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Purpose: Trephination is one of the basic operations of keratoplasty, and the biomechanical mechanism of the operation can be re-
vealed based on three-dimensional modeling and simulation of trephine cutting cornea. Methods: Based on the analysis of the physical
and biomechanical characteristics of corneal trephination, a three-dimensional numerical model of corneal trephination is built, where the
cornea can be simplified to two layers structure including stroma and epithelium, and the trephine cuts the cornea under the vertical
motion load and the rotational motion load. A three-dimensional failure criterion of corneal material is proposed based on the yield
strength theory. On this basis, trephination simulation is carried out, and the units of corneal material are removed from the model when
they meet the defined failure criterion. Results: Under the given parameters including the velocity, the angle and the angular velocity, the
trephine force curves, include the linear cutting force and the rotary cutting force are obtained, and show the change of the forces with
displacement during the process of trephination simulation. The maps of the equivalent stress show the destruction and deformation of
the cornea. Then, the experiment of robotic trephination is carried out under the same parameters and the effectiveness of the simulation
is evaluated. Conclusions: Based on mechanics theory and finite element method, the process of trephine cutting cornea has been repro-
duced, and the interaction mechanism is revealed, which lays the foundation for the development of real-time simulation and virtual
system of the corneal surgery.
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1. Introduction

Keratoplasty as a delicate microsurgical surgery
is using the healthy corneal graft to replace lesion
part of the cornea in order to achieve the purpose of
improving vision or treating corneal diseases. The
surgical procedures can be divided into three steps,
i.e., trephination, transplantation, and suture. Among
them, trephination is the most basic operation in
making corneal bed and graft in keratoplasty, which
plays an important role.

Nowadays, some surgical procedures for trephi-
nation are manual operations. The manual operations

have the advantages of controllability, simple opera-
tion and low-cost, but the effect of the operations
depends on experience of surgeon and technology
used and is limited by physiological limitations of
surgeon. Particularly, manual operation will lead to
a loss of endothelial cells at the cutting edge [5], [22],
and it leads to non-uniform cutting force, and irregular
graft or bed, which induces postoperative astigmatism
and complications [2], [9]. Because of this, the re-
searchers evaluated the effects of various trephination
instruments and methods on the surgery [12], and
explored the use of advanced technologies, such as
robotics technology, laser technology and so on [12],
[14], [27].
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Robot-assisted keratoplasty is a surgical procedure
that is similar to the traditional manual operation, and
it has the advantages of stable operation and high reli-
ability. Based on the signals from micro-force sensor
and position sensor, the robot manipulator of trephi-
nation can judge the organizational state information
and cutting depth, which can effectively improve the
cutting precision and make up for the shortcomings of
manual operation [14], [27]. In the field of surgery,
many scholars are also exploring the trephination ro-
bot which has the ability to interact with biological
tissues in real-time [10], [26]. In addition, laser tech-
nologies are also increasingly used in resecting cor-
neal lesion and making corneal grafts, such as the
excimer laser technology, the femtosecond laser tech-
nology and so on [25], [29]. As a new technology, the
femtosecond laser technology has many advantages
over traditional corneal surgery, such as accurate con-
trol of the cutting depth and corneal shape, and higher
verticality in the edge of the cornea [15]. The study
found that the open eyes and corrected visual acuity
were significantly improved after surgery. Although
the surgery is better using femtosecond lasers, the
technology still has many problems and limitations,
such as insecurity, instability, limitations, economic
factors or other issues [22], [25].

With the development and progress of medical
technology, in addition to improving surgical tech-
niques and developing surgical manipulator, we should
also make clear the biomechanical mechanism of the
surgery [18]. The surgical mechanism can reveal in-
teraction of instruments with tissue radically and be
used to guide the design of the surgical manipulator
[4]. Some researchers simulated the biomechanical
deformation of corneal tissue using the finite element
method, and simulated the damaged mechanism of the
tissues of the eyeball in the case of external force act-
ing on the eyeball [11], [28]. In addition, the finite
element simulation on interaction of instruments with
tissue can be using to the development of virtual sur-
gery training system, and the numerical simulation
can not only be used as a tool for surgical planning,
evaluation and judgment of the operation, but also
establish the mechanical condition that cannot be
achieved in experiments [17], [21].

