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Abstract. The aim of this research is to provide a simple, yet realistic, model of the sino-
nasal tissue as a major requirement for developing more e�cient endoscopic neurosurgery
simulation systems. Ex-vivo indention tests were performed on the orbital 
oor soft tissue
of four sheep specimens. The resulting force-displacement data was incorporated into
an inverse �nite element model to obtain the hyperelastic mechanical properties of the
tissue. Material characterization was performed for polynomial, Yeoh, Mooney-Rivlin, and
neo-Hookean hyperelastic models using a sequential quadratic programming algorithm.
Experimental results indicated relatively large elastic deformation, up to 6 mm, during
the indentation test with considerable nonlinearity in the force-displacement response. All
hyperelastic models could satisfy the convergence criteria of the optimization procedure,
with the highest convergence rate and close �tting accuracy associated with the Yeoh
hyperelastic model. The initial guess of the material constants was found to a�ect the
number of iterations before converging, but not the optimization results. The normalized
mean square errors of �tting between the model and experimental curves were obtained as
2.39%, 4.26%, and 4.65% for three sheep samples, suggesting that the Yeoh model could
adequately describe the typical hyperelastic mechanical behavior of the sino-nasal tissue
for surgery simulation.
© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Endoscopic Sinus and Skull base Surgery (ESSS) is
a minimally invasive technique for the treatment of
lesions of the nose and paranasal sinus, the brain
defects, or tumors located at the anterior skull base.
A rigid �ber optic lens with a working channel passes
through the natural pathways of the nose and sinuses
to visualize and access the surgery site and permit the
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excision or biopsy of the lesion using particular instru-
ments. The surgery outcome is obviously advantageous
over open surgery due to the reduced swelling, bleeding,
and discomfort and, also, a faster recovery [1].

Despite the progressive technological innovations,
the ESSS requires many technical skills [2,3]. On the
one hand, the anatomy of the sinus and nasal cavity
is complex, and there are many vital neurovascular
structures in its proximity that are at risk of injury
during surgery, e.g., orbital content, carotid arteries,
optic nerve, brain, and other intracranial tissues. On
the other hand, the restricted vision, the non-intuitive
hand-eye coordination, and the use of a single endo-
scope for both viewing and instrument manipulation
in a narrow space with very limited mobility increase
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the possibility of mistakes in surgery that may lead to
severe consequences. It has been reported that neuro-
surgery ranks as the most liable specialty amongst all
the medical subspecialties to malpractice suits in the
US, with over 19% facing a claim each year [4].

In order to perform a safe and e�ective surgery
with no complications, the ESSS trainees require spe-
cial training programs to gain su�cient hand-eye co-
ordination and instrument manipulation skills [5,6].
Currently, the cornerstone of surgical education is
learning through observation, which is increasingly
challenged by legal and ethical concerns for patient
safety, as well as limited e�ciency and high costs of
operating room time [7,8]. An alternative approach
has been the practice of the surgical procedure on
animal or cadaver models; this is again restricted by
the fact that it needs special lab facilities and cannot be
accomplished repetitively due to ethical and economic
problems. The emerging �eld of surgical simulation
provides an opportunity to learn and practice neuro-
surgical procedures in a virtual environment. By repli-
cating the real surgery conditions, surgical simulation
systems enable the trainees to practice diverse types
of procedures unlimitedly and, even more importantly,
experience complicated situations before facing them
on real patients [9,10].

The two main components of a surgical
simulation system are: (1) An interactive graphical
environment of surgery site that is manipulated with
virtual surgical tools and (2) A robotic interface,
preferably with force feedback capability, which
associates the operator's hands with virtual surgical
tools. A number of surgical simulation systems have
been introduced in recent years for endoscopic sinus
surgery training, with a wide range of competencies
for each of the above components, particularly the
level of force feedback and haptics capability of
the robotic interface [11{13]. This is not surprising
considering the fact that the sense of touch is an
important skill for neurosurgeons to learn and master,
in view of a limited degree of �nger/hand movements
in endoscopic neurosurgery and the presence of vital
neurovascular structures in the �eld [14,15].

Although the implementation of a simple force
feedback as a collision detection algorithm is relatively
simple, the reconstruction of a realistic sense of haptics
in surgical simulation systems is much complicated
and challenging. On the one hand, it requires real-
time mechanical models of the tissues under surgery
to calculate the tool-tissue force interactions and, on
the other hand, needs highly e�cient control strategies
to feedback the forces into the surgeon's hands in real
time [16,17]. The tissue models that are currently uti-
lized in neurosurgery simulation systems often contain
detailed anatomical descriptions; however, they lack
accurate and validated mechanical properties. This

limitation restricts the systems' capacity for the recon-
struction of a real sense of haptic and, consequently,
reduces their overall training e�cacy [18].

