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Tissue Optical Clearing Devices (TOCDs) have been shown to increase light transmission
through mechanically compressed regions of naturally turbid biological tissues. We hypothe-
size that zones of high compressive strain induced by TOCD pins produce localized water dis-
placement and reversible changes in tissue optical properties. In this paper, we demonstrate a
novel combined mechanical finite element model and optical Monte Carlo model which simulates
TOCD pin compression of an ex vivo porcine skin sample and modified spatial photon fluence
distributions within the tissue. Results of this simulation qualitatively suggest that light trans-
mission through the skin can be significantly affected by changes in compressed tissue geometry
as well as concurrent changes in tissue optical properties. The development of a comprehensive
multi-domain model of TOCD application to tissues such as skin could ultimately be used as a
framework for optimizing future design of TOCDs.

Keywords : Finite element; Monte Carlo; optical clearing; porcine skin; tissue compression.

1. Introduction

Skin is a complex medium composed of several
constituents, including water, collagen, lipids, and
various types of cells. All of these materials have
different optical properties, creating a mismatch
in refractive index and resulting in a highly tur-
bid medium.1 This scattering significantly decreases
the light penetration depth through the tissue and
limits the effectiveness of light-based diagnostic

applications (e.g., Optical Coherence Tomography)
as well as therapeutic treatments (e.g., photody-
namic therapy). “Tissue optical clearing” can mit-
igate the scattering in tissues in order to improve
efficacy of these light-based diagnostic and ther-
apeutic therapies. Much work in optical clearing
has focused on administration of various chemical
agents to increase efficacy of such treatments.2–10

Tissue dehydration has been shown to be another
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potential mechanism of optical clearing, where
lower tissue water content results in greater refrac-
tive index matching between tissue constituents,
thus reducing scattering.11–14 Previous work has
demonstrated that localized mechanical compres-
sion can induce an optical clearing effect in porcine
skin.15,16 This clearing effect is thought to be
the result of reversible lateral water displacement
within the tissue, reducing local refractive index
mismatch in compressed tissue regions and chang-
ing absorption and scattering behavior. Tissue
Optical Clearing Devices (TOCDs) consist of an
array of pins within a chamber. Light may be deliv-
ered through these pins for either diagnostic or ther-
apeutic applications. Vacuum pressure is applied
to stretch the tissue between the pins, creating a
reaction force that compresses the tissue beneath
the pins, increasing light transmission. Figure 1
shows a prototypical TOCD fabricated using stere-
olithography. Other TOCDs capable of deliver-
ing light through an array of pins are described
elsewhere.15,16

We suspect that compressive tissue strain
during application of the TOCD will result in inter-
stitial water transport and modified tissue opti-
cal properties. In this work we present a novel
combination of mechanical finite element modeling
and optical Monte Carlo simulation that provides

Fig. 1. Prototypical TOCD made using stereolithography.
A 10 mm× 17 mm chamber is filled with an array of pins. A
tube is connected to the chamber to apply vacuum pressure
when a seal is formed while in contact with the tissue surface.

insight from a modeling perspective into the effects
of altering optical properties within a subregion of
a turbid medium undergoing localized compression.
The development of a comprehensive multi-domain
model of mechanical tissue optical clearing will pro-
vide a basis for optimizing the design of future
TOCDs.

2. Modeling Methods

2.1. Mechanical finite element
model

In order to simulate TOCD application to tis-
sue, a simple two-dimensional finite element
model of skin compression by a single pin was
developed using Abaqus (SIMULIA Inc., Provi-
dence, USA) as shown in Fig. 2. A simulated
8 mm× 8 mm× 2.5 mm slab of ex vivo porcine skin
is placed between an 8 mm× 8 mm× 1 mm glass
slide and a 3-mm-diameter hemispherical glass pin.
The skin was modeled as a deformable solid, and the
glass slide and pin were modeled as analytical rigid
bodies since glass will undergo negligible deforma-
tion relative to the deformation of the skin sample.
The pin is constrained during simulation such that
it will translate downward into the skin by 0, 0.625,
or 1.5 mm, corresponding to 0, 25, and 50% nominal
tissue compressive strain, respectively.

