten-
sor, which for the isotropic case is reduced to a scalar
permeability.

Then, using Egs. (6)—(10) and formulas allowing
for transition from current to reference configuration
(the operator GRAD appears then instead of grad) the
differential equation for pore fluid pressure coupled
with volumetric deformation of matrix in reference
configuration is

PHYSICAL MESOMECHANICS Vol.21 No.1 2018
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B£+ﬂ£ ) Lo kGrAD| 2 =0, (11)
dt KydtlJ ) nm J

where the effective stress coefficient B=1-K/K,,
and the spatial changes of fluid density p; were ne-
glected. The coupled system of Egs. (1)—(5) and (11)
describes deformation of solid matrix and pore fluid
pressure of soft tissue.

4. NUMERICAL SIMULATIONS AND ANALYSIS

The numerical simulations were performed for a
cylindrical geometry of the considered system (Fig. 3a).
The system is composed of a layer of skin with thick-
ness 2= 1 mm and layer of subcutaneous tissue having
thickness H = 30 mm. The diameter of the cylinder
amounts to d = 120 mm. The surface of the cylindrical
flat indenter as in real tests is 1 cm?. The simulations
by finite element method are performed within the
COMSOL Multiphysics environment.

4.1. Initial and Boundary Conditions

It is assumed that initially there is no prestrain in
skin and tissue matrix, and the pore fluid pressure is
equal to zero. The following set of boundary conditions
is formulated using axial symmetry of the system and
notation shown in Fig. 3b:

a) the outflow of pore fluid is possible only in radial
r direction along the circumferential boundary DF,

b) the bottom of the indenter AB and particles of
skin underneath are displaced into tissue only in axial
z direction,

c) particles at the bottom of the sample EF can
displace frictionless only in radial direction,

d) the load on the tissue is applied throughout the
indenter, which is displaced with constant velocity
1 mm/s until it reaches depth U, ,, = 10 mm,

e) for the interface between the skin and subcuta-
neous tissue CD the displacements and stresses are
continuous.

In order to compare the values of pore fluid pressure
for different material parameters the control point J
located on symmetry axis 0.5 mm under the skin is
introduced.

4.2. Material Parameters

The numerical studies were performed assuming a
set of parameters representing a wide range of elastic
modulus of skin and matrix of subcutaneous tissue, as
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Fig. 3. Geometry of the simulated system (a) and half of its
vertical cross-section (b).

well as permeability of the latter material. The data
were adopted from the papers devoted to soft tissues
using linear elasticity or poroelasticity models [4, 16].
The material constants W' and A’ for skin and sub-
cutaneous tissue (in linear elasticity called Lame coef-
ficients) were determined assuming the well-known
relations with Young modulus £, and E, and Pois-
son’s ratio v, and v, of the material components and
have better physical meaning. For skin the Young mo-
dulus amounts to 0.25, 0.50 or 1.00 MPa, while the
Poisson’s ratio is constantly equal to 0.49. For sub-
cutaneous tissue the drained Young modulus is 25, 75
or 150 kPa while the drained Poisson’s ratio amounts
0.33. The value of permeability coefficient k is assumed
as 51071, 15x107* and 45x107'* m?. Taking into
account that bulk elastic modulus of matrix is much
larger than for porous matrix B = 1. Porosity of subcuta-
neous tissue is ¢ = 0.05, while densities of matrix and
pore fluid as well as viscosity of pore fluid are assumed
as for water.
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4.3. Results for Model with Skin

The simulations are focused on time dependence
of the reaction force on indenter exerted by tissue
during tonometry tests. Moreover, for better under-
standing of the interrelations between the properties
of the matrix and the pore fluid the pressure at control
point J will be also analysed.

The first series of results (Figs. 4 and 5) concerns
simulations performed for different elastic modulus of
subcutaneous tissue (£, =25, 75 and 150 kPa), or its
permeability (k=5x10"* 15107, and 45x 10™"* m?)
keeping constant elastic modulus of skin (E, =
0.25 MPa).

