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Abstract. During the last decades, in vitro fertilization (IVF) became one of the
most demanded reproductive technologies used for infertility treatment. Despite
the significant efforts, the percentage of successful procedures remains moderate
(<50%). It is shown, the percentage of successful IVF could be increased by a
patient-specific embryo transfer based on the preliminary biomechanical and CFD
analyses.A detailed reviewon different aspects of the IVFprocedure is given. CFD
simulations on the embryo transfer with tubular fluid and air bubble through a thin
rigid tube (catheter) have been carried out. The following parameters were found
to be the most influencing on the embryo transfer to the fundus: (i) the injection
time IT, (ii) the distance of the catheter tip to fundus; (iii) the injected volume
during the first stage; (iv) duration of the second stage; (v) the withdrawal speed
at which the catheter is removed at the last stage; (vi) the volume replacement
during catheter withdrawal. The IT, catheter load speed and cumulative shear
stress over the particle during the IT were found the main prognostic factors of
the IVF success.

Keywords: In vitro fertilization (IVF) · Embryo · Viscoelasticity · Damage ·
Computational fluid dynamics

1 Introduction

In vitro fertilization (IVF) is one of the widely known types of assisted reproductive
technologies that includes artificial fertilization of the preliminary collected eggs, their
culture during 4–6 days and further embryo transfer (ET) and its implantation into the
uterus. The success of the IVF is estimated by the pregnancy rate (PR) that significantly
depends on the age and a series of other factors of the women; it varies between PR =
39.6% at the age <35 to PR = 11.5% at the age >40 [1]. Mechanical factors play an
essential role in cell divisions and embryo development [2], locomotion and invasion [3],
differentiation [4], mechanotransduction [5], apoptosis [6], cell proliferation, gene and
protein expression [7, 8]. Any variations in the mechanical environment influence the
mechanical tension within the cytoskeleton of living cells that is a critical regulator of
their biological function [5, 7], that will ultimately affect the respective functionalities.
Mechanical inputs play a major role in regulating cell fate and function at the molecular
level [9], and a cell’s internal state is also reflected in its mechanical properties like
elasticity, viscosity and dielectric coefficients [10–13].
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During the last decade, the following aspects of IVF have been intensively discussed
in literature [14–22]:

1) estimation of mechanical factors crucial for successful IVF and ET;
2) elasticity and viscosity of the embryo as indicators of its state and development;
3) microfluidic systems for embryo development at dynamical mechanical conditions;
4) development of robotic assisted equipment for IVF, embryo development and ET;
5) elaboration of the patient specific technique of ET.

2 Biofluid Mechanics of Reproduction

2.1 Mechanical Properties of Embryos

Each fertilized egg (oocyte) develops through the following stages: (I)morula,when cells
have rapidly mitotically divided to produce a solid mass of 12–15 cells; (II) blastula or
blastocyst that consists of an outer layer, an inner cell mass and a fluid-filled cavity; (III)
blastocyst hatching (i.e. lost of the zona pellucid (ZP) which is a specialized extracellular
matrix surrounding the developing oocyte within the ovary) followed by its free floating;
(IV) implantation into the fundus. Structure and mechanical properties of the embryo at
the stages I–IV differ significantly.

ZP (Fig. 1a) forms a multilaminar spherical shell of remarkably uniform thickness
(5–10 µm) and a negligible flexural rigidity [23] that plays an essential role in both
natural and in vitro fertilization [24]. ZP is a glycoprotein gel that can be modeled as
viscoelasticMaxwell body [25]. The oocyte is free of residual membrane stress and after
compression it recovers its initial shape with no residual deformations. The mechanical
parameters of the oocyte and ZP can be measured in micropipette experiments (Fig. 1a).
Embryo and oocyte stiffnesses are correlated, indicating that theremay be a link between
mechanics and viability [26–28].