Porcine skin was modeled as a nearly-
incompressible hyperelastic material. The mechani-
cal material law for porcine skin was defined using a

Fig. 2. Sketch of finite element model of local pin compres-
sion, showing the deformable skin sample between a rigid
slide and pin.
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nominal stress/strain curve acquired from local pin
compression experiments described previously.17 In
these experiments, a BOSE Electroforce R© mechan-
ical tester was used to collect local pin compression
load/displacement data. Nominal stress was calcu-
lated using the diameter of the pin, while nominal
strain was calculated from crosshead displacement.
This stress/strain curve was then used to fit a strain
energy potential function, U , to the data using non-
linear regression within Abaqus. The Ogden form
for U was selected for its robust ability to fit data
at higher strains. Regression using other forms of
strain energy potential functions, including Neo–
Hookean, Yeoh, and Mooney–Rivlin forms was per-
formed but showed that the Ogden form gave the
best fit. In Abaqus, the Ogden model is written as

U =
N∑

i=1

2µi

α2
i

[(
λ1

J
1
3

)αi

+
(

λ2

J
1
3

)αi

+
(

λ3

J
1
3

)αi

− 3
]

+
N∑

i=1

1
Di

(J − 1)2i, (1)

where N , µi, αi, and Di are fitting parameters, λ1−3

are the orthogonal stretch ratios, and J is the total
volume change. By assuming near-incompressibility,
the Poisson’s ratio, υ, for skin, which is used to fit
Di, was chosen to be equal to 0.49, where υ = 0.5
corresponds to complete incompressibility. Based
on the fitted curves for Ogden models with differ-
ent values of N , N = 3 yielded the best fit mate-
rial law that was stable for all strains, as shown in
Fig. 3. The resulting parameter values are provided
in Table 1. Using these material properties, the
finite element simulation was performed in Abaqus,
assigning a mesh of 8000 quadrilateral (CPS4R) ele-
ments to the deformable skin block. The bottom of
the glass slide was assumed to be rigidly pinned,
and the bottom of the skin sample was assumed to
remain in contact with the glass slide. The validity
of this condition depends on the skin sample size
relative to the pin diameter. For smaller samples,
the edges of the sample may be lifted due to the
central compression generating an effective moment
to raise the outer edges of the skin. However, this
effect would be minimal in a larger skin sample due
to the weight of the outer tissue preventing rising
of the sample. In vivo skin could also be consid-
ered semi-infinite relative to the pin size. In vivo
skin is connected to a layer of fat that binds it to
a lower surface, which justifies the constant contact
constraint. We chose to use a relatively small skin

(a)

(b)

Fig. 3. Fitted Ogden hyperelastic material models. Strain
is plotted starting at (a) 0.0, and (b) 0.45 in order to show
detail at higher strains.

Table 1. Fitted Ogden parameters used for
hyperelastic material law for skin.

i µi [MPa] αi[−] Di [MPa−1]

1 −0.24098 −4.3681 18.80
2 0.11934 −3.9035 0.0
3 0.12379 −4.7275 0.0

sample but to also include boundary conditions that
essentially define a semi-infinite tissue sample. A
smaller skin sample results in lower computational
time during optical Monte Carlo simulation since
fewer elements will be required for a given average
tetrahedral element size.
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Assuming that lateral water transport is the
mechanism behind mechanical optical clearing, then
regions of high strain will have different optical
properties relative to unstrained regions. This inho-
mogeneous distribution of optical properties in a
complex geometry motivates the use of optical
Monte Carlo modeling to accurately predict modi-
fied spatial fluence and light transmission through
this medium.

2.2. Optical Monte Carlo
simulation

Photon propagation can be accurately described by
the radiation transfer equation (RTE).18,19 While
the RTE equation is highly complex, approxima-
tion methods were developed to solve the RTE,
for example the diffusion approximation (DA).20

Based on our best knowledge, most of the cur-
rent approximation solvers cannot deal with inter-
nal regions with different refractive indices. Monte
Carlo simulation is an alternative method to solv-
ing the RTE equation that simulates potential pho-
ton paths through a medium for many photons.
In order to achieve high enough accuracy, Monte
Carlo simulations need to simulate enough pho-
tons and traditionally required large computation
times for complex geometry. Recently, we devel-
oped a highly efficient optical Monte Carlo solver
called “Tetrahedron-based Inhomogeneous Monte
Carlo Optical Simulator” (TIM-OS), which can deal
with highly complex geometry.21