A review of the related literature shows that
the previous attempts for developing tissue mechanical
models for surgery simulation have been often devoted
to abdominal and thoracic soft tissues [19{21]. There
are several reports of the elastic [22{24], hyper elas-
tic [25{27], and viscoelastic [28{30] properties of liver,
lung, and breast. The few studies concerning the me-
chanical properties of tissues involved in neurosurgery
simulation are limited to the elastic and viscoelastic
properties of the brain [31{33]. To the best of our
knowledge, the mechanical behavior of the sino-nasal
tissue has not been investigated before.

The aim of this research is to provide a sim-
ple, yet realistic, model of the sino-nasal tissue as a
major requirement for developing more e�cient ESSS
simulation systems. Ex-vivo indention tests were
performed on the sino-nasal tissue at the posterior of
the orbital 
oor area of sheep specimens, and the force-
displacement results were incorporated into an inverse
�nite element model to obtain the hyperelastic mechan-
ical properties of the tissue by the optimization tech-
nique. This paper is organized as follows. In Section
2.1, the specimens, the experimental setup, and the test
procedure are introduced. Four candidate hyperelastic
models and the �nite element model of the indentation
test are described in Section 2.2. The inverse �nite
element modeling and the optimization procedure are
presented in Section 2.3. The results of the study are
revealed and discussed in Section 3. Finally, Section 4
gives the concluding remakes and future works.

2. Materials and methods

2.1. Experiments
Four heads of adult sheep were acquired from a local
abattoir and used as the test samples. Experiments
were performed ex-vivo to measure the mechanical
properties of the sheep's sino-nasal region as a model
of the human one. The sheep's sino-nasal region is fre-
quently used as a benchmark in many endoscopic sinus
surgery research works [4], considering its rather similar
behavior to the human tissue. The experimental setup
and protocol were approved by the ethical committee
of the Tehran University of Medical Sciences, Iran.

Prior to the main experiments, a model surgery
was performed by an experienced ENT surgeon in order
to identify the most appropriate anatomical site within
the sino-nasal region of the test samples that provides
an intraoperative sense of touch similar to that of the
human tissue. The approach used in the model surgery
is typically the same as real endoscopic neurosurgery
with the exact position of the anatomical site, deter-
mined using a surgical navigation system. For one of
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the test samples, high-resolution CT images (0.625 mm
slice thickness) were acquired, while eight �ducial
markers were implanted on the skull for registration
(Figure 1(a)). The markers were custom made from
ABS to prevent artefacts, yet could be easily recognized
in the CT images and by the tracking system [34].

During the model surgery, the surgeon held an
endoscope with his left and a curette and the suction
with his right hand. While the position of the tip of
the instrument was recorded by the surgical navigation
system (Figure 1(b)), the surgeon touched and pressed
the sinuses and nasal tissue to open the cavities
towards the base of the skull. The anatomical sites
with an intraoperative sense of touch similar to that of
the human were identi�ed and recorded by the surgical
navigation system. Figure 2 represents a coronal view
of the sino-nasal tissue in the orbital 
oor area of the
sheep sample, which was found most similar to the
human tissue and, also, a critical site during ESSS.

In order to measure and characterize the
biomechanical properties of the sino-nasal tissue in
the selected anatomical site, the main experiments
were performed on the three other test samples.
An INSTRON test machine (5560 Series Table
Model) with 50 kN force capacity and 0.001{500
mm/min speed range was employed to obtain the
force-deformation behavior of the orbital 
oor soft
tissue using indentation tests. The accuracy of the
load cell was in the range of +=�0:5% of the indicated
force and that of the encoder within +=� 1 �m.

A custom-made indenter was attached to the
moving crosshead of the test machine as the loading
probe. The indenter was designed and fabricated
in analogy to the curette surgical instrument, as a
4 mm diameter rod with a rounded tip. During the
experiments, the test sample was secured to the base
of the test machine using two parallel plates, such
that the posterior pole of the orbital 
oor hemisphere
was aligned vertically under the indenter. The force-
displacement data were acquired at a rate of 1 kHz,
while the indenter pressed the sino-nasal tissue at a
rate of 10 mm/min. For each sample, a total of six
indentation cycles were performed, from which the �rst
�ve were used for preconditioning to minimize the e�ect
of loading history [35]. The force-displacement data of
the last indentation test were used for the analysis.