Because the cornea is a complicated viscoelastic
body, there are many difficulties in researching inter-
action mechanism of instruments with corneal tissue,
including the deformation of biological tissues in
loading, the relaxation effects of tissue penetration,
and simulation setting in numerical simulation. In the
preliminary study, a corneal suture test system was
built and the biomechanical model of needle insertion

into cornea was established, and the biomechanical
characteristics of was analyzed based on insertion ex-
periment and finite element simulation [29]. In most of
the simulation on the interaction of the instruments
with biological soft tissue, such as insertion simula-
tion [6], [17], [24], the soft tissue is simplified to be
a two-dimensional model. Horever, the surgery of cor-
neal trephination has a more complex biomechanical
behavior, and some parameters may influence the
results including linear velocity, rotation angle and
rotation velocity [22]. It is necessary to establish
a three-dimensional numerical model of trephination
in order to reveal the biomechanical response of the
operation effectively.

The interaction mechanism between trephine and
the corneal tissue should be discussed due to the im-
portance of corneal transplantation. The finite element
model of corneal trephination is established based on
the operation, and the failure criterion of corneal ma-
terial is derived using the fourth strength theory. On
this basis, three-dimensional biomechanical simula-
tion on interaction of trephine with corneal tissue is
performed, and the effectiveness of the simulation is
evaluated through comparing cutting force curves
with robotic experiment and analyzing the maps of
equivalent stress.

2. Materials and methods

2.1. Finite element modeling
of corneal trephination

Considering the operation requirements and char-
acteristics of finite element simulation, geometric
model of eyeball is built according to the physiologi-
cal structure [11], [13], as shown in Fig. 1a. In the
trephination experiment, disposable corneal trephine
of 7.5 mm diameter was chosen [22], and its geomet-
ric model is shown in Fig. 1b.

According to the structure and biomechanical prop-
erties of the cornea, the cornea can be divided into five
layers, including epithelium, lamina elastica anterior,
stroma, lamina elastica posterior, and endothelium,
and they have different geometric thickness and dif-
ferent mechanical properties, such as elastic modulus
and Poisson’s ratio. But in a lot of research on corneal
mechanical behavior under different loads the cornea
is simplified as the biological soft tissue that has only
one layer structure [20]. In the cornea surgical opera-
tion, the mechanical response caused by interaction of
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rigid instrument and flexible corneal tissue can be
used as a reference for accurate control of the cutting
depth [1], so the model of corneal trephination is es-
tablished considering the different corneal layers. The
stroma constitutes about 90% of corneal thickness,
which is the main part of the cornea and determines
biomechanical properties of the cornea. Epithelium,
the second thickest layer of the cornea, is generally
considered to be a corneal barrier because it is hard
and located at the outwards. The other layers are so
thin that they may be ignored in finite element simu-
lation of corneal trephination, so in order to reduce the
difficulty of calculation, the cornea is simplified to
two layers structure, including stroma and epithelium,
as shown in Fig. 1a. Mooney–Rivlin hyperelastic ma-
terial parameters of stroma and neo-Hookean hyper-
elastic material parameters of epithelium are set up in
the simulation model [13], [23], and the sclera was
simplified as an elastic body that the elastic modulus
E = 3.08 MPa and Poisson’s ratio  = 0.49 [3].

In the process of cutting the corneal tissue with
a trephine, there is vertical and rotational movement.
Three-dimensional finite element model of trephine
cutting cornea is established as shown in Fig. 2. In the
model, the difference between vertical and horizontal
of eye model is ignored, and the eyeball model and
the trephine model are established by the method in-
cluding 3D, deformable, solid, and rotation. For ob-
servation and analysis, the rotation angle of the cornea
is 180 degrees, and the rotation angle of the trephine
is 360 degrees. Based on the physiological structure
of the eyeball, the sclera and cornea are used as the
whole, and the biomechanical response of other
eyeball tissues such as the choroid and the retina are
ignored in the finite element analysis. The intraocular
pressure is produced by chamber water of the eyeball,
and normal intraocular pressure is from 11 mmHg to
21 mmHg. In order to ensure the effectiveness of the
simulation, intraocular pressure is imitated by impos-
ing uniform pressure on the inner wall of the eyeball,

and the pressure value is 17.5 mmHg [24]. In addition,
in order to improve the computational efficiency, it is
assumed that the cornea is an isotropic symmetric
structure on the basis of not affecting the simulation
result [16]. The trephine is set as rigid body.