After fertilization the mean Young’s modulus of the ZP demonstrates a 1.8–2.4-fold
increase preventing the oocyte from polyspermy [23, 29]. Starting from the 8-cell stage
with cell divisions and gradual transition to the morula stage, ZP gradually softens again
allowing further enlargement of the embryo [27, 28]. Therefore, the Young’s modules
of the ZP at different stages are known from the aspiration tests and some microfluidic
experiments [3, 19, 22]. It was shown, the aged mice oocytes are significantly softer and
demonstrate bigger relaxation times than the young oocytes [30]. Elastic modules (E)
and apparent viscosities (η) of the embryo cells at the stages I, II, III were measured
as E = (0.9 ± 0.4;0.4 ± 0.2;0.4 ± 0.1) kPa and η = (166 ± 81;77 ± 37;40 ± 15)
Pa · s accordingly [31]. The embryos are very sensitive to mechanical properties of
the substrate, i.e. the elasticity of the culture environment and the forces exerted over
their surface. At the natural conditions, the stiffness of the uterine epithelium is ~1 kPa.
Normally developed and damaged embryos are mechanically more strength than the
damaged ones with blastomere fragmentation [32]. It was shown, the viability of the
embryo at the 4-cell stage can be predicted with 90% sensitivity and 91% specificity
based on the combination of mechanical (E1, η1) and two cell cycle parameters.

Based on the measurement data, several theoretical models of the embryo with ZP as
an elastic incompressible half-space (half-space model), an elastic compressible bilayer
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(2-layered model), and an elastic compressible shell (shell model) have been proposed
[23]. The experimental studies with micropipette shown the layered and shell models are
more precise.An equivalent rheologicalmodel as amodification of theZener viscoelastic
body (Fig. 1b) with, E1 = 0.3 N/m, E2 = 0.12 N/m, η2 = 0.59 N ·s/m has been proposed
in [33].

Fig. 1. Aspiration of the oocyte into a micropipetter (a) and its rheological model (b); H and h are
the thickness of ZP outside and inside the pipette with inner diameter D, �p is applied negative
pressure; L is the aspiration length, E1,2 and η1,2 are elastic and viscous moduli.

2.2 Peristaltic Wave Propagation and Oscillatory Fluid Dynamics

Fluid dynamics aspects of the embryo development are connected with permanent fluid
motion in the oviduct and uterus due to their smooth muscle contraction and beating of
the ciliated epithelial cells [34]. Their importancewas examined both experimentally and
theoretically anddifferentmechanical and electric properties of the tubular, ampulary and
isthmic fluids have been shown [34, 35]. The embryo movement along the oviduct to the
fundus is provided by ciliary beating of the epithelial cells; contraction of the smooth
muscle; flows of the fluids secreted; thermotaxis due to the temperature differences
(~0.02 C) in different parts of the uterus.

Cilia beating generate a continuous fluid stream that extends up to ~0.5 mm over
the tips of the cilia. Therefore, it is highly probable that the embryos are not moved by
a cilia stroke directly acting upon them but by the continuous fluid flow generated by
the cilia beating with frequencies f = 5–20 Hz [36]. The embryo transportation can be
conducted by both direct contact of the moving cilia with its surface and by the drag
force (∼ 1.1 · 10−9 N) produced by the fluids accelerated by the cilia contractions [37].
The cilium beat has the following characteristics: (i) its rate is remarkably uniform, and
(ii) the beat of a particular cilium and its adjacent cilium appears to be well coordinated
and generate a wave with the period ~2.5 s and length λ ∼ 500 µm [38]. The decreased
ciliation and low cilia beat frequency are observed in women with obstructive tubal
infertility [39]. The mechanics of viscous-dominated microscale flow in vivo, including
time-reversal symmetry, drag anisotropy of slender bodies, and wall effects have been
reviewed in [40]. Therefore, in the oviduct the embryo is subjected to the following
dynamical forces [41]:
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1) shear stress produced by tubal fluid flow;
2) compression by peristaltic tubal wall movement;
3) buoyancy due to differences in the density;
4) kinetic friction forces between the embryo and cilia.

