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Purpose: To develop methods to simulate vitreous flow and traction during vitrectomy
and qualify these methods using laboratory measurements.

Methods: Medium viscosity and phase treatment were adjusted to represent vitreous
(Eulerian two-phase flow) or saline solution (single-phase Navier-Stokes flow). Retinal
traction was approximated using a one-way fluid-structure interaction simulating cut
vitreous volume coupled to a structural simulation of elastic stretching of a cylinder
representing vitreous fibers entrained in the flow.

Results: Simulated saline solution flow decreased, but vitreous flow increased with
increasing cut rate, consistent with experimental trends observed for the 50/50 duty
cyclemode. Traction simulations reproduced all trends in variation of traction forcewith
changes in conditions. Simulations reproduced the majority of traction measurements
within experimental error.

Conclusions:A scientific basis is provided for understanding howflowand traction vary
with operational parameters. Thismodel-based analysis serves as a “virtual lab”to deter-
mine optimal system settings to maximize flow efficiency while reducing traction.

Translational Relevance: The model provides a better understanding regarding how
instrument settings can help control a vitrectomy procedure so that it can be made as
efficient as possible (maximizing the rate of vitreous removal) while at the same time
being made as safe as possible (minimizing retinal traction).

Introduction

The objective of vitrectomy surgery is to remove
the vitreous from a diseased eye without damaging
the retina or other ocular tissues. This is challeng-
ing because vitreous material entering the vitrectomy
probe can still be attached to the retina and may
continue to exert force on the retina until it is cut.
It may also be preferred to maximize the efficiency
of vitreous removal by minimizing the time required
for the procedure. To decrease this risk and improve
the safety and efficiency of the procedure, the design
of vitrectomy-based systems has advanced over time

allowing the selection of smaller instruments with
increased cutting speed andmore flexible control of the
duty cycle (the fraction of time in a cycle that the port
is open).

Previous laboratory studies have been conducted
to measure the fluidics1–5 and traction forces6–9 that
might be exerted by these probes on ocular tissues.
In this study, we present methods for simulating
fluid flow through probes during simulated vitrectomy.
Two different simulation methods are presented corre-
sponding to the beginning and ending stages of the
vitrectomy surgery, where the material being removed
is comprised primarily of vitreous or saline solution,
respectively. Results of flow simulations are compared
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with bench measurements of porcine vitreous flow and
saline solution for various probe gauges, cut rates, and
duty cycles. A simple analytical method is proposed for
calculating changes in flow behavior and fluid compo-
sition as the surgery progresses.

We present the first known computational model
for simulating vitreoretinal traction exerted during
a vitrectomy procedure. Measurements of traction
during simulated vitrectomy were conducted using
a recently developed laboratory procedure. During
surgery, application of too much traction on the retina
lead to retinal tear or detachment. In one study, Dogra-
maci et al.10 reported the overall frequency of iatro-
genic retinal breaks to be 10.09%. By providing a more
in depth understanding of the effects with existing
probes and operating conditions, this simulation tool
can be used as a “virtual lab” to help in the design
of improved vitrectors and operating procedures and
thereby provide a rational basis for estimating and
potentially improving the safety margin against iatro-
genic retinal detachment and tears during clinical surgi-
cal procedures. It may also provide clinicians with
additional insight into the physical mechanisms that
govern how changes in instrument settings will affect
retinal traction and material flow.

Methods

Performance of two different gauges of vitrectomy
probes were simulated for use with the CONSTELLA-
TIONVision System (Alcon,Geneva, Switzerland): (1)
UltraVit 27+ 7500 cuts per minute (cpm) probes and
(2) UltraVit 23-gauge 7500 cpm probes (see Fig. 1).
Vitreous flow rates, flow rates of buffered aqueous
saline solution (Alcon BSS), and vitreous traction
performance tests were modeled and analyzed. Various
duty cycle modes (core, 50/50, and shave) and cut rates
(2500, 5000, and 7500) were evaluated.

Experimental Measurements of Shaft Motion

Computational fluid dynamic simulation proce-
dures require replication of the exact geometry of
the system. The motion of the inner shaft changes
the geometric flow domain with time; therefore it was
necessary to measure the time-varying configuration
of the inner shaft, because it would be moving during
surgical operation. Vitrectors were mounted in a jig
that enabled the position of the inner shaft motion to
be measured as a function of time using a laser system
which allows the position of the inner shaft to be
recorded over time. The vitrectors were then attached

Figure 1. Close-ups of the ends of the cutting probes that were
used in the study. Illustrations showhalf of eachprobe,with the inner
shaft at the maximum open position. When cutting is engaged, the
inner shaftmoves toward the end of the probe to a position just past
the most distal portion of the port opening and then returns to the
starting location at the end of each cycle. Left: 23 gauge; right: 27+
gauge. Length of each bar segment in the ruler guide below is 0.15
mm (0.6 mm total length).

to a CONSTELLATION Vision System, which was
used to drive the vitrectors at various cut rates and
duty cycles. The position was recorded with a time
resolution of 0.1 msec. It was assumed that the vitrec-
tor motion measured was comparable to the motion
conducted during an actual surgery under identical
instrument settings.

Experimental Measurements of Flow and
Traction

The methods used for obtaining the flow rates of
vitreous and buffer during the laboratory vitrector
measurements have been described in the previous
studies.2–4 The measurements of vitreous traction were
taken from the study of Abulon et al. (Abulon DJK, et
al. IOVS 2016;57:ARVO E-Abstract 4462).