The results shown in Fig. 4 are in qualitative agree-
ment with examples of experimental data presented in
Fig. 2. Initially in the period of penetration of indenter
into tissue the reaction force increases fast and then it
follows the relaxation period associated with slow
decrease of force. The level of reaction force is sig-
nificantly influenced by elastic modulus, however be-
cause of nonlinearity it is not proportional to Young
modulus of tissue. The detailed analysis of the re-
laxation periods indicates that the initial slope of the
curves, which usually determines the relaxation time
do not decrease strictly monotonically with elastic
modulus of matrix. This kind of behaviour could be

30
25
20 o0
-
o 154 o
2 3
£ 10 =

Force, N
Force, kg

Fig. 4. Reaction force on indenter as the function of time
for different elastic modulus E, =25 (1), 75 (2), and
150 kPa (3) of subcutaneous tissue (a) and permeability
k=5x10"" (1), 15x107* (2) and 45x 107 m? (3) (b)
while elastic modulus of skin remains constant.

expected from linear poroelasticity [19] when the load
period is very short. The permeability of subcutaneous
tissue has limited influence on the reaction force (Fig. 4b)
although it is visible that the lower permeability the
higher maximum force. The comparison of results for
relaxation period also proves a lack of monotonic
increase of the relaxation time with decreasing per-
meability (see Sect. 4.5), which seems to be again
related to relatively long load period.

Figure 5 illustrates the role of elastic modulus and
permeability of subcutaneous tissue for pressure changes
in pore fluid at the control point localized on the sym-
metry axis 0.5 mm under the skin. The dependence of
pressure on time both in the load period and relaxation
period is strongly nonlinear. The increasing elastic
modulus of tissue causes an increase of the pressure,
first of all in the load period, and then the observed
changes are not very significant. The permeability of
tissue is a much more important factor that influences
the complete time dependence of pressure. The results
show that distributions of stress between matrix and
fluid are not fixed and they change for different loads,
particularly for relaxation periods.

Both from the reaction force and pressure dependence
on time it results that the load period, which amounts
to 10s, is too long to assume that the load period is

[\

(=]

Pressure, mm Hg
Pressure, kPa

Pressure, mm Hg
Pressure, kPa

Fig. 5. Pore fluid pressure at control point J as the function
of time for different elastic modulus E, =25 (1), 75 (2),
150 kPa (3) of subcutaneous tissue (a) and permeability & =
5x107% (1), 15x107 (2), 45x107'* m? (3) (b) while
elastic modulus of skin remains constant (£, = 0.25 MPa).
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Fig. 6. Reaction force on indenter (a) and pore fluid pressure (b) as the functions of time for different elastic modulus of skin
E; =0.25 (1), 0.50 (2), 1.00 MPa (3) and constant elastic modulus and permeability of subcutaneous tissue (E; = 25 kPa, k=

15x107 m?).

purely undrained deformation. On the other hand, one
should notice relatively large values of the maximum
pressure in pore fluid (the maximum physiologically
accepted pressures should not exceed 120 mm Hg) and
this is the factor, which does not allow shortening the
load period.

The role of elasticity of skin is studied changing its
Young modulus (E; = 0.25,0.50 and 1.00 MPa), while
Poisson ratio is always constant, v, = 0.49. The elastic
modulus and permeability of subcutaneous tissue are
also assumed to be constant (£, =25, 75 and 150 kPa,
k=5x10" 15x10"* and 45x107'* m?). Figure 6
presents dependence of the reaction force on indenter
and pore fluid pressure in control point on time for the
above conditions.

The increase of the elastic modulus of skin (Fig. 6a)
results in a change of the maximum reaction force on
indenter from 8.12 to 10.80 and then 13.73 N. There is
also an increase of relaxation time observed. The varia-
tion of pore fluid pressure at control point due to
increase of elastic modulus of skin is not significant
and is mostly monitored as change of the maximum
pressure and variation in relaxation period.
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4.4. Results for Model without Skin

For further evaluation of the role of skin in deep
tonometry the model neglecting skin is considered. The
assumptions for the field equations, initial and boun-
dary conditions corresponding to subcutaneous tissue
are not changed. From the computational point of view
the model without skin has appeared much less stable
than the model, which includes skin, and adjustment
of relative tolerance of the finite element solver was
necessary. This generated some disturbances visible
in solutions close to the maximum values of force or
pressure.