All the factors lead to an average ovum velocity ~0.1 µm/s that can be increased to
3.8–6.8 µm/s by smooth muscle contraction of the walls. Fluid movements produced
by wall peristalsis are similar to those induced by beating cilia and reach an average
velocity of ~8.6 µm/s [36]. The motion of the embryo along the oviduct is not uniform.
At some stages and conditions it could be accelerated or decelerated and even stopped by
the active embryo-maternal interactions to provide the needed maturation of the embryo
before delivering it to the fundus [42].

Based on the data that in vivo an embryo is naturally exposed to constant vibrations
of ~6 Hzwith the gradual increase to ~20Hz, a new approach to in vitro culture of human
embryos with natural type mechanical micro-vibrations has been proposed [41]. It was
shown, in the group of patients who underwent the IVT of the embryo(s) grown in vitro
under mechanical vibrations the pregnancy rate was higher.

2.3 Mathematical Modeling of the Natural Embryo Transportation

In earlier analytical studies (1965–1985) simplified models has been elaborated, includ-
ing infinite symmetric circular channels, inviscid fluids, small-amplitude oscillations,
infinite wavelength, and elastic walls. Later studies accounted for the finite-length
nonuniform channels, viscous fluids, non-steady low Reynolds number flows, finite
wavelength and viscoelastic wall [34, 43, 44] and peristaltic flows of non-Newtonian
viscoelastic fluids [45]. A 2D rectangle and tapered channel models with the walls oscil-
lated sinusoidally with a phase shift �ϕ, have been developed and solved based on the
lubrication theory [46]. It was shown, the transport phenomena are strongly affected by
�ϕ. A two-layer flow with an inner layer through which the egg moves was coupled
with an outer layer through which flow is assumed to be driven by the pressure gradient
only [47]. The ciliary sublayer at the interface of the inner and outer layers was modeled
by a distribution of volume forces produced by the cilia beating and muscle contraction.

A stochastic model of ovum transport based on Langevin’s diffusion equation was
proposed in [48]. The embryo motion was considered as one-dimensional randomwalks
in a field of external force that included ciliary beating, smooth muscle contractions and
the frictional force produced by the viscous fluid. The model predicted the leading role
of cilia activity in fast transport of the embryo.

For Stokes flow, the grid-free method of regularized Stokeslets that restores the flow
field from a distribution of regularized forces supported by the immersed boundary can
be used. The models of cilia beating [34], peristaltic pumping of solid particles [34], and
3d swimming [49, 50] have also been studied based on the immersed boundary method
(IBM). The coupling between the wall movement and the fluid flow can be described as
a fluid-structure interaction (FSI) problem and solved by the IBM, finite element (FEM)
and finite volume (FVM) methods. Nowadays the FSI modeling and FEM simulations
is the most popular approach to the embryo transportation problem in vivo and in vitro.
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2.4 Biomechanical Aspects of IVF

In vitro ET remains the most inefficient step in IVF procedure and limiting component
to its success rate [51]. While fertilization in the laboratory is achieved at relatively high
success rates (>90%), the maximum chance of pregnancy per cycle is <20% in healthy
couples [52]. Only top clinics report PR>40%, while others have PR<10% and even in
developed countries the number of clinics with a low PR is very high. Depending on the
IVT technique, a pregnancy rate of 33.3% is considered as excellent transplantations and
10.5% as poor ones. Among other hypotheses, it was suggested that mechanical factors,
such as catheter type, method of loading the catheter, placement of the catheter tip and
injection speed (IS) may be the cause for the low PR. Therefore, methods to improve the
effectiveness of ET are needed. The IS, the time between the end of the injection and
the catheter withdrawal, the withdrawal speed are important fluid dynamics parameters
that may have an effect on the result of the ET procedure [53].

Standard IVT procedure starts with a proper positioning of the patient, proper posi-
tioning of the catheter in the uterine cavity (Fig. 2a) under guidance of abdominal
ultrasonography (USG). Then, the inner catheter with a soft tip preliminary loaded with
the embryo(s) is placed inside the outer one by the laboratory technician or embryolo-
gist. The ‘3-drop technique’ when a drop of medium (Embryo-Glue®) containing the
embryo is separated from a preceding and following drops by air bubbles (Fig. 2b) is
commonly accepted [54]. The air bubbles are visible by USG abd serve as markers for
correct embryo’s placement in the uterus. To minimize the risk of retained embryos, the
catheter should be slowly withdrawn. Nevertheless, there is no unified point of view on
the recommended times and speeds of the withdrawal.