Computational Modeling Approach

The process by which a vitrector removes vitreous
from an eye was modeled using the well-established
one-way fluid-structure interaction scheme, in which
the output from a fluidics simulation is provided as
input into a structural mechanical simulation. The
fluidic simulation models the time sequence of the
flow of vitreous material into the vitrector, using a



Simulation of Vitreous Traction Force TVST | July 2020 | Vol. 9 | No. 8 | Article 46 | 3

computational fluid dynamic (CFD) analysis method.
The result of this first simulation is provided as an
input into a second completely separate and indepen-
dent simulation, in which the finite element analysis
(FEA) method is used to determine the corresponding
time sequence of traction force applied by the vitreous
fiber bundle on the retina as it is entrained in the aspira-
tion flow into the cutter port. Each of these simulations
is conducted by applying the physical laws of fluid flow
(CFD) or the mechanics of structures (FEA) to well-
defined geometric domains, determining the numeri-
cal solutions of equations subject to particular bound-
ary conditions to represent the procedure and assigning
certain properties to the materials as required by each
method.

In developing these simulation methods, it is
customary to begin using the simplest models for the
geometric domain and the behavior of materials and
applicable physical laws, and to determine how well
these simplermodels can reproduce the observed exper-
imental results, before advancing to models that are
more complex. In the methods described below, the
assumptions made are specified. Our fluid simulation
assumes Navier-Stokes flow; our structural simulation
uses an isotropic elastic model for the vitreous fiber
bundle. We have found that these relatively simple
models are sufficient to reproduce the experimentally
observed values. This is what is typically referred to
as qualifying a model. If a simulation method can
reasonably reproduce the experimental measurements
for which it was designed to simulate, then it is consid-
ered qualified for the particular purpose in scope. The
vitreous is a complex material having properties of
both fluid and gel that change when cut by a vitrector
(see for example reference 8). The physics of the situa-
tion was simplified by making the following assump-
tions. First, before the vitreous is cut, it is consid-
ered to behave as a purely elastic solid as it is drawn
into the probe. It is presumed that it is the bundles
of collagen fibers that are exerting the force on the
vitreous. Once the portion of collagen fibers drawn
into the probe is cut, it is separated from the portion
outside the probe and will flow as a liquid as it is
being aspirated through the inner shaft. To simulate the
vitrector advancing toward the location of vitreoretinal
adhesion three separate simulations for locations distal
to, midway, and proximal to the location of vitreoreti-
nal adhesion.

Fluid Dynamics Model

The domain used for the fluid model was
constructed in three dimensions with symmetric
geometry as shown in Figure 2. The model repre-

Figure 2. Geometric domain used for CFD simulations. The larger
diameter cylindrical portion (Region I) is the uncut vitreous. The very
narrow diameter cylindrical portion (Region III) is the fluid domain of
the inner shaft and extends 44.5 mm from the bottom of the probe
(not shown). Region II is the moving wall region enabling simulation
of shaft motion. Region IV represents the inner shaft when it is in its
highest (most open) position. Region V represents the outer shaft.
Because no flow ever occurs in regions IV and V, they are excluded
from the model.

sents a vitrector situated in a portion of the vitreous.
This single geometry represents a simplification of
all the possible configurations of a vitrector probe
with respect to its orientation and approach to ocular
tissue. Zone I represents a region of the vitreous near
the vitrector tip. Our simulations used a cylindrical
region 8 mm in diameter and 3.3 mm tall for Zone 1, as
illustrated in Figure 2. The exact dimensions of Zone
I are not important. For example, it was found that
simulation results were unchanged even if the diameter
of the cylindrical region were reduced to 0.6 mm. The
vitrector was placed along the symmetry axis of Zone
I and was positioned vertically such that the center of
the port is at the mid height of the cylinder. The vitrec-
tor inner and outer shafts are represented by Zones
IV and V, respectively. With the inner shaft raised
to its highest position to open the port, the vitrector
shaft geometries were subtracted from the domain.
Zone II is a cylindrical shell zone with mesh motion
corresponding to the movement of the inner shaft.
During each simulated motion cycle, the height of this
zone changes from the full extent shown to zero and
then back to its original height with sinusoidal motion.
Zone III is the inner hollow portion of the inner shaft,
which extends 44.5 mm above the lower end of the
shaft (only the lower portion of this zone is shown
in the figure). Operational details for performing the
transient CFD analyses are described in Appendix A.
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Figure 3. Input and output of fluidic simulation for 27+-gauge probe, 2500 cpm. Upper panels: Experimentally measured position of the
inner shaft with time. A zero value corresponds to the inner shaft extended in the fully opened position. Central panels: Simulated volume
flow rate of aqueous buffer through the vitrector (which represents half the total geometry). The dashed circles show the portions of each
simulation (the fifth cycle of shaft motion) that was used after the system came to quasi-steady-state equilibrium. Lower panels: Simulated
vitreous volume flow rate through the vitrector. The dashed circles show the portions of each simulation (the fifth cycle of shaft motion) that
was used to drive the corresponding structural simulation.

Structural FEAModel

The geometric domain for the structural model was
a narrow cylinder corresponding to a bundle repre-
senting an ensemble of all the vitreous fibers entrained
in the flow into the cutter. This is a simplification
of the actual geometry of a fiber bundle within the
vitreous, which will most likely have a very complex
shape before it is drawn into the vitrector. Simula-
tions were conducted for cylinders of length 10, 25,
and 50 mm, representing various stages of the vitrector
procedure in the test method. A fixed support bound-
ary condition is applied to one end of the cylinder,
representing the attachment of the vitreous sample
to the retina. A time-varying displacement boundary
condition is applied to the other end of the cylinder,
representing where the vitreous bundle is being drawn
into the vitrector from the flow of cut vitreous fluid.
The vitreous bundle is attributed to have linear elastic
properties. To provide estimates for mechanical proper-
ties of vitreous fibers, we cannot rely on studies that
measure rheological properties of the bulkmaterial (see
for example reference 11). Instead, we use properties
based on measurements of a variety of biomaterials
comprised of hydrated collagen fibrils (see discussion).
We assume a shear modulus of 3 MPa and a Poisson’s

ratio of 0.45. The corresponding values of the Young’s
and bulkmoduli for an isotropicmaterial are 8.7 and 29
MPa, respectively.11 The diameter of this representative
bundle was adjusted to provide agreement between the
traction force measured experimentally and simulated
for one set of conditions (cutter gauge, cut rate and
duty cycle) and was used for all subsequent condi-
tions. The diameter of this representative bundle was
0.085 mm. The length of the bundle was set to the
distance between the cutter port and the force sensor
to which the vitreous sample was attached. Details for
performing the transient structural simulations appear
in Appendix B.

