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Abstract: It is presented the design specifications for a Retractor Robotic System (RRS) based on the
surgical necessities in the incisions procedure for a dacryocystorhinostomy. The specifications are
conformed by a mathematical model, the experimental data measured, a modular flexible architecture,
energy supplier system, the mechanical group, and the safety system. The specifications suggest that
the use of flexible polymeric materials for the RRS provide a mayor adaptability of the system with
the biological tissue; so a pneumatic actuator could be a suitable option.

Keywords: dacryocystorhinostomy; incisions retraction; retractor robotic system; design
specifications; stress tensor

1. Introduction

A dacriocistorrynostomy (DCR) is an ocular surgery that removes the obstruction on the nasal
lacrimal, allowing a normal draining to the nasal cavity trough a new drainage via [1,2]. The DCR
is the most common surgical technique in lacrimal blockage in cases of chronic dacryocystitis
and nasolacrimal duct [1–3]. General Hospital of Mexico City estimates that ,from 2000 to 2007,
222 dacricistitys cases were diagnosed, and 194 of those were treated by a type of DCR [4,5].

During a DCR, an incision between the ocular cavity and the nasal apparatus is performed [1,6,7].
The incision consists on a tangential cut of 2–4 cm of length and its complemented by scissors to get
inside to the nasal bone [6,8,9]. Once the incision depth is achieved, it is open by the use of manual
retractors until the lacrimal sac is founded [8,10].

Table 1 shows principal instruments used in the stage of retraction incision in a DCR.
The retraction, identification, exposure of tissues, and skin are crucial steps in a DCR that allow
for a workspace and mobility needed by the surgeon [9,10].

Table 1. Instruments for a incision retraction in a dacriocistorrynostomy [7].

Instruments

Anesthesia Vaso-builder spray Antiseptic
Cold scalpel Scissors Retractors

Curved mosquito Wescott scissors Silicone tubes

A DCR is considered safe, with low aesthetic repercussions and a high rate of success [1,2,11].
The effectiveness rate of a DCR is 85%, but the group valuation shows 71% effectiveness in DCR in
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both eyes [4,7,12]. The problems are related with the workspace ('2 cm) in which It is necessary to
liberate a minimum area to introduce the instruments in Table 1 [4,8]. In this process, the surgeon
requires assistance of other surgeons for the incision retraction, the tissue manipulation, and the
incision drainage. The incision retraction is the longest process in a DCR.

Given the anatomical differences of each patient, It is required that both the surgeon and the
assistant must have knowledge in canalicular pathologies, the use of medical tools, and a high level of
skills for manipulation of tissues and skin in reduced spaces [2]. The most common complications are
bleeding and a broken nasal flap, which generate complications for the patient and the specialist [13].

A DCR needs the availability of 3–5 expert surgeons on lacrimal surgery for a single procedure [7].
These needs increase costs, surgery time and risk for the patient [4]. This problem generates a need
to develop a Robotic Retraction System (RRS), which retracts the incision automatically, assists with
problems of the workspace for the incision and therefore reduces the number of specialists required.

The construction and design of an RRS start on the determination of the mechanical skin
behavior during the stage of manipulation and retraction of the incision in a DCR. This behavior
generates the design specifications for a RRS. The theoretical and experimental results of forces,
pressures, deformations, tensions, and workspace area derived from the opening of incisions in a
DCR are presented in this article. These results are considered the design specifications needed
in the construction of a incision retractor, and it was recollected in an experimental form with the
reproduction of the skin retraction of a pig’s head’s measuring forces of lengths simulating a typical
dacriocistorrynostomy [14,15].

The experimental information allows for developing a mathematical model that replicates the
incisions’ interactions and behavior during its manipulation in a surgery [16,17]. The incision
replication presented is based on the mechanical characteristics of the multilayer composite of skin.