Fig. 2. Three-dimensional finite element model
of cutting cornea with trephine

In the eyeball model, the lower hemisphere is
hinged, and the vertical motion load v is applied on
the center axis of the trephine, and the rotational mo-
tion load is applied at the same time including rotation
velocity ω and rotation angle . In order to describe
the rotational motion under the constraint condition,
a periodic curve function is established. The function
is expressed by Fourier series,
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where  is the circular frequency, and t0 is the starting
time, and A0 is the initial amplitude, and An and Bn

(a)      (b) 

Fig. 1. The geometric model (dimension are given in mm).
(a) geometric model of eyeball, (b) geometric model of trephine
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are cosine and sine coefficients. Setting N = 1, Bn = ,
 =  and other parameters are 0. The dynamic ex-
plicit analysis step is set in the analysis, and the target
time increment is 1.0  10–5 s.

(a) 

(b) 

(c) 

Fig. 3. The mesh of corneal model. (a) umbrella mesh,
(b) vertical mesh; (c) horizontal mesh

Because the cornea is thin and irregular, in order
to change and simplify the topology, three meshes
have been examined based on mesh partition method,
as shown in Fig. 3, including the umbrella mesh, the
vertical mesh, and the horizontal mesh. As shown in
Table 1, the simulation results show that the umbrella

mesh can obtain better convergence, with the simula-
tion time of about 68 s, and in variation trends and
data areas, trephine force has better similarity with the
experimental results. Contact algorithm is surface-to-
surface contact, in which a rigid material is chosen as
the principal surface to obtain the best contact simula-
tion, and the subordinate surface based on node are
selected. So, the first contact surface is the trephine,
and the second contact surface is the cornea, i.e., the
subdivision region in the Fig. 3a. The contact action is
tangential contact friction, and the normal pressure is
hard contact.

2.2. The three-dimensional
failure criterion of cornea material

In order to establish the strength conditions in
complex stress states, the researchers have proposed
the assumption and calculation method for the failure
of materials under various stress conditions, i.e.,
strength theory. The yield or fracture failure of a ma-
terial is caused by a factor in stress, strain or strain
energy density, and independent of the stress state.
Strength theory can also be divided into fracture
strength theory of brittle material and yield strength
theory of plastic material. In the yield strength theory
including the third strength theory and the fourth
strength theory, a failure criterion is defined, and the
unit loses the load-carrying capacity and is deleted
when it meets the failure criterion. The equivalent
stress failure criterion, based on the fourth strength
theory, is one of the commonly used failure criteria,
and is commonly used in small strain polymeric mate-
rials [24], [30].

As a typical biomaterial, cornea has hyperelastic-
ity and viscoelasticity. A three-dimensional failure
criterion of cornea material have been studied to
propose for interaction simulation of trephine with
corneal tissue based on the yield strength theory.
According to the model of corneal trephination, there
are three-dimensional features in the operation, and
the material deformation gradient tensor of the cor-
nea, i.e., the stretching tensor F, contains 9 compo-

Table 1. The comparison about different meshes of corneal model

Number of meshes Trephine force compared
with experimental dataMesh partition

method
total trephine area

Simulation
time [s]

variation trend data area
The umbrella mesh 17215 13008 68 similar similar
The vertical mesh 21064 11709 165 similar smaller
The horizontal mesh 19377 15560 283 difference larger
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nents in the three-dimensional state, so it can be de-
scribed as
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For symmetric tensors, F11, F22, F33 are direct vari-
ables, and F12, F13, F21, F23, F32, F31 are indirect vari-
ables, and F21 = F12, F32 = F23, and F13 = F31. The
Mooney–Rivlin constitutive model of corneal material
can be described as [23]
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In the above formula, the volume ratio J = det(F).
1I  and 2I  are the first and second invariants of the sym-

metric modified Cauchy–Green tensor [7], wherein
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Hyperelastic material is characterized by the pres-

ence of a potential strain function W, and it is the po-
tential energy of second Piola–Kirchhoff stress tensor
S, which exists in
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In the formula, the right Cauchy–Green deforma-
tion tensor C = FT F. Through the derivation, the ex-
pression of Piola–Kirchhoff stress tensor can be ob-
tained, which is
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where I is Unit matrix. Cauchy stress component
is described by the Cauchy–Green strain tensor, and
there is
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In the formula, T is the trace of the right Cauchy–
Green deformation tensor matrix, i.e., T = trace ).(B
The corrected right Cauchy–Green deformation tensor