Fig. 2. Scheme of the embryo transfer (a) and the catheter tip loading (b)

2.5 Experimental studies on the uterine models

The IVT procedure with a loaded catheter (Fig. 2b) has been reproduced on a glycerin-
filled rigid transparent model that imitated the inner cavity of the uterus (Fig. 3a). The
model was installed on a plate inclined between 0–30° above the horizontal plane to
repeat possible orientations of the uterus during the real ET procedure [55]. The trans-
ferred liquid was colored with a dye and its injection was recorded by a video camera.
An example of the recording is given in Fig. 3b.
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a b

Fig. 3. A scheme of the experimental model for the laboratory simulations of ET (a) and possible
trajectories of the bubbles with embryos (black) and transported liwuid (grey); e, f and g, h are
successful and unsuccessful locations of the bubbles at the fundus.

As it was shown in the experimental studies on the model, its inclination angle
influences the bubble formation and transportation of the embryo in the transferred fluid
together with the bubble to the fundus via influencing the buoyancy forces [55]. Thus,
the ET procedure must be performed at a patient-specific position in which the fundus
location is exactly ahead of the buoyancy-driven trajectory of the bubble. In in vivo
conditions this trajectory will also be influences by the active oscillatory forces produced
by the soft tissues and fluid flows, that makes the decision making much more difficult.
It was demonstrated that the air bubbles did not move after immediate ambulation after
transfer in 94.1% of the cases [56] which means the fluid dynamics of the IVT is still
poor understood.

It was confirmed that the underlying dynamics of the ET highly depends on the
individual uterine anatomy (size, inclination angle), type and location of the catheter,
the injection and catheter withdrawn parameters (timings and speeds); the relationship
between all the factors are not well understood.

2.6 Catheter Tip Location

As it was reported in many papers, placement of the tip of the catheter in the middle of
the uterine cavity resulted by higher PR [57]. In different studies the best location of the
catheter tip is described as 0.5–2 cm from the fundus [57, 58]. When the catheter tip is
placed close to the fundus (<5 mm), IR decreases. As it was shown in a detailed study
based on 5055 US-guided ET [59], the PR is higher when the embryos are injected at
some distance >10 mm from the fundus. Recently it was shown the embryo(s) must be
released at 5–15 mm from the fundus [60]. The PR were 65.2%, 32.2% and 2.6% when
the catheter tip was located at the distance<10mm, 10–20mm, and 20mm, respectively
[61].

2.7 Ejection Speed and Duration

Catheter ejection speed influences depth and placement of the embryo into the uterine
cavity [62]. Nevertheless, the speed of injection is not defined in the public protocols;
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it is just generally advised to do the ET very gently/slowly [58]. Despite numerous
experimental studies on the best injection speed for successful ET, a large variation in
PR rates 26–40% is observed among laboratory technicians [63]. The measurements of
the speed and duration of the ejection conducted by 7 technicians revealed the differences
from v = 2–4 m/s and T = 100 ms to v = 0.1–0.2 m/s and T = 750–1500 ms [63]. As it
was shown in the experiments on the rigid transparent model of uterus [55], the injection
speed significantly influences the air bubble formation and transportation together with
the embryo(s). Theminimal delivering time t> 10 s was proposed. An automated pump-
regulated embryo transfer (PRET) unit has been proposed for standardization of the ET
procedure [62, 63]. The pump applies the constant pressure to a syringe connected with
the catheter and, therefore, provides a patient-specific constant speed of ejection. A
randomized controlled trial conducted on 599 IVT procedures has shown, the PRET
device generates a significantly smaller variance of the positioning of the embryo(s) into
the uterine cavity that resulted in an ongoing PR = 21% in the PRET versus 17% in the
manual (p = 0.22) transfer groups.