2.2. Finite element modeling
Considering the large deformation and non-linear me-
chanical behavior of the sino-nasal soft tissue during
the indentation tests, hyperelastic models were used
to describe the stress-strain relationship of the tissue
in the elastic region. A number of di�erent strain
energy functions were proposed to obtain the consti-
tutive equations of hyperelastic materials. This study
investigated the compatibility of four popular forms
of the strain energy function, e.g., polynomial, Yeoh,
Mooney-Rivlin, and neo-Hookean, with the mechanical
behavior of the tissue assumed to be isotropic and
incompressible. The polynomial strain energy function

Figure 1. (a) The sheep head specimen with the �ducial markers attached. (b) The surgical navigation system used for
tracking the position of the tip of the instrument.

Figure 2. The coronal orbital 
oor in the sino-nasal region of the sheep found most similar to the human tissue and also a
critical site during ESSS.



S. Sadeghnejad et al./Scientia Iranica, Transactions B: Mechanical Engineering 27 (2020) 1266{1276 1269

is de�ned in the following [36]:

U=
1X

i;j=0

Cij(I1 � 3)i(I2 � 3)j+
NX
i=1

1
Di

(Jel � 1)2i; (1)

where Cij represents the material hyperelastic con-
stants with the units of force per unit area, I1 and
I2 are the strain invariants, Jel is the elastic volume
rate, and Di is the compressibility coe�cient [37].
By employing a second-order polynomial strain energy
function in this study, the hyperelastic behavior of
the sino-nasal tissue is characterized by �ve material
constants (C10; C01; C20; C11; C02) that are determined
from the results of the indentation test.

The Yeoh strain energy is a modi�ed version of
the N = 3 polynomial model, which is only a function
of I1 strain invariant. It has the following form [38]:

U =
3X
i=1

Ci0(I1 � 3)i +
NX
i=1

1
Di

(Jel � 1)2i; (2)

where Ci0 represents the material constants and other
parameters are the same as in Eq. (1). Considering the
di�culty of measuring the in
uence of I2 on the strain
energy, this function provides a simpler representation
for the strain energy and might improve the ability of
the model in predicting the tissue behavior [39].

The Mooney-Rivlin strain energy function is also
a special case of the polynomial hyperelastic model
with the following form [40]:

U = C10(I1 � 3) + C01(I2 � 3)2 +
1
D1

(Jel � 1)2; (3)

where C01; C10, and D1 are the material constants,
and the other parameters are the same as in Eq. (1).
Finally, assuming that C01 � 0, Eq. (3) is reduced to
the strain energy function of the neo-Hookean strain
energy model with the following form [41]:

U = C10(I1 � 3) +
1
D1

(Jel � 1)2; (4)

in which all parameters were de�ned before.
In order to determine the material constants of

the sino-nasal tissue, according to the expressions of
Eqs. (1) to (4), a Finite Element Model (FEM) of the
tissue under the indentation test was developed and
executed in ABAQUS 6.14 [42]. The 3D reconstruction
of the orbital 
oor of the �rst specimen, obtained from
the CT data, is shown in Figure 3.

The geometry of the 
oor was simpli�ed into
a hemisphere (36 mm diameter), with the sinu-nasal
tissue at its posterior represented as a homogenous soft
tissue with a constant thickness rate of 9 mm. Consid-
ering the symmetry of the indenter-tissue interaction,

Figure 3. The 3D reconstruction of the orbital 
oor area
of the sheep's head (anterior view).

Figure 4. The axisymmetric �nite element model of
tissue under the indentation test and the introduced
boundary conditions.

the FEM was constructed as an axisymmetric model,
as shown in Figure 4.

The bony orbital 
oor was assumed to be rigid,
considering its much higher sti�ness than that of the
sino-nasal soft tissue. Moreover, the indenter was
represented by a rigid body with a spherical tip. The
sino-nasal tissue was meshed such that it included a
�ner and higher density mesh close to the contact area
with an intender (Figure 4). The element type used
for the tissue was an axisymmetric quadrilateral, 4-
node bilinear, hourglass control element with reduced
integration (CAX4R). After a convergence study with
di�erent mesh sizes, a 1083-element model was found
to provide results independent of the mesh size.