Results

Fluid Dynamics of the Ultravit Device

Figure 3 shows the experimentally measured
position profiles for the inner shaft of a 27+-gauge
probe operating at 2500 cpm for each of the Shave,
50-50 and Core duty cycles (upper panels). A zero
value corresponds to the inner shaft extended to the
fully open the port. The corresponding simulated
volume flow rates for aqueous buffer and vitreous
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obtained for each duty cycle position profile appear
in the corresponding central and lower panels. There
are variations in flow as the inner cutter transitions
through different phases of the cut cycle. A negative
volume flow rate is associated with removal of material
from the system. Thus, when the port is fully open, the
aqueous flow becomes negative, and when it is closed,
the flow drops to zero. The flow of vitreous follows the
same general pattern, but exhibits a more complicated
pattern for reasons that will become apparent below.
The portions of the volume flow curves circled were
used to calculate the integrated volume flow, which for
the vitreous were used to drive the structural simula-
tions. This portion of these curves for the 50-50 duty
cycle are expanded in the upper panels of Figures 4a
and 4b, which are divided into different stages of an
individual cutting cycle.

The lower panel of Figure 4a shows the integra-
tion of the vitreous flow in the upper panel to yield
the accumulated vitreous flow volume during the cycle.
When the shaft is in the lowest position, the port is
closed, there is no flow, and both the volume flow rate
and accumulated volume flow are zero (Stage I). As the
inner shaft moves upward (Stage II), the port opens
and a strong negative flow rate is quickly established
and is comprised of two contributions: simple aspira-
tion from the suction pressure applied at the base of
the inner cutter (inside the probe), and an additional
contribution as fluid rushes in to fill the void created
by the upward displacement of the shaft. When the
shaft is stationary at its uppermost position (Stage III),
aspiration is driven only by the suction pressure bound-
ary condition, and there is a noticeable decrease in
slope in the accumulated volume flow.When the shaft is
moving downward (Stage IV), the aspiration by suction
is temporarily reduced by the opposing displacement
of fluid by the inner shaft (retropulsion), and there is a
slight decrease in the accumulated volume outflow. At
stage V, the collagen fiber is cut.

Figure 4b shows the analysis of the flow simulation
for aqueous solution and the integration of accumu-
lated aqueous flow during the cycle, similar to the
vitreous. The flow rate for aqueous solution is always
negative. The integrated volume flow curve for aqueous
fluid is much simpler than for vitreous, approximating
a simple linear curve during the portion of time that
the port is open.

The upper panels of Figure 5 show the displace-
ment profiles used to drive the structural simulations,
obtained by applying the equation in the methods
section to the integrated volume flow profiles obtained
in the fluid simulations for each respective duty cycle.
Note that Stage V corresponds to Stage I (the port
fully closed) of the succeeding cycle and was omitted

Figure 4. Analysis of flow simulations. a) Analysis of vitreous flow.
Upper panel: enlargement of volume flow rate fromfifth cycle of flow
simulation for the 50-50 duty cycle of Figure 3. Lower panel: integra-
tion of upper panel to show accumulation of flow over time. Roman
numerals indicate the various stages of a cut cycle as follows. Stage I:
Port fully closed, inner shaft at bottom, no aspiration. Stage II: Port
opening, inner shaft moving upward. Stage III: Port fully opened,
inner shaft stationary. Stage IV: Port closing, inner shaft moving
downward. Stage V: Collagen fiber cut. Note that this last stage is not
considered in the displacement condition applied in the structural
simulationbecause the fiber is presumed tohavebeen cut at the end
of Stage IV. b) Analysis of flow of buffer. Annotations similar to those
for the vitreous. Upper panel: volume flow rate for the same duty
cycle as for the vitreous. Lower panel: integration of the upper panel
to show accumulation of flow over time. Roman numerals indicate
the same stages of the cut cycle as for the vitreous.
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Figure 5. Comparison of FEA simulation results and experimental tractional forcemeasurements. Upper panels: displacement obtained by
applying equation for d(t) to the volume flow simulations for the 27+ gauge probe. Central and lower panels: Simulated and experimentally
measured traction force over time for each corresponding duty cycle.

from the displacement profile inputs into the structural
simulations. The central panels of Figure 5 show the
simulated traction force, and the lower panel shows
the experimentally measured traction profile for the
corresponding duty cycles. The simulated force profiles
end when the port is fully closed, because the vitre-
ous bundle has been cut at this point in the cycle. The
changes in slope for the various stages of the cutting
cycle are apparent in both the simulated and measured
traction force profiles.

Qualification of Flow Simulation

Comparisons of experimentally measured and
simulated aqueous solution and vitreous flow rates
appear in Figure 6. Experimental flow rates were taken
from previous studies.2,3 The vacuum for 27+-gauge
probes was 650 mm Hg for both simulated and exper-
imental results. The simulated vacuum for 23-gauge
probes was 300 mmHg. This is lower than the 450 mm
Hg setting engaged during experimental measurements
for flow rate with 23-gauge probes. This lower value
was used in our simulations to match the experimental
gauge setting for 23-gauge probes in bench experiments
for vitreous traction.