The geometry of our problem is particularly
challenging, as shown in Fig. 1. The photons leaving
portions of the pin that were not in direct contact
with the skin may still enter into the skin through
the air gap between the pin surface and the skin that
is not in direct contact with the pin. Since TIM-
OS assumes that a photon will be terminated if it
escapes from the boundary of the medium, it can-
not simulate photons that first escaped from the
boundary and then came back into another part
of the medium. In order to ensure photons are not
lost from the outer edges of the pin, we not only
model the pin and the tissue in the medium, but
also include a region of air, as shown in Fig. 4, to
create a meshed region allowing photons to exit the
pin, traverse the air gap, and enter the tissue.

While most mechanical finite element simula-
tions are comprised of several bodies meshed inde-
pendently of each other, an optical Monte Carlo
simulation requires a single contiguous mesh such

Fig. 4. Composite geometry used in optical Monte Carlo
simulation for 50% nominal tissue strain. The arrows rep-
resent the defined light source impinging on the upper pin
surface.

that all surfaces share common nodes and element
faces in order to properly define photon trans-
mission through each element. Also, whereas the
mechanical simulations in Abaqus were performed
in two dimensions to reduce computation time,
TIM-OS uses a three-dimensional framework to reli-
ably predict light scattering. A three-dimensional
model was constructed as shown in Fig. 4. This
inhomogeneous medium was chosen to be comprised
of four regions: the glass pin and slide, the air
between the pin and skin surfaces, the bulk skin pos-
sessing native optical properties, and a compressed
skin region underneath the pin. This compressed
region was defined from the mechanical finite ele-
ment simulation output as the region comprised
of all elements with minimum principal logarith-
mic strain of at least −50%, corresponding to a
region with significant tissue compression result-
ing in modified optical properties. Such a com-
pressed region was selected because, to our knowl-
edge, the spatial distribution of water content and
resulting distribution of optical properties during
TOCD application is not currently well understood.
The shape of this 50% compressive strain region
as well as the deformed shape of the skin sample
were traced and subsequently sketched in a new
composite medium for nominal tissue strains of 0,
25, and 50%. Each model was assigned a mesh of
tetrahedral (C3D4) elements with 0.2 mm approx-
imate edge size. The meshes for models of 0, 25,
and 50% nominal strain contained 574,511, 523,469,
and 447,071 elements, respectively. The lower strain
models have higher element counts because a larger
air region is required to reach the top of the pin
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from the skin surface. Also, the sides of the skin
sample were assumed to not deform since this edge
deformation results in low strain and would not be
observed in larger samples. The optical properties
of the environment outside the mesh boundary sur-
faces, chosen to be air, were specified in order to
define transmission at these medium boundaries.

While the mechanical simulations used an
8 mm× 8 mm× 2.5 mm skin sample, using this size
skin sample in Monte Carlo simulations would
result in significant (>5% of all generated pho-
tons) photon loss through the sides of the simulation
space, adversely affecting light transmission calcula-
tions through the bottom of the glass slide. The sim-
ulated skin sample and glass slide were expanded to
be 12.5 mm on a side instead of 8 mm. This change
in skin sample size does not affect the compressed
tissue geometry since the traced deformed skin sur-
face region has a radius of no more than approxi-
mately 6 mm. The dimension 12.5 mm was selected
to match the size of the optical power collector used
experimentally.17

The light source was defined as a series of col-
limated light beams impinging on each triangu-
lar element surface on the top surface of the pin.
The amount of photons delivered in each beam was
weighted such that each triangular element surface
had the same fluence, or number of photons per
area. A total of 108 photons was used in each simula-
tion. Baseline optical properties for each region were
defined as in Table 2. These properties were selected
assuming that light being transmitted through the
medium had a wavelength of 633 nm.

TIM-OS calculates photon fluence, Φ, as

Φ =
wa

V µa
, (2)

where Φ is the photon fluence, wa is the sum of
the absorbed photon weights for a region, V is
the volume of the region, and µa is the absorption

Table 2. Baseline optical properties used in simulating the
effects of geometry change on light transmission.