The patient specific hydraulic resistance of the uterine cavity must be accounted for
but there are still no reliable experimental data on uterine resistance in ET [62].

2.8 Fluid Composition and Viscosity

The transfer media for ET are elaborated and manufactured by different pharmaceutical
companies and have different compositions. One of the most important natural macro-
molecule recommended to be introduced into the media is hyaluronic acid (HA) that
is an implantation enhancing-molecule [64]. EmbryoGlue ® is a useful and available
ET medium with a high concentration of HA.In the model studies the viscosity of the
transfer media is often considered as equivalented to that of water, while the individual
viscosity of human uterine fluid is not measured, though it is believed to be much higher.
As it was shown on the laboratory model [55], better dispersion of the air bubbles with
embryo(s) is achieved when the viscosity of the transfer media is close to that of the
uterine fluid.

3 Mathematical Modeling of the Embryo Transfer

Individual anatomical features of the uterine cavity (size, geometry, inclination angle,
presence of fibroids and other deformations) are important factors for the ET procedure
[65]. Therefore, CFD simulations on the patient-specific models may provide the opti-
mal biomechanical details of the ET for the individual patient. FSI modeling and CFD
computations of ET have been carried out on a 2d model of uterus as a fluid-filled thin
open ends channel with a rigid catheter inside (Fig. 4) [66]. The effects of uterine peri-
stalsis on ET during and after injection have been investigated by the wall movements.
The fluid flow was governed by incompressible Navier-Stokes equations. The peristaltic
flow was generated by the transverse sinusoidal displacement of the walls with period
T and phase shift ϕ in the form

H1(t, x) = b cos(2π(x/λ − t/T ) − ϕ/2) − a,

H2(t, x) = b cos(2π(x/λ − t/T ) + ϕ/2) + a.



8 L. Batyuk et al.

The injection speed from the catheter tip was Uinj = KU sin(2π t/Tinj), where U is
the speed of the wave, K = const, Tinj = T/2 is the IT.

Fig. 4. The 2d model of ET into a channel with oscillating walls (from [66]).

It was shown, the displacement of the embryos as massless particles significantly
depends on their location in the catheter (at y/R = 0, 0.25, 0.5 or 0.75, where R is the
inner radius of the catheter). The central positions lead to the longer axial transfer of
the particle, while any large distortion of the particle leads to the large amplitude radial
displacements. The performed CFD studies revealed that higher injection speed of the
particles located at y/R = 0 moves the embryo farther toward the fundus. The viscosity
of the human uterine fluid was taken from the experimental measurements on animals
μ = 1 Pa · s.

Peristaltic flow in a 2d tapered tube model of uterus with oscillating walls and a
rigid catheter along its axis was also studied [46]. The influence of the IT, the catheter
distance from the fundus, the injected volume, the rest time, the withdrawal speed and
the volume replacement generated by the catheter withdrawal has been modeled. Based
on the CFD data, the risk function of the unsuccessful ET and the ectopic pregnancy as
a linear combination of the average distance to the fallopian tubes, and location of the
embryo relatively to the fundal wall was proposed.

A 3d uterine model as an axisymmtric tube with periodical varying cross-sectional
area with a closed end (Fig. 5) was studied in [49, 50]. It was shown, the embryo
trajectories are strongly affected by the damping out the peristaltic wave towards the
end, and the trajectories of a particle of finite volume differ from the trajectories of
massless particles. When initial location of the embryo was closer to the wall (far from
the axis) the particles got scattered by the fundus and returned back to the catheter.

Fig. 5. 3d axisymmetric tube model of the uterine cavity (from [50]).
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Based on the reviewed literature, the following essential biomechanical problems of
IVF and ET can be formulated for improvement of the technique and increasing the PR:

1) Mathematical modeling of the ET along the inner tube between two air bubbles
with embryo as a viscoelastic particle with different elastic and viscous coefficients
(Fig. 2b);

2) Mathematical modeling of the ET between two air bubbles inside themodel of uterus
(both rigid and soft contracting walls);

3) Accounting for patient-specific geometry of the uterus (size, shape, anter-
verted/retroverted/midposition) that influences the buoyancy forces acting onto the
air bubbles and the embryo movement between them;

4) Computer simulations of the ET with different size/location of the bubbles and
medium aimed at proper embryo delivery and minimization the risk of retained
embryos.