Figures 6a and 6b compare the influence of cut rate
at 50/50 duty cycle for the 27+-gauge and 23-gauge

probes, respectively; Figures 6c and 6d compare the
influence of duty cycle at a cut rate of 2500 cpm for
the two gauge probes.

The following general trends were observed in the
flow rate simulations. At a given gauge and 50/50
duty cycle, as cut rate increases, the flow rate for
aqueous solution decreases, but the flow rate for vitre-
ous increases (Figs. 6A and 6B). At a given gauge
and 2500 cpm cut rate, flow rates for both vitre-
ous and aqueous solution increases as the duty cycle
changes from bias closed to bias open settings (Figs. 6C
and 6D). These general trends are exhibited by the
experimental data.4 The simulations of aqueous buffer
flow rates are within about 10% of the experimen-
tal measurements, although in many instances simula-
tions fall beyond one standard deviation away from
corresponding measurements. For vitreous flow rates,
in most cases the simulated flow rates are in agreement
with the measured flow rates within the range of exper-
imental error, with three instances of overestimation by
the simulations.

Qualification of Traction Simulation

Comparisons of previously reported experimental
and simulation traction forces are presented in the
tables. In Tables 1 through 4, both the peak force and
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Figure 6. Comparison of simulated and experimentally measured flow rates. Circles: BSS flow rates. Squares: vitreous flow rates. Filled
symbols/solid trend lines: experimental measurements. Open symbols/dashed trend lines: simulations. a) Influence of cut rate for 27+-gauge
cutter, 50/50duty cycle. All experiments and simulations conductedusing 650mmHgaspiration setting. b) Influenceof cut rate for 23-gauge
cutter, 50/50 duty cycle. Experiments were conducted at 450 mm Hg, simulations at 300 mm Hg. c) Influence of duty cycle for 27+-gauge
cutter, 2500 cpm cut rate. All experiments and simulations conducted using 650 mm Hg aspiration setting. d) Influence of duty cycle for
23-gauge cutter, 2500 cpm cut rate. Experiments were conducted at 450 mm Hg, simulations at 300 mm Hg.

Table 1. Comparison of Simulated and Experimental Vitreous Traction Force Data: Effect of Cut Rate, 27+ Gauge
50/50 Duty Cycle

Peak Force Mean Force

Cut Rate (cpm) Experiment (Mean ± SD) Simulation Experiment (Mean ± SD) Simulation

2.5K 0.976 ± 0.224 0.976 0.427 ± 0.106 0.355
5.0K 0.734 ± 0.154 0.742 0.413 ± 0.089 0.274*

7.5K 0.558 ± 0.162 0.602 0.395 ± 0.089 0.232*

All force data are reported in mN.
*Below range.

themean force (averaged using the trapezoidal rule over
a single cycle) are reported. Tables 1 and 2 compare the
effect of cut rate at the 50/50 duty cycle for 27+-gauge
and 23-gauge probes, respectively; Tables 3 and 4 show
the effect of duty cycle at a cut rate of 2500 cpm for
the two probes. In most cases, the simulated peak and
mean traction forces are in agreement with the experi-
mentally measured forces within experimental error. In

five instances, the simulated forces were slightly above
or below the experimental range as indicated.

Tables 5 and 6 show the effect of distance from the
force sensor on the mean traction force for 27+-gauge
probes operating at the 50/50 duty cycle for 2500 and
7500 cpm, respectively. All measurements were within
the experimental range, except for one, which fell below
range.
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Table 2. Comparison of Simulated and Experimental Vitreous Traction Force Data: Effect of Cut Rate, 23 Gauge
50/50 Duty Cycle

Peak Force Mean Force

Cut Rate (cpm) Experiment (Mean ± SD) Simulation Experiment (Mean ± SD) Simulation

2.5K 1.100 ± 0.225 1.162 0.483 ± 0.106 0.529
5.0K 0.821 ± 0.161 0.778 0.459 ± 0.100 0.341*

7.5K 0.445 ± 0.161 0.663† 0.321 ± 0.119 0.317

All force data are reported in mN.
*Below range.
†Above range.

Table3. Comparisonof Simulated andExperimental Vitreous Traction ForceData: Effect ofDutyCycle, 27+Gauge
Cut Rate 2500 cpm

Peak Force Mean Force

Duty Cycle Experiment (Mean ± SD) Simulation Experiment (Mean ± SD) Simulation

Shave 0.835 ± 0.308 0.782 0.319 ± 0.169 0.154
50/50 0.976 ± 0.224 0.976 0.427 ± 0.106 0.355
Core 1.091 ± 0.247 1.122 0.585 ± 0.150 0.571

All force data are reported in mN.

Table 4. Comparison of Simulated and Experimental Vitreous Traction Force Data: Effect of Duty Cycle, 23 Gauge
Cut Rate 2500 cpm

Peak Force Mean Force

Duty Cycle Experiment (Mean ± SD) Simulation Experiment (Mean ± SD) Simulation

Shave 0.629 ± 0.167 0.885* 0.230 ± 0.074 0.222
50/50 1.100 ± 0.225 1.162 0.483 ± 0.106 0.529
Core 1.348 ± 0.245 1.343 0.810 ± 0.159 0.742

All force data are reported in mN.
*Above range.

Table 5. Comparison of Simulated and Experimental
Vitreous Traction ForceData: Effect of Distance From the
Force Sensor, 27+ Gauge Cut Rate 2.5K cpm 50/50 Duty
Cycle

Peak Force

Probe Distance Experiment
Force Sensor (Mean ± SD) Simulation

Distal (50 mm) 0.976 ± 0.224 0.976
Midway (25 mm) 2.442 ± 0.902 1.965
Proximal (10 mm) 5.046 ± 1.383 4.907

All force data are reported in mN.