The geometrical incision behavior is related to the opening points. In a DCR, the opening
points are limited with the workspace and the minimum retraction points needed for a homogeneous
workspace area are three. The skin can be viewed as a multi-layer shell structure with non-negligible
bending stiffness [15,18]. It contains fibers contributing to the tensile mechanical properties of the
skin and leads to anisotropic and nonlinear macroscopic mechanical properties observed in biological
soft tissues under tension [18]. The mechanical behavior of skin can be considered as an anisotropic
tissue in the structural characteristics and its layers correlated with the Langer lines [14,15,18]. On a
3D structure, the skin has distinct mechanical properties [18].

A variety of methods have been used to measure the mechanical properties of skin and those
consider nonlinear behavior, structural non-homogeneity, and mechanical anisotropy, but this is not
developed in the skin incision retraction [18,19]. The external forces applied at the incision could be
considered similar to the tensions in the skin without any cut; therefore, this mathematical model will
consider the same tensor behavior [20].

The external forces applied at the skin will be obtained experimentally relating the force applied
with the skin length retracted in time. Due to difficulties of measuring human skin on the ocular zone,
it is necessary to replicate the mechanical behavior with tissue surrogates [18].

Rat and pig animal skin has been the most common replacement for human skin and the pig skin
has been shown to be a suitable mechanical properties(Young’s Modulus) for human skin [14,15,18].
In order to simplify the problem, the incision is considered an underlying material that suffers stress
as there is a continuous disregard for its molecular structure; this is called the mechanics of a continuous
medium. This type of mechanics can relate stresses and deformations with lengths and forces [20–22].

The stress vector can be simplified into two components: the normal component (σn = t · n̂) and
tangential plane (τ2

n = t2 − σ2
n). The Mohr’s circle is a geometrical representation of solid stresses

subdued by external forces [21].
Another graphic representation on a tensor is called the Lamé ellipse, which relates the stress

tensor into an ellipse. In a Lamé ellipse, the stress tensor has a canonic form and the main stress
comes in the diagonal matrix (σi) with the points outside the diagonal being null [20,22]. These graphic
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methods will be used for the mathematical modeling in the incision retraction process. The retraction
points could have an opening radio similar to a Mohr’s circle [21]. The three retraction points expand
geometrically similar to a Lamé ellipse [21]. Figure 1 shows the incision geometrical behavior in the
retraction process.

Figure 1. Incision behavior in the points retraction process. each retraction point represent Mohr’s
circle, but together the points replicate a Lamé ellipse.

The mathematical model gives the design parameters needed for the design of an RRS. In sections
are presented as follows: the design specifications for the construction of a retractor, the mathematical
model, and the theoretical and experimental validations in the opening of the incisions in the orbital
cavity of a pig’s head.

2. Methodology

In the present work, the methodology is divided into three stages, the retraction points generating
the technical criteria’s for the process; the geometrical behavior to have an homogeneous workspace
area and the case study simplifying the mathematical model. With the considerations and parameters
defined, the methodology continues the validation in order to find an experimental and theoretical
validation of the opening retraction process. All the stages are shown in Figure 2 and developed in the
following sections.

Methodology
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behavior
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points Case studyConsiderations

Circle and
ellipse

Experimental
results

Model initial
conditions

Change from
3D to 2D

Parameters
obtained

Open in a
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Experimental
validation

Theoretical
models

Success

Figure 2. Methodology defined to design specifications for an robotic retractor system.

2.1. Retraction Points

In a DCR, a tangential incision cut the skin at different depths. Once the cut is made, the incision
is retracted and the workspace is liberated. This process continues until all the tissues and skin are
removed and the surgeon has free access to the nasal bone.
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2.1.1. Instruments

This work replicates the incision process using as tissue a pig’s skin located in the ocular cavity
due to having similar characteristics to the human head [14]. Table 2 shows the features of the pig’s
head used.

Table 2. Dimensions, weights, and sample’s age.

Characteristics

Animal part Pig’s head
Age 6 months

Animal’s weight 92 kg
Head’s weight 2.1 kg

Long: 500
Dimensions (mm) Width: 130

High: 120
TIF certification Yes

For the surgery replication, the target of the instruments selected was to keep the same conditions
of an incision being opening during time as in a DCR. The measures were performed with the
instruments in Table 3.

Table 3. Instruments for the measurement process.