As the boundary conditions of the model, the
symmetry axis was constrained in the horizontal di-
rection, i.e., X axis, and the attachment sites of the
tissue and the bony orbital 
oor in both horizontal
and vertical directions, i.e., X and Y , respectively
(Figure 4). The indenter was allowed to move only
in the Y direction along the symmetry axis, and
its motion was imposed on the model by a velocity
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boundary condition of 10 mm/min. This velocity
boundary condition worked as a simple displacement
boundary condition in the analysis of the model using
ABAQUS/EXPLICIT solver, considering the fact that
the viscoelastic properties of the sino-nasal tissue and
the dynamic e�ects associated with the moving inden-
ter were ignored. The interaction between the indenter
tip and the tissue was modeled using contact elements
to facilitate simulating their changing contact area for
di�erent indentions. The contact between the tip and
the tissue was assumed to be frictionless.

2.3. Material characterization
An inverse �nite element analysis approach was em-
ployed in this study for the hyperelastic material
characterization of the sino-nasal tissue. For each of
the hyperelastic models, expressed by Eqs. (1) to (4),
the material constants changed iteratively to �nd a
�nite element solution that best �ts with the results
of the indentation tests. Figure 5 summarizes the
algorithm used for this purpose. For each hyperelas-
tic material constant set, the indentation force data,
corresponding with di�erent levels of deformations,
were determined from the FEM and compared with
those of the experiment. If the deviation of the
model and experimental forces were larger than a pre-
de�ned value, the material constants were changed

systemically to obtain a new force data from the model.
This procedure was repeated until an acceptable �t was
obtained between the model and experimental results,
revealing the material constants of the tissue for the
chosen hyperelastic model.

In order to change the material constants of
the tissue systemically in the iterative �nite element
analyses and achieve a high optimization convergence
trend, Sequential Quadratic Programming (SQP) al-
gorithm [43] was used in this study. This algorithm is
available in fmincon (�nd a minimum of constrained
nonlinear multivariable function) solver of MATLAB
optimization toolbox (Mathworks, Inc.) [44] and was
implemented in ABAQUS using the Python script. The
cost function, which should be minimized by the solver,
was de�ned as the Normalized Mean Square Deviation
(NMSD) between the FEM forces (FFEM (Cij)) and
the corresponding experimental forces (FEXP ):

min
Cij

NMSD(Cij) =

nP
k=1

(FkEXP�FkFEM (Cij))
2

nP
k=1

Fkexp2
: (5)

The Cij in Eq. (5) represents the hyperelastic material
constants of the tissue, which are restricted to those
variations in a prede�ned range during the optimizing

Figure 5. Flowchart of the material characterization algorithm based on the inverse �nite element analysis and sequential
quadratic programming.
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process:

Lb � Cij � ub; (6)

where constants Lb and ub are the lower and upper
bounds, respectively.

As depicted in Figure 5, the algorithm starts
by constructing the FEM of the tissue based on an
initial guess for material constants. After running the
model, the model predictions for indentation forces are
determined at di�erent levels of tissue deformation and
compared with the corresponding experimental forces,
as the reference. Then, by calculating the NMSD,
the SQL algorithm updates the material constants
to begin a new analysis. This process continues
until a prede�ned acceptable minimum error (tolerance
value) condition is satis�ed for NMSD, leading to the
optimum material constants. The tolerance value was
set at 5% in this study.

In order to ensure the reliability of the results of
the material characterization approach employed, some
further investigations were performed. As indicated
in [45], a well-posed mathematical model of a physical
phenomenon should have the properties of:

(a) Existence, which means there is a solution for the
problem;

(b) Uniqueness, which means there is no more than
one solution to the problem;

(c) Stability, which means the solution's behavior is
independent of the initial conditions.

The possession of these properties by the material
constant results of this study was examined mainly
by changing the initial guess of the material constants
in their allowable domain (Eq. (6)) and executing the
material characterization algorithm repeatedly. It was
assumed that the material constant results would be
acceptable if the same results were obtained from dif-
ferent initial guesses. This ensures that the optimized
material constants determined by the material char-
acterization algorithm are independent of the initial
guess, global and unique.

Considering a large number of the �nite element
analyses required for material characterization using
the above approach, it was necessary to make the
computational time as short as possible. Before the
main analyses, a pilot study was performed to identify
the e�ect of the number of CPUs on the computational
time. After running the FEM on PC characterized by a
3.40 GHz Intel (R) Core i7 CPU, and 8 GB of RAM, it
was found that the application of �ve CPU processors
would provide the least running time (17 min/run) with
no improvement by the larger number of processors.