,FFB T  in which the modified deformation gradient

can be described as .3
1

FF


 J  In three-dimensional
state,  is the 3  3 order matrix, that is,
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where 11, 22, 33 are normal stress components, and
12, 13, 21, 23, 31, 32 are shear stress components,
and 21 = 12, 32 = 23 and 13 = 31.

By calculating the Cauchy–Green stress invariants,
the existence of normal stress h and shear stress t
can be expressed as
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Based on the static equilibrium equations, h and
t can be indicated by stress components, i.e.,
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In the above formula, the 11, 22, 33, 12, 23 and 31 are six stress components in the three-dimensional
state. The equivalent stress can be determined by any stress state directly, and by combining (8) and (9), the
following formula can be obtained, which is
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The energy stored due to deformation of an elas-
tic body under the action of applied forces is called
strain energy, and the energy stored in a unit volume
is called strain energy density. According to the
fourth strength theory, the strain energy density is
the major factor causing the destruction of materials.
No matter what the stress state of the material, the
material will yield failure as long as the distortion
energy density d reaches its limit value d0. d0 can
be determined by the uniaxial tensile test.
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In the above-mentioned formula, [] is the ulti-
mate stress obtained by the axial tensile test, so the
yield limit of the material can be indicated as

0dd   (12)

Define the state variable as , and the yield failure
condition can be expressed as

][  s (13)

The formula (13) is the yield condition of the
cornea under three-dimensional conditions. Based
on the condition, the failure criterion of corneal
material is defined and described in the subroutine
VUMAT of ABAQUS. On the basis of the known
strain increment, the stress increment of the mate-
rial is obtained, and the equivalent stress of the
material is calculated. When the unit of the material
meets the defined failure criterion in simulation, it
loses the carrying capacity and is removed from the
model. The state variable  is defined as a constant
before being compared with the limit stress []. In
calculations, if  < [], the state variable  is de-
fined as 0, which means that the material failure,
otherwise,  = 1 means that the material is normal.
In integral point of material of each time step, the
main program will call the subroutine for failure
calculation. Then, in the next time step, if the initial
state variable 0  0, the program will continue to
perform the operation, and the judgement of the
material failure is proceeded.

Problems occuring in the numerical simulation
of corneal trephination, are great deformation and
changing contact surface, besides the failure and
destruction of the corneal structure layer. At pres-
ent, an explicit solver can be used to deal with this
kind of problem [8], and the material failure and
separation can be achieved using the unit deletion
technology.

3. Results

The process of corneal trephination involves the
instantaneous three-dimensional status of the interac-
tion between rigid body and soft tissue, and it is more
complex and difficult to calculate, compared to the
simulation of needle insertion into soft tissue. Based
on the established numerical model of corneal trephi-
nation and the three-dimensional failure criterion of
corneal material, the numerical simulation of trephine
cutting cornea is carried out, and the changes of tre-
phine forces are discussed. Comparison of the results
of corneal trephination, which is operated by robots
with the same parameters is made and the validity of
the simulation is verified.

The simulation parameters are set as [, , ] =
[20.0, 1.25, 33.5], where  is the velocity of the verti-
cal motion and the unit is m/s,  is the angle of the
rotary motion and the unit is rad,  is the angular
velocity of the rotary motion and the unit is r/min
(i.e., revolutions per minute). The simulation is car-
ried out in ABAQUS, where simulation time is 70 s,
and the change curves of trephine forces with dis-
placement are shown in Fig. 4. Figure 4a describes
rotating load in the simulation, and the peak value,
A point, shows the rotation angle  = 1.25 rad. Fig-
ures 4b and 4c, present the change curves of the linear
cutting force Fz and the rotary cutting force Fc, re-
spectively. In the figures, the AB interval is the effec-
tive interval for trephination simulation, and the
simulation time is about 60 s. In Fig. 4b, the curve a is
the sampling data, and the curve b is the fitting curve
obtained by fitting the sampling data by Gauss inter-
polation, and the fitting function g(x) is shown in the
formula (14). The curve a shows a fluctuation growth
and the stability can be improved by changing the
precision of mesh division and the setting of time
increment step. At point C, the linear cutting force Fz