Figure 7 presents changes in reaction force on in-
denter as the functions of time for different elastic
modulus and permeability of tissue. One can notice
that contrary to the model with skin now the maximum
force is roughly proportional to Young modulus. The
differences in relaxation time for tissues with different
permeability are more significant (see also Sect. 4.5)
and like for the model with skin the permeability in-
fluences the maximum value of reaction force.

The dependence of pore fluid pressure on time in
control point for different elasticity and permeability

3.8
z 3 2
5] 5]
3.4 0.342
3 0 T T T T T T 0.30
0 30 60 s

Fig. 7. Reaction force on indenter as the function of time for different elastic modulus E, =25 (1), 75 (2), 150 kPa (3) of sub-
cutaneous tissue (a) and permeability k= 5x 10714 (1), 15x 1074 (2), 45x107* m? (3) (b). The presence of skin is neglected in this

model.

PHYSICAL MESOMECHANICS Vol.21 No.1 2018
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of tissue is presented in Fig. 8. The maximum pressures
are lower than for the model with skin and are not
proportional to elasticity of tissue (like it is for the
reaction force).

The results for different permeability (Fig. 8b) in-
dicate that the pore pressure in the model without skin
(maximum values are between 20 and 100 mm Hg) is
lower than for the model with skin (maximum values
are between 30 and 130 mm Hg). The time when pres-
sure reaches constant values is approximately inversely
proportional to permeability.

4.5. Analysis of Maximum Reaction Force
and Relaxation Time

In the linear model of indentation into saturated
poroelastic materials with a short load period to assure
the condition of undrained deformation two descriptors
of mechanical properties of tissue are usually consi-
dered: the maximum reaction force and the relaxation
time [19]. The descriptors are tightly related to elas-
ticity and permeability of studied porous materials.
The results of the performed finite strain simulations
of deep tonometry could be used to evaluate the use-
fulness of the descriptors in the large deformation case.

The comparison of the maximum reaction force for
the modelled system with and without skin assuming

90 @11
1, g
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= 17 1 - »n
s I 2
8307 4 &
= N i

Pressure, mm Hg
Pressure, kPa

Fig. 8. Pore fluid pressure at control point J as the function
of time for different elastic modulus E, =25 (1), 75 (2),
150 kPa (3) of subcutaneous tissue (a) and permeability & =
510714 (1), 15x 107 (2), 45%107'* m? (3) (b). The pre-
sence of skin is neglected in this model.

three values of Young modulus of subcutaneous tissue
is presented in Table 1. Additionally, the table contains
results obtained from approximated formula received
from the linear model of indentation of the flat cy-
lindrical tip into a homogeneous incompressible elastic
layer with boundary conditions corresponding to the
considered indentation problem [12]:

F o =80aU, [0.98472+ 0.91345%

2 3
+0295771 £ | —0.11993] L
H H

2.3904( a ' 8.1689( a
Miniabadl DU I ihbehd NG I (12)
1000 | H ] 10000 | H

where u is the shear stiffness of tissue, H denotes
thickness of the layer, a is the radius of indenter, and
U,.x stands for the indentation depth. Although the
elastic parameters of the matrix (£, v,) givenin Table 1
refer to drained conditions it should be noticed that
for the applied, relatively short load period the maxi-
mum reaction force approximates the force for un-
drained conditions. This justifies also the comparison
of the solution for two phase model with the model
assuming incompressible solid. It is seen from Table 1
that the maximum reaction forces for models with and
without skin (see also Figs. 4a and 7a) become closer for
higher stiffness of tissue and this corresponds to de-
creasing role of skin. Although the maximum reaction
force determined from the finite strain model with skin
is not strictly proportional to Young modulus its values
may represent changing stiffness of tissue. The predic-
tions of the linear model overestimates the reaction
force determined for the model without skin but dif-
ferences are not larger than 15%.