3. Results and discussion

A typical illustration of the results of the �nite element
analysis of the sino-nasal tissue subjected to the inden-
tation test is shown in Figure 6. The deformation of
the tissue indicated a large deformation just under the
indenter tip, which decreased sharply when distancing
from the contact site. Similarly, the von Mises stress
and contact pressure distributions, shown in Figure 6,
indicated large stress and contact pressures in the
sino-nasal tissue at the tissue-indenter interface, which
disappeared by distancing from the contact zone.

The force-displacement results of the indentation
test of one of the sheep sino-nasal tissue samples,
as well as the e�cacy of the SQL optimization
algorithm for material characterization, based on
the four hyperelastic models investigated in this
study, are shown in Figure 7. The sino-nasal tissue
experienced relatively large elastic deformation, up to
6 mm, during the indentation test with considerable
nonlinearity in the force-displacement response. This
observation supports the use of hyperelastic material

Figure 6. A typical illustration of the results of the �nite
element analysis of the sino-nasal tissue subjected to the
indentation test: (a) The von Mises stress and (b) contact
pressure distributions using the iso-stress contours.
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Figure 7. The force-displacement results of the indentation test of one of the sheep sino-nasal tissues, along with the
responses of the hyperelastic models at di�erent iterations of the optimization process: (a) Polynomial, (b) Yeoh, (c)
Mooney-Rivlin, and (d) neo-Hookean.

models for describing the mechanical behavior of the
sino-nasal tissue.

Figure 7 also exhibits how the force-displacement
response of the four hyperelastic models based on the
initial guesses of the material constants, gradually
converges to the experimental results during the
SQL optimization process. For all models, the
�nal response, obtained based on the optimized
material constants, had a relatively good �t with the
experimental data and could satisfy the acceptable
maximum �tting error (Eq. (6)).

The number of iterations, however, was di�erent
for the four models. In general, the neo-Hookean and
the polynomial hyperelastic models revealed the lowest
and highest convergence rates, respectively. This is not
surprising considering the fact that these two models
also have the smallest and largest degrees of freedom,
i.e., the number of material constants, respectively.
The e�ect of the initial guess on the number of
iterations and the �nal results of the optimization
process are shown in Table 1. The initial guess of
the material constants had a considerable e�ect on
the number of iterations required to converge to the
optimal condition, particularly for the neo-Hookean
and Mooney-Rivlin hyperelastic models. However,
regardless of the initial guess, the convergence rate of
di�erent hyperelastic models had the same trend, as
described before: lowest for neo-Hookean and highest
for polynomial hyperelastic models. The �nal results

of the optimization process, i.e., the optimized material
constants of each hyperelastic model, however, were not
a�ected by the initial guess, and the same results were
obtained for the di�erent initial conditions examined.
This observation is very important since it indicates
that the optimized material constants determined for
each of the hyperelastic models are independent of the
initial guess, global and unique.

Table 1 summarizes the NMSD results of the
optimized material constants of the �rst sheep's sino-
nasal tissue, obtained for each of the four hyperelastic
models. In general, all models could satisfy the
convergence criteria, i.e., the 5% tolerance value in
Eq. (6), with the NMSDs in the range of 1.64% to
4.96%. The best �tting between the modeling and
experimental results was found for the polynomial and,
then, for Yeoh hyperelastic model. The neo-Hookean
and Mooney-Rivlin models were associated with higher
NMSDs due to their relatively poor performance at
large displacements (see Figure 7(c) and (d), respec-
tively), which is consistent with the �ndings of previous
studies [41]. Considering the small di�erence in the
NMSD results of the polynomial and Yeoh models,
the Yeoh model seems to be more appropriate for the
reconstruction of the hyperelastic behavior of the tissue
in a surgical simulation system in view of its simple
structure and the lower number of parameters.

The results of employing the Yeoh hyperelastic
model for the three sheep sino-nasal tissue samples
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Table 1. The e�ect of the initial guess on the number of iterations and the �nal values of the optimization process. All
material constants are in MPa.