Table 6. Comparison of Simulated and Experimental
Vitreous Traction ForceData: Effect of Distance From the
Force Sensor, 27+GaugeCut Rate 7500 cpm50/50Duty
Cycle

Peak Force

Probe Distance Experiment
from Force Sensor (Mean ± SD) Simulation

Distal (50 mm) 0.558 ± 0.162 0.602
Midway (25 mm) 1.664 ± 0.741 1.162
Proximal (10 mm) 4.336 ± 1.068 2.866*

All force data are reported in mN.
*Below range.
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Table 7. Influence of Duty Cycle, Cut Rate, and Vitrec-
tor Gauge on Vitrectomy Efficiency (Time in Minutes
Estimated for 80% Vitreous Removal With Continuous
Vitrector Engagement)

Duty Cycle Cut Rate (cpm) 27+ Gauge 23 Gauge

50/50 2500 10.7 4.6
50/50 5000 8.7 4.0
50/50 7500 7.6 3.4
Shave 2500 16.0 7.0
50/50 2500 10.7 4.6
Core 2500 8.6 3.9

Simulations reflect similar trends observed exper-
imentally and support previous mechanistic explana-
tions for the observed effects:

• At a given duty cycle, vitreous traction force
decreases as cut rate increases (Tables 1 and 2). This
occurs because at higher cut rate the port is open
for a shorter period of time, reducing the length of
vitreous bundles drawn in before cutting releases
the traction.
• At a given cut rate (2500 cpm), traction force
increases as duty cycle varies from shave to 50/50
to core (Tables 3 and 4). This occurs because the
length of vitreous bundles drawn in by aspira-
tion suction before traction is released by cutting
increases as the port open time increases.
• At a given cut rate and duty cycle, the traction
force increases as the cutter advances closer to the
point of attachment of the vitreous to the retina
(Tables 5 and 6). This occurs because the length
of vitreous bundles drawn in by aspiration suction
before traction is released by cutting remains the
same. This length constitutes a larger fraction of
the total length of vitreous fiber bundles as the
distance between the cutter and the force sensor
decreases.
• At a given cut rate, BSS flow rate appears to
increase as duty cycle varies from shave to 50/50
to core (Figs. 6c and 6d). This occurs because the
fraction of time the port is open increases as the
duty cycle varies from shave to 50/50 to core.

Comparison of Procedure Efficiency

The simulated flow rates can be used to compare the
relative efficiency of each of the vitrector probes and
operating conditions in removing vitreous, by compar-
ing the rate at which vitreous material is removed
during a vitrectomy procedure. At the beginning of
a vitrectomy procedure, the eye is filled entirely with

vitreous, whereas near the end of the procedure the eye
is filled mainly with buffered saline solution. Rather
than conduct a series of CFD simulations in which
the fluid properties change continuously between these
two extremes, a simple analytical relationship is derived
in Appendix C to interpolate between the simulations
conducted for the two extreme conditions represent-
ing the conditions at the beginning and at the end to
provide an approximation regarding how the vitreous
removal efficiency changes over time. Figure 7 shows
how vitrector gauge, cut rate, and duty cycle influence
the time dependence of the removal of vitreous fluid
and buffer from the eye with time, using this simplistic
analytical relationship. The procedure assumes that the
cutters are engaged continuously, and that the buffered
saline solution being infused to replace the aspirated
fluid mixes uniformly with the contents of the vitreous.

In the plots showing vitreous fluid removed over
time (left column of plots), a horizontal dashed line
has been drawn at 4 mL. The time at which each of the
curves crosses this line is compared in Table 6. From
the table the following trends are shown:

• For each gauge probe, with a duty cycle of 50/50,
increasing the cut rate from 2500 to 7500 cpm
reduces the time for vitreous removal by about
30%.
• For each gauge probe, at a fixed cut rate of 2500
cpm, increasing the duty cycle from shave to core
reduces the time for vitreous removal by almost
half.

Discussion

It is important for the surgeon to understand how
instrument settings can help control a vitrectomy
procedure so that it can be made as efficient as possi-
ble, i.e., maximizing the rate of vitreous removal, while
at the same time being made as safe as possible, i.e.,
minimizing retinal traction to potentially reduce iatro-
genic retinal detachments or breaks.12 Although it has
been generally understood that vitreous traction is
reduced as cutting rate increases,13 it is important to
appreciate how instrument settings can influence the
flow of vitreous. To this end, modeling and simula-
tion have been used to construct a virtual labora-
tory in which a model vitrector has been put through
the operating conditions that correspond to various
stages of a vitrectomy procedure. This exercise further
supports existing explanations for vitreous traction and
influence of parameters such as vitrector gauge, cut
rate, and duty cycle on fluid removal and traction.
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Figure7. Comparisonof progressionof fluid removal during simulated vitrectomyprocedures using various vitrector gauges, cutting rates,
and duty cycles as labeled, calculated using the analytical functions in Appendix C. Left panels: removal of vitreous fluid with time. Central
panels: removal of buffered saline solution. Right panels: total fluid removed. Top row: effect of cut rate for 27+-gauge vitrectors operated
at 50/50 duty cycle. Central row: effect of duty cycle for 27+-gauge vitrectors operated at a cut rate of 2500 cpm. Bottom row: effect of duty
cycle for 23-gauge vitrectors operated at a cut rate of 2500 cpm. Calculations presume that vitrectors are engaged continuously. Plots for
the effect of cut rate for 23-gauge vitrectors are omitted but look similar to the plots in the first row.

Better understanding of how the vitrector works under
various settings should help the operator anticipate
what effects various settings have and enable them to
make proper adjustments to better accomplish the task
at hand, thus optimizing the use of the system and
potentially improving the outcome for the patient.