4 Mathematical Problem Formulation

Steady flow of two air bubbles (Fig. 6) of the length 7 mm in the polyethylene tube
with D = 2R = 0.55 mm inner diameter with a column of the Embryo-Glue® fluid of
the length 52 mm in between them is considered. The total length of the composition
L = 83 mm. The IT is ~20 s, so the average injection velocity Uinj ~ 4 mm/s. For the
comparative analysis the velocities Uinj = 1; 5; 20 mm/s have been chosen. These values
correspond to the IT = 80; 17; 4 s. To avoid the influence of the entrance and exit flows
on the flow parameters, the longer tubes of L = 15–30 cm will been considered.

Fig. 6. A sketch of the modeled flow (the explanations are in the text).

The mathematical problem formulation for the multiphase flow is described by the
steady Navier-Stokes equations [67]

∇ · v = 0,

ρv · ∇v = −∇p + μ�v (1)

with the boundary conditions at the bubble surface Sb

n · T = 1

Ca

(
dτ

ds
+ n

r

dz

ds

)
− pan, (2)

where n and τ are unit normal and tangent vectors at the point of the surface, pa is the
excess pressure inside the bubble, T = −pI + (∇v) + (∇v)T ,

z = 0 : Tzz = −pin, r = 0 : Tzr = −0, r = 0 ∪ Sb : n · v = 0. (3)
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Solution of the problem (1)–(3) has been obtained by the finite element method and
Ansys Fluent 19.2 for the multiphysics flows at low Reynolds numbers Re = 10–3 −
10–1. The refined mesh with inflations to the walls, interfaces and injected particles
have been generated. The pressure, velocity and shear stress fields in the tube have been
computed. The sample spherical elastic particles with d = 0.05 mm (smaller embryos)
and d = 0.1 mm (larger embryos) have been located in the middle section of the liquid
column (Fig. 6) at the radial coordinates r/R = 0; 0.25; 0.5; 0.75 (Fig. 7) and their
trajectories have been computed.

Fig. 7. Velocities of four sample particles at the time t = 2 s.

5 Results

One of the most useful approaches for the cell damage estimation is computation of the
history of the damaging factors (pressures, pressure oscillations, shear stresses) during
the cell movement [68–70]. It means, the listed factors must be computed along the
trajectory of the sample particles in the tube. Some cells that move faster can experience
higher mechanical forces onto their surfaces during a shorter travel time, while the cells
that move at lower injection rates will experience the lower mechanical stresses during
the longer time. In that way, the optimal injection speed with the lowest damage factor
could be determined from the computer simulation data.
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This approach has been validated for quantitative estimation of the red blood cell
(RBC) damage in the apparatus of the extracorporeal circulation, through the stenosed
mitral valve and valve prostheses. Various mathematical models have been used to cor-
relate the mechanical forces and exposure time to the degree of the RBC damage. The
most popular models are (i) average shear stress model [70], (ii) temporal differential
model [71], and (iii) total differential model [72].

Based on this approach, the non-dimensional damage accumulation factor (DAF)
can be computed by a simple formula

DAF = 1

IT · 	τ∗
IT∫
0

∫
	

√
τ 212 + τ 213 + τ 223d	dt, (4)

where 	 is the surface of the particle, τ∗ is the critical dimensionless shear stress factor
(at τ > τ∗ the surface of the particle will be damaged), τik are the components of the
shear stress tensor computed at the surface of the particle.

For the more detailed quantitative estimations of the damage, the integrals of normal
forces (pressures), pressure oscillations, and deformations of surface may be included
into DAF with corresponding weighting coefficients. As the threshold value the critical
wall shear stress τ∗ ~120 mPa for mouse embryos [73, 74] is used here.