Instrument Amount Characteristics

Digital dynamometer 1 PASCO Scientific CI-6537 force sensor
Analog Vernier 2 Metromex 333-P plastic range of 5 mm
Light 1 TEKCOPLUS DSTK-110
Universal support 3 Dipstick size 600 mm y Base size (200 × 140) mm
Scalpel 1 Zamsa model zs-05-1105

2.1.2. Procedure

The measurement procedure was divided into two stages that begin with the sample assembly
and the data acquisition. Figure 3 shows the protocol flowchart.

Instruments calibration

Verniers' calibration to different
openings

Digital dynamometer's calibration
on a sample tissue

Establish pass/not pass system at 1
cm and 1.5 cm

Mount the pig headFix an incision length
Fix an origin for every

incision

Assembly of elements

Define elements to use

Mount pass/ not pass
system

Incision retraction
experiment

Incision retraction process at
different depths and lengths

with n=1

Flesh is
torn

n=n+1

1

0

1

n=K

0

Test  4

Stage 1:
Experimental setup

Stage 2: Testing
execution

Stage 3: Data
acquisition

Graph obtained data

Define range of use

Statistical
adjustments

Data
calculations

Success

Figure 3. Experimental protocol.
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The incisions were retracted by a hook from an origin and moving through a coordinate axis.
The incision retraction had four different parameters in width (1 cm and 1.5 cm) and depth (2 mm and
4 mm). This process has as a purpose to measure the necessary forces to keep open the incision at
desired widths. The forces were measured with a digital dynamometer which transmitted the signal
into an interface for the forces plot at a defined time (0.5 s). The graph measured is shown in Figure 4.
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Figure 4. Forces measured during the entire incision opening process.

Figure 4 presents the incision retraction process from the retraction start and the end of it. The data
obtained in Figure 4 has been re-adapted into a new sample space and the new interval was set from 13 s
to 14 s. This sample space was defined to remove the inconsistencies generated for the forces applied.
This procedure allows for measuring the forces needed to generate opening points at determined
lengths. The punctual lengths give quasi-linear information about the skin deformations and stresses.

2.2. Geometrical Behaviour

Given the characteristics of the biological tissue, the skin can be considered as a deformable
solid [22]. The mayor characteristic of an elastic tissue is its reversibility; if the applied forces are
suppressed, the body returns to its original state [20,21].

The acting forces in the incision deform skin and tissues, and, when the forces are suppressed,
the skin comes back to its original state as an elastic body. The elasticity of the skin generates a relation
between forces and strains given by Equation (1):

σ =
F
A

, (1)

where F is the force and A is the area [20].
If the acting force ∆F on a part of area ∆A the stress as a vector is defined in one point. The strain

tensor in a point can be defined for the orientation by means of the Cauchy Equation (7).

tn = T · n, (2)

where tn is the strain vector associated, and T is the strain tensor [20].
This relations allows for graphing the results deformations and forces.
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2.2.1. Mohr Circle

The graphic representation of strain states are divided into the x-axis, which is the normal strain,
and the y-axis is the maximal and minimal strain at the intersection in the circle [20,21]. The opening
incision process consists of retracting tissues at a defined depth, and the main strains are simplified
only in σx and σy. The other points are discharged.

If the radius is defined by the retraction length, σy can be found by Equation (3) in the (σx, σy)

coordinates [21]:

R =

√
(

σx + σy

2
)2. (3)

If the acting force ∆F over an area ∆A is taken, the strain vector in a point can be defined:

σ = σ · n. (4)

Then, the internal balance equations are reduced to:

δσx

δx
+ fx = 0, (5)

δσy

δy
+ fy = 0. (6)

2.2.2. Lamé Ellipse

When the tensional state is known in a point, the associated tension vector tn can be obtained.
As the model take planar deformations with forces on one axis plane, the tensor strain can be written
as [20,21]: (

τx

τy

)
=

(
σx 0
0 σy

)
·
(

nx

ny

)
. (7)

As t is parallel to n, there are no tangential tensions and the plane and strain directions are denoted as
principal. With this, the tensions are place on the axis (tx = x, ty = y) [20,21].∣∣∣∣∣x 0

y σy

∣∣∣∣∣
2

+

∣∣∣∣∣σx x
0 y

∣∣∣∣∣
2

=

∣∣∣∣∣σx 0
0 σy

∣∣∣∣∣
2

(8)

.