µa µs n g

[mm−1] [mm−1] [–] [–]

Air 0.001 0.001 1.003 1.000
Glass 0.001 0.001 1.458∗ 1.000

Skin 0.089† 28.9† 1.38‡ 0.926†

∗Value for SiO2 glass at 632.8 nm.22
†Value for porcine dermis at 632.8 nm.23
‡Value for porcine skin at 850 nm.15

coefficient. Equation (2) shows that TIM-OS will
have difficulty quantifying photon fluence for a
zero absorption region. To solve this problem, we
assigned extremely low absorption parameters for
air and glass regions relative to values of the absorp-
tion coefficient of skin as shown in Table 2.

We first simulated light transmission through
the glass pin in direct contact with the glass slide
without a skin sample present. This transmission
value will serve as a baseline transmission, the
maximum possible attainable transmission during
subsequent pin compression simulations, mimick-
ing baseline definition used experimentally.17 We
then investigated the effects of nominal tissue strain
on tissue light transmission by performing Monte
Carlo simulations for meshed media constructed
from 0, 25, and 50% strain finite element outputs.
Light transmission was defined as the number of
photons exiting through the bottom surface of the
glass slide divided by the number of photons input
to the model. This measure of light transmission
is relevant to experiments where an optical power
wand could be inserted under the slide as described
previously.17 We also chose to investigate the effects
of changing the absorption coefficient, µa, scatter-
ing coefficient, µs, and refractive index, n, of the
compressed skin region. We chose to ignore changes
in the anisotropy factor, g, due to tissue strain,
leaving g constant for all skin regions in each sim-
ulation. The modified optical properties used for
each simulation are shown in Table 3. In simulations
4 through 9, one of the three varying optical prop-
erties was changed to a moderately altered value or
a highly altered value, holding the other parameters

Table 3. Values for parameter study of optical properties in
compressed skin region at 50% nominal tissue strain. Gray
regions highlight changes in optical properties from baseline
values.

Nominal µa µs

Simulation strain [%] [mm−1] [mm−1] n [–]

1 0 0.0890 28.9 1.38
2 25 0.0890 28.9 1.38
3 50 0.0890 28.9 1.38
4 50 0.0712 28.9 1.38

5 50 0.0534 28.9 1.38
6 50 0.0890 23.12 1.38

7 50 0.0890 17.34 1.38
8 50 0.0890 28.9 1.449

9 50 0.0890 28.9 1.518
10 50 0.0712 23.12 1.449
11 50 0.0534 17.34 1.518
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constant. The absorption and scattering coefficients
were each reduced to either 80% or 60% of the orig-
inal value, while refractive index was increased to
either 105% or 110% of its original value. The refrac-
tive index was chosen within these ranges because
the refractive index of optically cleared skin can-
not exceed that of the protein constituents, approx-
imately 1.53 for dry collagen.24 For simulations 10
and 11, all three optical properties were changed to
either the moderately or highly altered value. This
multivariate change in optical properties is more
realistic as water transport will affect all three of
these parameters simultaneously. All optical Monte
Carlo simulations were performed on a work station
with two quad-core Xeons (L5520). Each simulation
took approximately 11 minutes for 108 photons.

3. Results and Discussion

Results from the mechanical finite element simu-
lation for 50% nominal tissue strain are shown in
Fig. 5. These plots verify that the highest loga-
rithmic or true strain occurs immediately under
the pin and then drops off laterally. From this
strain profile, the region of elements with logarith-
mic compressive strain of at least 50% was subse-
quently incorporated into each contiguous meshed
medium for Monte Carlo simulation. For all sim-
ulations, the amount of photons exiting from the
side surfaces of the mesh was less than 3.5% of the
108 photons generated during simulation, ensuring
that light transmission through the bottom mesh
surface was not affected by mesh boundary posi-
tioning. The internal element fluence distribution

Fig. 5. Stress and strain distributions resulting from mechanical simulation. Stress reported in MPa.

resulting from select Monte Carlo simulations is
plotted in Fig. 6 for simulations 1, 3, 10, and 11.
It is evident that pin compression alone has a sig-
nificant focusing effect and increase in fluence at
the bottom surface of the glass slide. The addi-
tional effect of changing skin optical properties
also increases fluence, but this effect is difficult to
quantify by inspecting Fig. 6. The light transmis-
sion through the bottom surface of the slide, T ,
was calculated for each simulation as presented in
Table 4. Changes in the scattering coefficient were
found to have the largest effect on transmission
(28.9%), followed by index of refraction (19.9%) and
finally absorption coefficient (6.5%). These findings
also suggest that compression-dependent changes
in tissue geometry alone have a significant optical
clearing effect, increasing transmission from 10% to
41%. The transmission calculations also show that
changing the optical properties by significant yet
realistic amounts provides an additional increase
in transmission from 41% to 69%. More modest
changes in optical properties resulted in trans-
mission increasing from 41% to 57%, indicating
that both compression-driven geometry change and
changing optical properties significantly increase
transmission, with geometry contributing approx-
imately 52–66% of the total increase in light
transmission.