DAF computations have been carried out by gradual iterations with different time
steps �t for different injection speeds and data collection on τik at each time step. When
the particles were located closer to the wall of the tube, the shear stresses at their sides
were non-symmetrical due to the parabolic-type flow profile of the fluid. This asymmetry
generates rotation of the particle in the direction to the wall that produces the Magnus
forces governing the particle towards the axis of the tube. In the concentrated suspensions
such motion is suppressed by the repulsive forces, while in the case of single embryos
there are no returning forces and the motion of the particles is more complex.

The computed DAF values are presented in Fig. 8a,b. The solid straight line corre-
sponds to the damage threshold τ∗. As it follows from the results, the very slow injection
produces low shear stresses which might be slightly over the critical value due to longer
travel time, but for the computed values T = 83 s the increase in very small (DAF =
1.04). The faster injection produces higher DAF indexes DAF ~1.4 that might be very
influencing for the embryos. Based on the interpolations of the DAF values computed for
three injection velocities, the safe regions of injection can be found for different embryo
diameters. Since, location of the particle along the radius of the tube is unpredictable,
the worst case with r/R = 0.5 must be chosen. It gives us optimal injection velocities
Uing ~ 3–6 mm/s for the smaller particles, that gives DAF = 0.85 and IT = 18–27 s.
For the bigger embryos the injection velocities v ~ 4–6 mm/s that gives DAF ~0.95 and
IT = 18–21 s can be recommended.
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Fig. 8. Dependences DAF(Uinj) computed for the particles with d = 0.2 mm (a) and d = 0.1 mm
(b); the curves 1–4 correspond to r/R = 0; 0.25; 0.5; 0.75.

6 Conclusions

The literature review revealed the following biomechanical aspects of the IVTprocedure:

1) Viscoelastic properties of the 4–6 day old embryos [3, 19, 22, 31, 75];
2) Existence of the peristaltic waves and oscillatory fluid dynamics [34–42];
3) Catheter shape and tip location [55–61];
4) Ejection speed and duration of the procedure [62, 63];
5) Fluid composition and viscosity [55, 64];
6) Importance of the individualized procedure based on preliminary mathematical

modeling and artificial intelligence approaches [76].

The steady viscous flow of three columns of the Embryo-Glue fluid with the embryo
inside the middle column separated from a preceding and following columns by air
bubbles of given volumes through a circular tube is studied. This problem has never been
studied before in application to the ET procedure. The material parameters of the fluids,
elasticity and damage shear stress values have been taken from published experimental
data on zebra fish, mouse, and human embryos. A series of computational sets for three
injection velocities, two embryo sizes and four initial locations of the particles have
been obtained. The velocity fields, pressure distributions, pathlines and shear stresses
have been computed. The mean and maximal values of the hydrodynamical parameters
strongly depend on the injection velocity, particle size and location according to the
tube’s wall. The obtained results are in qualitative correspondence with experimental
and CFD results [49, 50, 65, 66] obtained on the massless particles and small rigid
particles in the tubes with rigid straight and waved surfaces.

A novel DAF paratemer for estimation of the optimal patient-specific injection speed
based on known size, elastic parameters and developmental stage of the embryo is pro-
posed. The DAF is computed as the shear stress experienced by the embryo’s surface
embryo during its injection. The approach is well known and validated for the RBC
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damage in the extracorporeal systems, valve prostheses or stenosed/calcified valves. For
the ET procedure the approach has not been studied yet. It was shown, the numerical
computations for three different injection velocities gives enough data for the interpola-
tion of the dependencies DAF(Uinj) and estimation the limits for optimal Uinj for known
embryo size and properties. Fast injection may produce high DAF due to high shear
stresses especially when the embryo is closer to the wall, while the slow injection may
also give higher DAF values due to longer IT of the embryo even at the low shear stress
conditions.

The obtained results are based on an oversimplified elastic model of the embryo and
the values measured on the mouse blastocysts only. More reliable data can be obtained
on the realistic viscoelastic models of the embryo. The computed results also need
validation by the experiments on human embryos. Other potential damaging factors
(pressures, pressure gradients, variations in time, deformation of surfaces, etc.) can also
be accounted for in (4) that will be done in future studies.
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