Equation (8) is the Lamé equation simplified into two dimensions, and, if the ellipse axis is aligned
with the mayor axis, the equation can be simplified as shown below [21]:(

x1

σ1

)2
+

(
x2

σ2

)2
= 1. (9)

2.3. Case Study

The acting forces in the retracted tissue behave as a flexible material with linear parameters.
An incision with defined depth has a punctual assigned force varying the retraction length along
its cutting line by the relation P(x, F). The experimental forces resulting in Section 2.1 represent
P1(0.5, 18.88) and P2(0.75, 25.26) and generate the following equation of a line:

y = 25.52x + 6.12. (10)

With this forces, the punctual strains along the incision can be found. In Section 2, the four
parameters measured in the experiment were defined. If the lengths are related to the ellipse’s minor
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axis, then this will be the first Lamé circle in the incision. The incision cut was made always with a 2
cm length, which represents the major axis. The incision with it mayor retraction length at 1 cm (minor
axis) has an ellipse equation written as:

x2

0.25
+

y2

1
= 1. (11)

Equation (11) has its foci in points (0,±0.86) and it has a latus rectum value of LR = 0.5. If one
is inside the ellipse, the circles have a radius value of LR/2, and the incision retracted for the three
Mohr’s circles will have a workspace area as in Figure 5.

Figure 5. Workspace representation of Equation (11) planar incision retraction.

The circles (C1 and C3), which have their origins on the two foci (Figure 5), have the circle
equations shown in Equation (13).

x2 + y2 ± 1.72y + 0.676 = 0. (12)

The remainder circle (C2), placed on the origin in Figure 5, has the following circle equation:

x2 + y2 − 0.25 = 0. (13)

The Ellipse (Figure 5 ) has a symmetric form; therefore, the calculus can only be made on the
positive part of the axis x.

The ellipse plotted by Equation (11) has a workspace area A = 1.57 cm2, and the three circles do
not have intersected areas and the value is A = 1.50 cm2 (Figure 6).
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Figure 6. Workspace representation of the three circles with their punctual strains.

The volumetric workspace will change at different depths [23], Figure 7 shows a 3D representation
of the incision retracted at a 1 cm maximal length.

Figure 7. 3D representation of the incision retraction.

The punctual strain from circles C1 and C3 are placed in points (±0.25, ±0.86) and the strain
value is σLR = 625, 000 N/m2. The punctual strain from circle C2 has the value σc2 = 1, 374, 000 N/m2.
Figure 6 shows the punctual forces and strains from each circle. With the mathematical model, it is
possible to have a theoretical incision replication if the retraction points has some considerations.

2.4. Considerations

If the retracted incision should have a homogeneous workspace area (Ellipse), the retraction
points must have certain considerations. Figure 8 shows the incision of three retraction points.

Figure 8. Geometrical incision behavior; the model has a symmetrical pattern.



Appl. Sci. 2020, 10, 605 9 of 16

The retracted points in Figure 8 represent the maximum radius for each circle. The model
considerations are listed below.

1. Each incision point has its maximum stretch and its minimum contraction (origin related).
2. The maximum stretch is related to the incision length (from PF1 to PF2). In the experimental

process, all the incisions were made at 2 cm.
3. The incision retraction points (Figure 8) are matched onto the ellipse line in the following form:

LR
2

= F1P1 = F2P3,

PF1 = V1,

PF2 = V2,

Minoraxis = OP2.

4. The retraction replicates an ellipse form, but it does not keep this geometry because the incision
retracted has a workspace area tending to the radius or the major axis:

0 < P1 < r −→ Foci parallel(F1),

0 < P2 < r −→ Origin parallel(O),

0 < P3 < r −→ Foci parallel(F2).

5. The points’ retraction independence will retract the tissue at the desired form, and it will have
two possible stretch radii. Figures 9 and 10 exemplify this process.