While this preliminary model predicts that the
total optical clearing effect on transmission may
be anywhere from a four-fold to approximately a
six-fold increase, this result should be interpreted
with caution as light transmission experiments have
demonstrated a three-fold to four-fold increase in
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Fig. 6. Internal element fluence distributions for optical Monte Carlo simulations (a) 1, (b) 3, (c) 10, and (d) 11. Slice 1 is a
horizontal slice taken at the height of the tip of the pin, while Slice 2 is taken through the center of the pin.

Table 4. Transmission results from each Monte Carlo simu-
lation. Simulation 0 is simulation of the pin in direct contact
with the glass slide without a skin sample in between.

T relative T relative
to glass only to 50% strain

Simulation T [%] case [%] case [%]

0 41.48 100.0 —
1 4.22 10.17 —
2 8.76 21.12 —
3 17.15 41.35 100.0
4 18.06 43.54 105.3
5 18.27 44.05 106.5
6 19.00 45.81 110.8
7 22.11 53.30 128.9
8 20.11 48.48 117.3
9 20.57 49.69 119.9

10 23.68 57.09 138.1
11 28.86 69.43 167.9

light transmission during local pin compression at
50% and 75% nominal strain, respectively.17 This
difference between model predicted and observed
transmission values is largely due to the simulated
baseline transmission through skin being lower than
the baseline transmission measured experimentally
(∼20%).17 This is likely the result of simulating
a thicker skin sample (2.5 mm) than those used
in transmission experiments (∼1.5 mm) because a
thicker medium will scatter and absorb more light
than a thinner medium, lowering transmission.17

Future work could include studying the effects
of varying tissue thickness and other geometric
considerations.

Another limitation of this study is the
simplified mechanical skin model used in finite
element simulation, which only used pin compres-
sion data. Hyperelastic material law identifica-
tion by regression is capable of accepting multiple
input stress/strain datasets in different deformation
modes to fit the material law. By only using local-
ized pin compression stress/strain information, the
hyperelastic material model was determined with-
out considerations of skin’s behavior in other modes
of deformation, including uniaxial tension, shear,
biaxial tension, and uniaxial (not localized) com-
pression. The elements in the finite element model
undergo combinations of these modes of deforma-
tion, and so a more complete mechanical dataset
would result in a hyperelastic material model that
would lead to more accurate modeling predictions
of spatial tissue strain distributions.

We have also not yet included a finite element
model to describe water transport due to strain
fields in the tissue. Rather, we have assumed a
threshold strain value for which optical properties
were disjointedly modified. The actual change in
optical properties will be a continuous spatiotem-
poral function of local tissue water content, and
so a model of tissue water transport during TOCD
application is required in order to correctly predict
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water transport and resulting changes in optical
properties. A more comprehensive model of tis-
sue deformation, modified tissue water content and
optical property distributions would provide a more
accurate description of light distribution in mechan-
ical tissue optical clearing.

4. Conclusions

Through combined mechanical finite element
modeling and optical Monte Carlo simulation, we
have demonstrated the ability to model and inves-
tigate the application of TOCDs to skin. The
results indicate that changes in both tissue geom-
etry due to compression and changes in optical
properties due to tissue strain can potentially con-
tribute to mechanical optical clearing. There are,
however, several crucial additions to the model to
be made in order to allow comparison to experi-
mental data, including robust mechanical model-
ing, correlation between mechanical response and
tissue water transport, and correlation between tis-
sue water content and optical properties. By investi-
gating these model domains and collecting data for
tuning the model, a multi-domain model could be
used to accurately predict changes in light transport
during application of TOCDs. This would provide
a tool for optimizing the design of such devices for
diagnostic and therapeutic applications.
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