The model behavior is consistent with the way
surgeons may typically adjust instrument settings when
the operation comes close to the retina. Setting adjust-
ments can include the following:

• Reduce suction. Because traction is proportional
to the length of vitreous fiber entrained into
the vitrector before it is cut, traction force can
be reduced by reducing the vitreous flow rate,
which can be accomplished by reducing the suction
pressure, because according to Poiseuille’s law, the
rate of flow through a tube is proportional to
pressure. This can be especially important during

the portion of the procedure in which the probe
moves toward the periphery. Conversely, during the
initial portion of the procedure when the probe
is central and further away from the retina, the
higher suction can allow for more rapid removal of
vitreous.
• Increase cut rate. At fixed gauge and duty cycle,
increasing cutting rate decreases the flow rate for
pure buffered saline but has the opposite effect
on the flow rate of pure vitreous. Although the
amount of vitreous material aspirated while the
port is open is less at higher cut rate, during a given
time period, more aspiration/cutting cycles would
occur at higher cut rate. The net effect is that during
the same period of time, more vitreous fluid would
be removed at a higher cut rate.

In the vitreous flow simulations, it was somewhat
unexpected that the inner shaft motion temporarily
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amplified or defeated the aspiration of vitreous when
it is drawn inward (Stage II of Fig. 4) or pushed
outward (Stage IV). In Stage IV, simulations predict the
displacement of fluid by outward motion of the inner
shaft temporarily outweigh inward flow by aspiration
(retropulsion). This effect in vitreous may be seen in
the faint fluttering motion of detached retina near
the vitrector port. Simulations of flow of aqueous
solution do not show this fluttering effect. The opposite
effect is observed in Stage II. As the port opens, the
shaft motion temporarily enhances aspiration. This is
confirmed by the shape of the experimental traction
force versus time profile, which exhibits two different
slopes during the first half of the cycle.

An article evaluating instantaneous flow measure-
ments reported similar findings of retropulsion. The
fluctuating flow rate interfered with suction and
hampered steady flow. The design of an ideal cutter
would eliminate this fluctuation, eliminate changes in
flow velocity during a cut cycle, eliminate acceleration,
and ultimately eliminate traction forces applied to the
retina.14 Rossi et al.14 emphasized that stable aspira-
tion is desired to avoid inadvertent retinal entrapment,
especially when working near a detached retina.

The simplified analytical approach in Appendix C
serves as a crude but useful way of comparing how
different vitrectomy probes and operating parameters
will influence how the vitreous evacuation will proceed
during a vitrectomy procedure. Because the aspira-
tion is usually not applied continuously throughout
the entire procedure, the analytical curves of Figure 7
most likely represent significant underestimates of the
actual time that would be required to complete an
actual surgical vitrectomy.

Furthermore, the incoming BSS fluid does not mix
uniformly with the vitreous material yet to be removed
from the vitreous, as was assumed by the analyti-
cal calculations. Additionally, during vitrectomy, the
surgical environment is constantly changing and vitre-
ous aspiration can vary between vitreous, aqueous
solution, air, oil, membranes, and lens material (refer-
ence 12). Nevertheless, the approach provides a conve-
nient way of comparing the efficiency of the various
situations. Although an increase in efficiency of fluid
removal may not amount to a significant reduc-
tion in the overall time of a vitrectomy procedure,
more efficient vitreous removal may reduce instrument
time.

In selecting the material properties for vitreous
collagen fibers to use in structural simulations, we
use measurements for other biomaterials comprised
of hydrated collagen fibrils as we cannot rely on
studies that measure rheological properties of the bulk
material.15 Using atomic forcemicroscopy,Yang et al.16

measured the shear modulus of fibrils isolated from
bovine Achilles tendon equilibrated in buffered saline
solution to be 2.9 ± 0.3 MPa, which corresponds to a
Young’s modulus of 8.4 MPa for a Poisson’s ratio of
0.45. The value of 0.45 for Poisson’s ratio is within the
range of 0.45 to 0.49 typically used for soft tissues.17,18
The mean value of the elastic slope for full-thickness
human femoral cartilage samples cut perpendicular to
the cleavage pattern reported by Silver et al.19 was 10.5
± 4.0 MPa. The transverse and longitudinal moduli
for the axillary pouch of human glenohumoral capsule
were reported by Moore et al.20 to be 5.4 ± 2.9 and
14.8 ± 13.1 MPa, respectively. The value of Young’s
modulus that was used (8.7 MPa) falls within the
approximate range of these measurements.

The distances over which the vitreous traction force
was measured in the experimental method is larger
than the dimension of a typical eye. In the measure-
ment method, the vitreous sample is not contained
within an eye but is suspended in saline solution,
constrained only by its attachment at one point to a
force sensor. When the vitrector aspiration and recip-
rocal shaft motion are engaged, the vitreous sample
elongates toward the approaching vitrector, and the
sensor detects a measurable force when the vitrector is
more than 50 mm away.