Figure 9. Outline of the model behavior in two dimensions.
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Figure 10. Outline of the model behavior in three dimensions.

3. Validation

The mathematical model shown in Sections 2.3 is based on theoretical information and
experimental information and, with these two, we can have both validations.

3.1. Experimental validation

The experimental part was made by replicating the skin retraction process in a pig’s tissue. Given
the force data obtained in Section 2.1, the validation stage consisted of retracting the incision on a
desired force and then measuring the length that the skin was retracted. If a new pig’s skin is retracted
under the same conditions and the resulting forces measured are similar to the forces founded in
Section 2.1, then the model is valid.

3.1.1. Experimental Arrangement

For this part, the pig’s head had the characteristics shown in Table 4. The instruments used were
the same as listed in Table 3, and the pig’s head is located between the universal supports with the
light placed in the incision origin.

Table 4. Dimensions, weights, and sample’s age for the validation experiment.

Characteristics

Animal part Pig’s head
Age 6 months

Animal’s weight 9 kg
Head’s weight 2 kg

Long: 450
Dimensions (mm) width: 125

High: 115
TIF certification Yes

After the incision was made, it was retracted at the hook connected to the digital dynamometer.
The data acquisition shows the measured force retracted. When the desired force is achieved,
the resulting length was measured with a digital Vernier (IP67, series 0–150 mm, Mitutoyo Inc.
Chicago, Illinois, EUA). This process was replicated four times.
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3.1.2. Experimental Results

The experimental validation is shown below. The measured data are power related needed to
keep the incision retracted a desired length over the experiment. The experiment has its average values
shown in Table 5.

Table 5. Test made for the experiment with 221 events.

Forces in Each Test

Test Average Standard
Deviation Variance Kurtosis Median Maximum Minimum

T1 13.74529 0.76547 0.58595 −2.5806 13.52 15.1 12.69

T3 18.88036 0.96741 0.93588 −3.2372 18.81 20.91 16.4

T4 25.26041 2.17057 4.71137 −2.6636 24.55 31.05 20.45

The retraction length at 1 cm and 2 mm of depth has an average variation related to the maximum
value of 1.335 N, which represents a percentage variation of 9.8%. The three forces measured (Figure 11)
have the same statistical characteristics in time and measurements.

Figure 11. Lorentz adjustment for the experimental test for the average of all the forces.

In Table 6, the average data are listed. The information shows the minimal and maximal forces
measured and it can be defined as the RRS tolerances.

Table 6. Tests performed.

Average Forces from Three Test

Total
Events Average

Standard
Deviation Variance Kurtosis Median Maximum Minimum

221 19.29535 1.10309 1.2168 −2.6835 19.17 21.4066 17.3166

In Section 2.3, the mathematical model simplified the parameters that the RRS needs for its design.
The RRS is related with forces and strains and is shown in Table 7.
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Table 7. Variables related to the experimental forces measured

Requirements Strains (x,y)

Area 1 0.00001 m σ1 1,374,000 −1,373,999.986
Area 2 0.00002 m σ2 944,000 −943,999.9859

Force 1 13.74 N σ3 1,263,000 −1,262,999.979

Force 2 18.88 N
Force 3 25.26 N

The forces measured in Table 7 are compared with the validation experiment. Table 8 shows the
lengths measured after the incision was retracted at a normal force.

Table 8. Variables related to the experimental forces measured

Incision Force Retraction (Length-Depth) Experiment 1 Experiments 2

13.74 N (1 cm − 2mm) 1.28 cm 1.02 cm

18.88 N (1 cm − 4mm) 1.2 cm 1.14 cm

25.26N (1.5 cm − 4mm) 1.41 cm 1.62 cm

The experimental validation gives similar length values for each incision retracted; therefore, the
experimental part corroborates the incision model and the design specifications founded through it.

3.2. Theoretical Validation

As the model presented in Section 2.3 is based on theoretical models of human skin, Its theoretical
validation consists of replicating the incision retraction. With strains and forces, the Lamé tensor can
be plotted in different dimensions as Figures 12 and 13 show.