Taking into account the relaxation period of the in-
dentation test into homogeneous poroelastic layer the
finite element simulations performed within the linear
model and short load step [19] allowed to find the

Table 1. Comparison of the maximum reaction forces for load
period of tonometry from the finite strain models (subcutaneous
tissue v, =0.33, k= 15x10" m?) and the linear model

Young N
modulus of | Finite strain |Finite strain model with| Linear
subcutaneous |model without| skin (=1 mm, E; = | model,
tissue £, kPa skin 0.25 MPa, v, =0.49) |Eq. (12)

Maximum reaction force F,,,,

25 4.22 8.12 4.80
75 12.71 15.47 14.41
150 25.23 26.51 28.82

PHYSICAL MESOMECHANICS Vol.21 No.1 2018
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Table 2. Comparison of the characteristic relaxation times for
relaxation period of tonometry from the finite strain models
(subcutaneous tissue £, = 25kPa, v, = 0.33) and the linear model

Permeability Characteristic relaxation times T, s
of subcuta- | Finite strain |Finite strain model with| Linear
neous tissue |model without| skin (#=1mm, £, = |model,
k, m? skin 0.25 MPa, v, =0.49) (Eq. (14)
5x10714 264.0 39 19.5
15%10714 60.3 27 4.5
45x1074 40.5 26 22

following fit of the reaction force
F, = Fy—Merf| \[1,/t-0.234/
+0.02(, /0" |, (13)

where Fj is the initial (maximum) value of the force,
M is a constant representing difference between £
and the reaction force for infinite time, erf stands for
the error function, 7, is the time variable measuring
duration of the relaxation period, and t is the charac-
teristic relaxation time. The relaxation time was then
calculated as
_d*(1-2v)n
2uk(1-v)

The results of simulations obtained for the relaxa-
tion part of the reaction force for deep tonometry with
different values of permeability (data shown in Figs. 4b
and 7b) and Eq. (13) were used in order to find with
help of numerical optimization implemented in Matlab
environment the unknown parameters F,, m and 7.
The values of the characteristic relaxation time for
models with skin and without skin are compared in
Table 2. Additionally the values obtained directly from
Eq. (14) are given.

Table 2 shows large discrepancies between relaxa-
tion times determined from the finite strain models of
tissue with and without skin and even larger differences
when compared to predictions of Eq. (14). Qualitatively
similar results are obtained when we use as the fitting
exponential or bi-exponential functions. Thus, contrary
to the linear model with short ramp step the relaxation
time cannot be considered as a simple indicator of
permeability of subcutaneous tissue determined from
deep tonometry.

(14)

5. CONCLUSIONS

The finite strain simulations of deep tonometry tests
into a layer of lymphedematous tissue were considered

PHYSICAL MESOMECHANICS Vol.21 No.1 2018

assuming a poroelastic model of the subcutaneous
layer. The simulations are done for models with and
without skin and the range of parameters expected for
real cases. It was shown that the reaction force depends
mostly on elastic properties of subcutaneous tissue.
The role of skin is significant for low stiffness of tissue
and becomes less important for stiff subcutaneous
tissues. The permeability of subcutaneous tissue in-
fluences the time dependence of the reaction force in
relaxation period of the tonometry test but also the
maximum reaction force. The latter effect is the result
of relatively long load period and fact that the un-
drained condition for ramp loaded fluid saturated tissue
matrix is not satisfied in the period. The same reason
causes that the standard descriptors of stiffness and
permeability of tissues for indentation within the small
strain range: the maximum reaction force and the re-
laxation time have limited value as the indicators of
properties of tissues when they are determined from
deep tonometry. In particular the relaxation time is no
longer simply related to permeability.

Assuming that the deep tonometry is the preferred
type of indentation method for lymphedematous tissues
(the loading conditions on tissues during the test are
similar as for the basic therapeutic modality which
constitutes the intermittent pneumatic compression) it
seems to be necessary to make efforts for finding para-
meters, which correspond to hydromechanical pro-
perties of tissues. It concerns particularly the indicator
of permeability, which in the present studies is assumed
constant but should be also considered as the property
that changes with deformation of tissue. In spite of the
classical indentation techniques the rebound inden-
tation tests should be taken into account (see e.g. [13,
20]), which results do not depend on thickness of the
studied layer and the indenter shape. Further works
are also necessary in order to find in the tonometry
tests such diagnostic parameters, which minimize or
quantify the contribution of skin.
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