These results confirm other similar experimental
and theoretical studies in the literature. The vitre-
ous flow rates appearing in Figure 6 were validated
by the experimental measurements of porcine vitre-
ous flow in reference 3. The simulated results of
7500 cpm probes aspiration reflected similar vitreous
performance of previous generation 5000 cpm probe
where flow increased with increasing cut rate.21,22 The
simulated performance of BSS aspiration with 7500
cpm probes was also similar to published data: Diniz
et al.22 graphically demonstrated that BSS flow slightly
decreased with increasing cut rate for 400 and 500
mm Hg vacuum: these differences were found to be
significant (P < 0.001). Notice the difference between
vitreous and BSS performance: vitreous flow decreased
with increasing cut rate whereas BSS flow decreased. A
published study postulated that the high cut rate may
effectively reduce the viscosity of vitreous resulting in
increased flow.23

The BSS flow rate profiles for the 50-50 duty cycle
in Figure 3 closely resemble some of the profiles from
the theoretical study of reference 24. (The magnitude of
flow is reversed and the units are different, because the
model used in that study was only two-dimensional.)
Although our study used a different numerical method
for simulation, the flow model used for BSS flow was
quite similar to that used in reference,18 although the
fluid viscosities were different.
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The closest match is for the profiles in reference 24

at the highest cutting speeds and highest applied
vacuum settings. Just after the inner shaft reaches the
fully open position, the rate of flow into the vitrec-
tor temporarily decreases, and then increases steadily
until the inner shaft begins moving towards the closed
position. The cutting rate is too rapid to allow the flow
rate to achieve a steady value while the port is fully
opened. As the inner shaft moves towards the closed
position, the flow rate at first decreases at amodest rate,
and then rapidly returns to zero. All of these features
are exhibited by the profiles for high cutting rate and
high applied vacuum in reference.24 The vitreous flow
profiles are quite different from the flow profiles in
reference 24, because a different flow model was used
in our simulations for vitreous flow.

The findings of this simulation study further
support the results of a clinical study reported in refer-
ence 25, which compared a variety of types of vitrec-
tomy retinal surgical procedures. This study compared
surgical outcomes of a group of 29 patients for which
a low-speed (1500 cpm) 25-gauge vitrectomy system
was used, versus a group of 27 patients for which
an ultrahigh-speed (5000 cpm) 25-gauge vitrectomy
system was used. Thirteen patients (21.7%) in the
low-speed vitrector group had intraoperative iatro-
genic retinal breaks, compared with only one patient
(1.7%) in the ultrahigh speed vitrector group, presum-
ably because of a reduction in retinal traction induced
by the ultrahigh-speed vitrector. Surgeries performed
using the ultrahigh-speed vitrector also took less time
than when using the low-speed vitrector, consistent
with the results of the current simulations.

Several simplifying assumptions were made in the
construction of this model. The complicated and
undefined geometry of the vitreous was reduced to
a simple cylindrical shape at the point where it is
entrained into the flow entering the vitrector port. It
was assumed that under extension that this vitreous
fiber bundle exhibits simple elastic properties, which
is most likely a simplification of its actual mechani-
cal response. Despite these simplifications, the model
is capable of reproducing much of the experimental
bench data. Futuremodels may be improved to address
these issues.

Conclusion

This simulation-based approach is currently being
used for evaluating new cutter designs to enable even
further reduced retinal traction, vitrectomy efficiency,
and possible increased safety. The goal of vitrector

probe design is to minimize retinal traction. Even
though the performance of currently available vitrec-
tors may be acceptable, there will always be room for
improvement, since safety may improve as the applied
retinal traction force approaches zero. Although this
zero traction limit is practically unattainable, never-
theless there is benefit in comparative testing of the
relative forces applied by probes of varying designs. To
aid this design effort, this in silico method has been
developed and qualified using laboratory data from a
testing method that has been demonstrated previously
to be able to distinguish between the performances of
various vitrectors. This “virtual lab” method should
enable rapid evaluation of the potential benefit of
several design variations to select for successful designs,
reducing the number of physical prototypes that would
need to be fabricated and tested.
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Appendix A: Transient CFD
Simulations

Transient CFD analyses were performed to solve
for the fluid flow within all three domains. Simulations
for flow of buffered aqueous saline solution assumed
a single-phase Navier-Stokes fluid having the proper-
ties of water at 37°C, with a fluid viscosity of 8.9 ×
10−4 kg/m−1/s−1. The same vacuum levels were used
as for the simulations of vitreous flow: 650 mm Hg
for enhanced 27+- gauge probes and 300 mm Hg for
23-gauge probes (this latter vacuum level was used to
match the setting used during the measurements for
vitreous cutting in the bench experiment for the 23-
gauge probes).

When simulating vitreous flow and cutting, the
transient CFD analysis used an Eulerian-Eulerian two-
phase model (the Fluent mixture model), the separate
phases representing the mixture of uncut vitreous
and aqueous fluid in Zone I and the chopped vitre-
ous mixture in Zones II and III. The Fluent mixture
model is used because we make the approximation
that vitreous material flows as a fluid, and that once
it is cut and is aspirated into the vitrector, it experi-
ences a change in viscosity. The mixture model allows
each phase comprising the mixture to be modeled
with different fluid properties. The density of each
phase was 1 g/cm3. The viscosity of chopped vitre-
ous was 0.004 kg/m−1/s−1, which appears to be the
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limit observed at high cut rate and high shear rate.9
The viscosity of uncut vitreous, adjusted to match
the previously reported vitreous flow rates3 was found
to be 0.02 kg/m−1/s−1. Simulations were conducted
using a negative pressure boundary condition on the
top end of the inner cutter shaft corresponding to
the aspiration pressure setting used in the in vitro
experiment, whereas driving themovingmesh displace-
ment using a velocity profile derived from the shaft
motion measured experimentally for the appropriate
gauge probe and settings for cut rate and duty cycle. A
zero-pressure boundary condition was maintained on
the exterior of Zone I. The computational mesh was
comprised of ∼1 million elements, and the time-step
ranged from 2.5 to 5 μsec for a total time as required
to complete five full cycles of shaft motion, which
enabled the flow solution to achieve quasi steady-state.
A few studies were conducted with varying spatial
and time discretization to verify that the method was
independent of both mesh and time resolution. CFD
simulations typically took five days to complete five
shaft motion cycles with 16 cores engaged. By apply-
ing the suction boundary condition corresponding to
the console setting, we are neglecting any pressure
drop that may occur in the portion of the flow circuit
between where the pressure setting is applied and the
end of the shaft.