reaches the maximum value which is 14.40  10–2 N,
and the puncture force Fp is about 2.76  10–2 N. The
epithelium has been punctured at point D, and point
E shows the corresponding linear cutting force at the
time of 38.5 s. From the fitting curve b, the change
regulation of the linear cutting force Fz can be
shown, and it shows an obvious decline when the
stroma has been punctured at point B. In Fig. 4c,
rotating cutting force Fc shows a periodic change and
an obvious increasing trend, and the maximum value
of the force Fc is about 3.55  10–2 N. After a stable
state, the force Fc reaches the punctured position,
i.e., point B, and it shows the reducing trend, periodic
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variation and kept constant. The fitting function of
sampled data is

]70,0[exp)(
22

1





















 




x
c

bxaxg
i

i

i
i (14)

in which,


















63.1886.3306.0
04.2236.6210.0

222

111

cba
cba

.

(a) 

(b) 

(c) 

Fig. 4. Simulation results of trephination.
(a) the relationship between time and rotary angle,
(b) simulation curves of the linear cutting force,

(c) simulation result of rotary cutting force

The equivalent stress maps of trephination simula-
tion are shown in Fig. 5, which reflects the destruction
and deformation of the cornea in the process of
trephination. Figures 5a–e correspond to the points O,
A, D, E, and B of Fig. 4, respectively. Figure 5a de-
picts the initial state of the simulation. Figure 5b

shows that the trephine contacts and extrudes the cor-
neal surface when the simulation time is about 3.5 s,
and the obvious stress changes are shown in the whole
cornea due to extrusion force and intraocular pressure.
Figure 5c shows that the epithelium has been punc-
tured when the simulation time is about 7.7 s, and due
to the failure stress and material are different, the two
cell layers can be clearly identified from the figure.
Figure 5d shows the deformation and destruction of
the cornea when the simulation time is about 38.5 s.
The shade is the initial state of the simulation, and the
entity is the instantaneous state of trephination. By
comparing two statues, it can be shown that the whole
cornea and the unconstrained sclera will have oc-
curred apparent elastic deformation in the process.
Figure 5e shows the equivalent stress state where the
stroma has been punctured when the simulation time
is about 62.5 s, and it can be regarded that the whole
cornea was completely punctured, and the deforma-
tion of the cornea is marked as m. Figure 5f is the
stress state when the cornea is penetrated and the
simulation time is about 65 s, and it can be seen that
the current state of corneal deformation marked as n is
more apparent than the deformation m in Fig. 5e. It
illustrates that the cornea is affected by the intraocular
pressure after it has been punctured in the simulation,
and will also produce reaction force to the trephine, so
the trephine force will not disappear immediately,
which is consistent with the analysis of the trephine
force above.

In order to verify the simulation, the experiment of
robotic trephination is carried out [22], as shown in
Fig. 6, where the operating parameters are set up with
reference to the simulation parameters. The experi-
ment results of robotic trephination are obtained, as
shown in Fig. 7. In Fig. 7a, the AB interval is the ef-
fective interval of trephination experiment, and the
time is about 90 s, which is longer than the simulation
time. That shows that the deformation of the eyeball
in the experiment is greater than the simulation. At
point C, The linear cutting force Fz reached the maxi-
mum value of about 14.92  10–2 N, and the maximum
value of the puncture force Fp is about 2.30  10–2 N.
These two values are basically close to the values of
the simulation. The trephine force drops rapidly to
near the zero point after point B, indicating that the
cornea has been punctured and has lost carrying ca-
pacity of the trephine. In Fig. 7b, the rotary cutting
force Fc, which is less than 2.40  10–2 N, shows an
obvious trend of increase, and it is similar to the
simulation results. In the simulation and the experi-
ment, the trephine forces are shown in Table 2, where
the data correspond to the force curves. Before the
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Fig. 5. The equivalent stress maps of trephination simulation, where t is trephination time.
(a) corneal pre-deformed status, (b) cutting status of epithelium at t = 3.5 s, (c) corneal epithelium has been punctured,

(d) cutting status of stroma at t = 38.5 s, (e) the stroma has been punctured,
(f) broken status of the cornea at t = 65 s
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cornea is punctured, it shows corneal deformation that
the displacements are greater than the corneal thick-
ness. Comparing the results of experiment with that of
simulation, it is shown that the change and data area of
the trephine forces are in agreement. The modeling and
simulation on interaction of trephine with cornea are
correct and effective, and the simulation can reflect the
biomechanical characteristics of the experiment.