Figure 12. Outline of the model behavior in 2 dimensions.
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Figure 13. Outline of the model behavior in three dimensions plotted from Equation (14).

Figures 12 and 13 represent the incision strain at a desired area incision retraction for all possible
depths. Equation (14) shows the mathematical behavior:

(
x

503466.66
)2 + (

y
632800

)2 − z = 1. (14)

This theoretical model can replicate the incision retraction process which can be the first
theoretical validation.

3.2.1. Computational Software

The mathematical analysis is known as the Finite Element Method (FEM), which is a numerical
method for solving problems in mathematical physics [24]. A mathematical software that solves partial
differential equations is known as FreeFem++. It has been developed by the Laboratoire Jacques-Louis
Lions and the software has its own code for the Lamé Ellipse [25]. If FreeFem++ is run four times with
different positions of strain, the incision retraction simulation can be found (Figure 14).

Figure 14. Incision retraction simulation with FreeFeem++ software.

FreeFem++ is an independent software that uses the same tensor theories that the mathematical
model made in this article uses. Figure 14 replicates the same behaviors shown in Equation (14).

With the model validation, then the data obtained can be considered as a good approximation of
the design specifications for a Retractor Robotic System.

3.3. Design Specifications

The mathematical model has tensions exemplified in Equation (15). The tensor represents the
three-dimensional strain behavior of the incision while it is retracted.

T1 =

1374000 0 0
0 −1373999.986 0
0 0 0.00636

 ; T3 =

944000 0 0
0 −943999.9859 0
0 0 0.00645

 , (15)



Appl. Sci. 2020, 10, 605 14 of 16

T2 =

(
1263000 0 0

0 −1262999.979 0
0 0 0.00954

)
.

The mathematical model gives the Design Specifications listed in Table 9.

Table 9. Design specifications.

Figure Area (cm2) Pressure (Pa)

Superior Part 3.141 43,735.7

Inferior Part 7.068 26,709.7

Workspace 9.424+1
−0 26,801.6

The main problem was simplified from an unknown parameter in three dimensions into a
two-dimensional model in relation to forces and strains.

4. Discussion

This design specifications allows us to build a Robotic Retractor System. The model should be
adapted for a selected actuator. The actuator will define the retraction points needed for a homogeneous
workspace area and, with that, the mathematical model presented in this article can define the design
specifications for this particular actuator.

5. Conclusions

This article can be divided into experimental and theoretical conclusions. Each of these conclusions
are listed below. It is important to mention that Figure 13 represents the schematic patent developed
for the mathematical incision retraction process.

5.1. Experimental Conclusions

• The force-retraction effects are related to the incision type, the points retraction number, and
the incision location. These effects are factors that alter the deformation and the skin behavior

• From the experiment, it can be inferred that skin tends to be more stable through time. The RRS
tolerances can be defined with the media and maximum values of the experiment.

• The skin retraction can be inferred as a scalable process related to forces and lengths.
• For a homogeneous workspace, the retraction process must have at least six retraction points.

The simplest skin retracted geometrical form is an Ellipse.

5.2. Theoretical Conclusions

• The mathematical model requires, as input, to know the systems’ forces and lengths in the
retraction process; then, it will compute the system strains and resulting areas.

• The mathematical model and the design specifications are valid when the skin retracted behaves
as a flexible body.

• The strain system will behave as the model predicts. If the incision retraction points are mobiles,
the workspace area will be almost the same in all of the procedures.

• If the stretching length is increased, the incision length will decrease.
• The mathematical model behaves as the Robotic Retractor System requires. It is assumed that the

actuator for the RRS will replicate the retraction process model with the tolerances founded in the
experimental part.

• With the measures obtained, it is possible to build a Robotic Retractor System.

The experimental and theoretical results are consistent with the theoretical review and define the
minimal six points for a homogeneous retraction. The experiment and the theory allow for building a
Robotic Retractor System depending a selected actuator.
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6. Patents

The presented mathematical model generates a device patented in the Mexican Institute of
Industrial Property (IMPI) named Patent of a calibrator device of ocular surgery retraction, and it has the
registration number MX/F/2019/003098.
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