Hyperelastic
model

Material
constant

Step I Step II Step III Final
value

(MPa)
NMSDInitial

guess
No of

iterations
Initial
guess

No of
iterations

Initial
guess

No of
iterations

Neo-Hookean C10 1.7 31 2 24 4.5 29 2.2433 0.0496

Mooney-Rivlin C10 0.5 26 0.7 19 1.2 22 0.9128 0.0356
C01 0.5 0.7 1.2 0.9046

Yeoh
C10 0.7

15
1.3

9
1.7

12
1.2512

0.0201C20 0.7 1.3 1.7 1.1512
C30 0.7 1.3 1.7 0.8921

Polynomial
(N = 2)

C10 0.3

12

0.55

11

0.7

14

0.7123

0.0164
C01 0.3 0.55 0.7 0.4545
C20 0.3 0.55 0.7 0.3371
C11 0.3 0.55 0.7 0.4242
C02 0.3 0.55 0.7 0.2011

are shown in Figure 8. The force-displacement
responses produced by the model are compared
with the experimental behavior of the tissues under
indentation tests. Considering the naturally expected
di�erence in the material properties of the three tissue
samples, their experimental results were dissimilar;
consequently, a di�erent set of hyperelastic material
constants was obtained for each sample during
material characterization (Table 2). However, the
reasonably acceptable �tting of the experimental and
modeling force-displacement curves indicates that the
Yeoh model can adequately describe the hyperelastic
mechanical behavior of the sino-nasal tissue. The
LSCEs of the curve �ttings were 4.26% for sample I,
4.65% for sample II, and 2.39% for sample III.

Figure 8. The force-displacement results of the
indentation test of the three sheep sino-nasal tissue
samples along with the responses of the corresponding
Yeoh hyperelastic models.

Table 2. The hyperelastic material constants of the three
sheep sino-nasal tissue samples based on the Yeoh strain
energy function.

Material
constant

Sample
I

Sample
II

Sample
III

Average

C10 0.7541 0.7246 1.7584 1.0791

C20 1.0215 0.4123 1.3553 0.9297

C30 0.9107 0.8568 2.3666 1.5004

The hyperelastic material constants, shown in
Table 2, provide the required information to build a
simple, yet realistic, mechanical model of the sino-
nasal tissue for ESSS simulation systems. The average
material constants of the di�erent test samples might
seem more practical for the simulation system in order
to reconstruct a typical intraoperative sense of touch of
endoscopic neurosurgery. However, by using the data
of each sample independently, the potential variation of
the sense of touch among di�erent specimens, which is
observed during real surgery, could be also simulated.

4. Conclusion

The sense of touch is an important skill for endoscopic
neurosurgeons to learn and master in view of the lim-
ited degree of �nger/hand movements during surgery
and the presence of vital neurovascular structures
in the �eld. In this study, for the �rst time, the
mechanical properties of the sino-nasal tissue were
measured and characterized to provide the required
information for the reconstruction of a typical sense of
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touch in endoscopic neurosurgery simulation systems.
Ex-vivo indention tests were performed on the sino-
nasal tissue samples of four sheep specimens, and the
force-displacement results were incorporated into an
inverse �nite element model to characterize a number
of hyperelastic material models, i.e., polynomial, Yeoh,
Mooney-Rivlin, and neo-Hookean, using optimization
technique. The tissue's intrinsically nonlinear mechan-
ical behavior, observed in the experiments, could be
described by the hyperelastic models with reasonably
good accuracy. In particular, the initial guess of
the material constants did not a�ect the optimization
results, suggesting the optimized material constants to
be independent, global and unique. Among the hy-
perelastic models examined, the Yeoh model provided
the highest convergence rate with close �tting accuracy
with the experimental data, kept preserved for di�erent
tissue samples (NMSDs in the range of 2.29% and
4.65%). It was concluded that the Yeoh model provided
a simple, yet realistic, representation of the hyper-
elastic mechanical behavior of the sino-nasal tissue
for application in endoscopic neurosurgery simulation
systems. The Yeoh material constants of multiple
samples provided by this study might be averaged to
reconstruct a typical sense of touch or used individually
to mimic the variation among di�erent specimens. The
results of this study, however, are based on a limited
number of sheep samples instead of a human. For a
more accurate haptics reconstruction, the tissue model
should be based on a larger experimental dataset and
particular human specimens. Our preliminary model
surgery enabled identifying the most appropriate site
within the sino-nasal region of the sheep that provides
an intraoperative sense of touch similar to that of
the human tissue based on the experience of a skilled
neurosurgeon. In spite of this e�ort, there are minor
di�erences in the mechanical properties of human and
sheep sino-nasal tissue that calls for future studies on
cadaveric human subjects. Moreover, for the higher ef-
�cacy of the surgical simulator, the tissue model should
also account for the e�ects associated with the speed of
tissue manipulation by the surgeon, i.e., the strain rate.
The development of such a hyper-viscoelastic model of
the sino-nasal tissue would need a more comprehensive
set of experimental tests on human cadaveric subjects
to be performed in the future.
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