Fig. 6. The experiment of robotic trephination.
(a) the robot of corneal trephination,
b) experiment of robotic thephination

(a) 

(b) 

Fig. 7. The experimental results of the robotic trephination.
(a) experimental curves of the linear cutting force,

(b) the result of rotary cutting force

Table 2. Statistics on the trephine forces, where simulation data
of the linear cutting force Fz is the fitting value

and experimental data of the force Fz is the mean value

Simulation ExperimentTime
[s]

Displacement
[m] Fz (N) Fc (N) Fz (N) Fc (N)

0 0 0 0 0 0
3.5 70 0.72 0 0 0.01
7.7 154 0.81 0.16 0.78 0.03
30 600 7.31 2.77 5.70 1.07

38.5 770 8.80 3.43 5.75 1.30
50 1000 10.04 3.55 8.82 1.62

58.1 1162 11.05 3.50 9.05 1.65
62.5 1250 14.40 3.28 10.00 2.12
65 1300 10.78 3.05 10.05 2.31

90.3 1806 9.65 3.12 12.83 2.40
92.5 1850 9.53 3.08 11.21 2.32
95 1900 9.59 3.16 1.31 0.01
100 2000 9.60 3.10 1.06 0.01

4. Discussion

A three-dimensional model of interaction of tre-
phine with corneal tissue is established, and it is a new
attempt to confirm that the cornea consists of different
structural layers that have different geometric thick-
ness and different mechanical properties. On this ba-
sis, the finite element model is established where the
mesh of the cornea is refined based on partition
method of umbrella mesh that has better performance
than vertical or horizontal mesh. Simulation results
demonstrate that the umbrella mesh improves the effi-
ciency and convergence of the finite element simula-
tion. In the simulation, the motion of the trephine
cutting cornea is defined by a periodic curve function,
i.e., Fourier series, and these loads generate the verti-
cal velocity, the rotation velocity and the rotation an-
gle. It simulates the surgeon’s operation, including the
vertical motion and the rotational motion.

In the research of trephine cutting cornea, it is es-
sential to explore the assumption and calculation
method for the failure of materials under mechanics
theory. A three-dimensional failure criterion of corneal
material is proposed based on the yield strength theory,
where the three-dimensional form of the equivalent
stress can be evaluated on the basis of mathematic
deduction. Based on the criterion, the units of corneal
material are removed from the model due to the loss
of the carrying capacity when they meet the defined
failure criterion. And the results show that the crite-
rion may be used for corneal material within a certain
range of accuracy.
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By three-dimensional simulation of corneal trephi-
nation under determined simulation parameters, the
change curves of trephine forces with cutting displace-
ment are obtained during the process. Among them, the
linear cutting force continues to increase due to the
reaction force caused by squeezing the eyeball. Al-
though the punctured cornea lose the carrying capacity
due to the disappearance of constraints in the simula-
tion, the failure unit and the normal unit still give tre-
phine friction force and reaction force in the process of
simulation, so the force did not fall to zero position
after the cornea has been punctured. The rotary cutting
force shows a periodic change and an obvious increas-
ing trend. Then, the equivalent stress maps of the finite
element simulation are analyzed, which correspond to
the marked points of the trephine forces curves, and
they show the failure process of the corneal material.

The experiment of robotic trephination is carried
out under the same parameters to verify the simula-
tion. The results show that the simulation results are
basically consistent with the experimental results in
variation trend and data area of trephine forces, and
the simulation can reflect the biomechanical behavior
of the operation.

The research has reproduced the process of the
interaction of trephine with cornea, and the biome-
chanical model of corneal trephination is the basis for
the surgery simulation and training system based on
force feedback. Further studies are necessary to ex-
plore the real-time simulation of the surgery based on
finite element methods and sensor technology.
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