Appendix B: Transient Structural
Simulations

The volume flow rate f(t) from the CFD simula-
tion during the fifth cutter motion cycle was used as
an input to drive the transient structural simulation as
follows. The accumulated volume flow of material into
the cutter as a function of time v(t) was obtained by
integrating f(t) and was converted into displacement
d(t) applied to the end of the fiber bundle using the
following equation:

d (t) = v (t)[
Ap
2

]
ρ

where Ap is the cutter port area (the factor 2 appears
because the geometry only represents half of the
model) and ρ is the ratio of the surface area of the
circular cross-section of an equivalent aspirated cylin-
der divided by the port area. Port areas were 9.68 ×
10−8 m2 for 27+-gauge and 1.29 × 10−7/m2 for 23-
gauge. Observation of slow-motion videos of a cutter
engaged in cutting porcine vitreous in vitro showed
that approximately 1 mm of vitreous fiber is drawn

into the cutter in one cycle for 27+-gauge. Thus we
assign the length of the equivalent aspirated cylinder
to be 1 mm. Because the amount of volume aspirated
in one cycle (at a cut rate of 2500 cpm) for the 27+-
and 23-gauge vitrectors is 2.48 × 10−4 and 4.76 ×
10−4 mLs, respectively, the area of a cylinder represent-
ing the volume cut/aspirated in one cycle is 0.248 and
0.476 mm2, respectively. Thus the values of ρ used were
2.56 and 3.69 for the 27+- and 23-gauge vitrectors,
respectively. The same values of ρ for a particular gauge
were used for all values of cut rate and duty cycle.

The simulation calculated the reaction force at
the other end of the bundle that was attached to
the force sensor. The geometric domain was meshed
with ∼200,000 elements, and a few studies were
conducted with varying mesh resolution to verify that
simulation results would not change upon changing
mesh resolution. FEA simulations typically took 40
minutes to complete engaging 16 cores in a distributed
memory simulation. ANSYS software (version 17.1;
ANSYS, Inc. Canonsburg, PA, USA) was used to
perform simulations using a Lenovo P-900 workstation
equipped with dual Intel E5-2687W v3 processors (3.10
GHz, 10 cores each) and 128 GB RAM.

Appendix C: Transition in Flow Rate
During Vitrectomy Surgery

In the beginning of the surgical procedure, the vitre-
ous compartment is filled with intact vitreous having
viscosity ηV, and if the vitrectomy is complete, at the
end it is filled with buffered saline solution having
viscosity ηB. We seek a continuous smooth function
that will allow the flow rate to transition from fV at
the beginning to fB at the end of surgery, where fV
and fB correspond to the flow rate of pure vitreous
and pure buffered saline solution through the probe
when it is engaged in the cutting/aspirating operation.
Consistent with our election to use the Fluent mixture
model to simulate the fluid behavior of the mixture of
cut vitreous and buffer, we assume the buffered saline
solution entering the vitreous compartment mixes
uniformly with the contents so that the viscosity of the
entire compartment is uniform and can be expressed in
terms of the volume fraction φ of unaspirated vitreous
as follows:

η (φ) = φηV + (1 − φ) ηB (C-1)

Furthermore it is assumed that the effect of the
changing material properties of the vitreous compart-
ment on the flow rate through the vitrector is mediated
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via the change in viscosity in a manner analogous to
Poiseuille’s law for flow through a pipe, which states
that at constant pressure the velocity of fluid flowing
through a pipe is proportional to the inverse of the
viscosity. Thus we choose to approximate the flow
velocity using the following function:

f (φ) = γ (φ)
η (φ)

, (C-2)

where γ (φ) is a function that enables f(ϕ) to transition
from the value of fV when ϕ =1 to the value of fB when
ϕ =0. Equation (C-2) may be rewritten as:

γ (φ) = f (φ) η (φ) (C-3)

It is simplest to use a linear function of ϕ for γ as
follows:

γ (φ) = I + S φ (C-4)

where I and S denote intercept and slope. When φ

=0, f(φ) = fB, from Eq. (C-1) η(φ) = ηB, and using
Equations (C-3) and (C-4), we find that I = ηBfB.
Substituting this result for I into Eq. (C-4), when φ

=1, f(φ) = fV, from Equation (C-1) η(φ) = ηV, from
Equations (C-3) and (C-4), we find that S = ηVfV −
ηBfB. Thus the expression for f(φ) is given by:

f (φ) = ηB fB + (ηV − ηB fB)φ
φηV + (1 − φ) ηB

(C-5)

This expression was used in numerical procedure in
which time was advanced in a fixed small increment.
At time zero, φ and f are set to their initial values 1
and fV, respectively, and the vitreous compartment was
set to 5 mL. The amount of vitreous removed during
each time step was the flow rate at that time step times

Figure C.1. Time dependence of vitreous volume fraction (solid
curve) and flow rate of aspirated fluid (dashed curve) as predicted by
the analytical approach described in Appendix C.

the value of f corresponding to the volume fraction φ

for that time step using Equation (C-5). A new value
of φ was then calculated taking into account the new
amount of vitreous material divided by the volume
of the compartment. The amount of buffered saline
solution removedwas assumed to comprise the remain-
ing volume removed, or f (1−φ) times the time incre-
ment. It was found that using a time increment of one
second was more than sufficiently small to cause the
calculation results from this method to be independent
of the size of the time increment. Figure C.1 shows
how the volume fraction φ and the flow rate f were
calculated to vary with time for the case of 27+-gauge
vitrectors operating continuously at a cut rate of 2500
cpm with a duty cycle of 50/50, operating at an applied
suction pressure of 650 mm Hg.


