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There are two theories for the dynamics of milk expression by the infant. One hypothesis is that milk
expression is due to the negative pressure applied by the infant sucking; the alternative hypothesis is that
the tongue movement and squeezing of nipple/areola due to mouthing is responsible for the extraction of
milk from the nipple. In this study, 3-D two-way Fluid-Structure Interaction (FSI) simulations are con-
ducted to investigate the factors that play the primary role in expressing milk from the nipple. The mod-
els include the solid deformation and periodic motion of the tongue and jaw movement. To obtain the
boundary conditions, ultrasound images of the oral cavity and motion of the tongue movement during
breastfeeding are extracted in parallel to the intra-oral vacuum pressure. The numerical results are
cross-validated with clinical data. The results show that, while vacuum pressure plays an important role
in the amount of milk removal, the tongue/jaw movement is essential for facilitating this procedure by
decreasing the shear stress within the main duct in the nipple. The developed model can contribute to
a better understanding of breastfeeding complications due to infant or breast abnormalities and for
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the design of medical devices such as breast pumps and artificial teats.
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1. Introduction

Breastfeeding is a dynamic process that includes oscillating vac-
uum pressure on the surface of the nipple and the rhythmic infant
tongue and jaw movement, leading to milk expression from the
nipple. There are two proposed theories regarding the main factors
influencing milk removal during breastfeeding. One theory empha-
sizes the infant’s jaw movement and peristaltic motion of the ton-
gue on the inferior surface of the nipple/areola. The other theory
emphasizes the negative intra-oral pressure by the infant. How-
ever, the precise mechanism of breastfeeding and the extraction
of milk from the nipple is still not conclusively established.

Computational studies have been performed on many biological
organs such as human pulmonary tract (Azarnoosh et al., 2020;
Gemci et al., 2008; Imai et al.,, 2012), blood vessels (Tse et al.,
2011; Valen-Sendstad et al., 2013; Drewe et al., 2017), brain
(Kurtcuoglu et al., 2007; Moore et al., 2006), and heart (King
et al., 1996; Nobili et al., 2008). These studies have found relevance
in the diagnosis and treatment of diseases as well as the develop-
ment of various bio-medical devices and surgical procedures. Com-
putational modeling of the lactating breast, however, has not
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received the same attention. A better understanding of the physical
factors that contribute to milk removal in the lactating breast can
lead to the treatment of many breastfeeding problems and the
development of biomedical devices.

Several attempts have been made over the last decades to
understand the factors that play an important role in milk removal
from the nipple during the lactation process. The early study on
lactation was performed by Basch (1893) who developed an artifi-
cial breast to experimentally study feeding behavior. He reported
the infant’s jaw movement as the key factor for the milk expression
while later studies referred to intra-oral pressure to draw milk
from the nipple (Kron and Litt, 1971; Pfaundler, 1899).

Kron and Litt (1971) developed a technique for the simultane-
ous control and measurement of pressure and flow during nutritive
suckling. This study emphasized on intra-oral pressure only and
ignored the influence of infant’s mouthing.

Various methodologies were proposed to investigate and
understand the breastfeeding mechanism. A mathematical model
of breastfeeding was developed by Zoppou et al. (1997) based on
quasi-linear poroelastic theory to compare milk extraction
between infant breastfeeding and the use of a breast pump. The
model showed the critical role of tongue movement, leading to a
high volume of expressed milk.

Geddes et al. (2008) used ultrasound images to study the rela-
tionship between the tongue movement, negative vacuum pres-
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sure by the infant’s mouth, and milk ejection from the breast. They
observed that milk expression would increase as the intra-oral vac-
uum pressure increases with the simultaneous downward move-
ment of the tongue.

In a recent study by Alatalo et al. (2020) applied thin-film pres-
sure sensors, and vacuum pressure transducers simultaneously
along with the ultrasound imaging to map the dynamics of
breast-infant interaction during breastfeeding. They obtained a
range of positive (compression) and negative (vacuum) pressure
created by the infant oral cavity during breastfeeding.

Mortazavi et al. (2015) used mathematical modeling to study
milk flow transport in the breast ductal system. They reported that
for the minimum flow resistance, there is an optimal range of
branch generations leading to the easiest milk flow. In another
study by the same authors, a numerical simulation of lactation
within a six-generation ductal system was performed with the
assumption of the ductal system as a rigid body (Mortazavi et al.,
2017). They showed that the maximum intra-oral vacuum pressure
was not relevant to the highest milk expression from the nipple.
Elad et al. (2014) simulated the mechanics of breastfeeding consid-
ering a symmetric two-generation ductal model with a periodic
pressure cycling. Their observation from ultrasound images and
simulation emphasized the importance of vacuum pressure in milk
expression during breastfeeding.

In the present study, a 3-D computational model is developed
for simulations of breastfeeding mechanism. The model includes
the interaction of the lactating breast and the infant oral cavity.
To study the factors involved with the milk expression from the
lactating breast, four separate cases with the corresponding
boundary conditions are studied.

2. Methods
2.1. Geometry and meshing method

In this study, the breasts of five lactating women are scanned
using a Polhemus FastSCAN 3-D scanning device (Alatalo et al.,
2020). The geometry is developed in Solidworks by averaging the
dimensions of the scanned women’s breasts as shown in Fig. 1.
The breast geometry is modeled with a hemispherical shape of
60 mm radius which is comprised of the nipple, areola, and a single
non-planar axisymmetric ductal system (lobe). Based on the data,
the initial free nipple length and width of 10.5 mm and 16 mm are
considered in the model, respectively. The anatomy of the breast
shows that the human breast includes 5 to 9 lobes (Geddes, 2007).
Also, a previous study by Mortazavi et al. (2015)shows that the opti-
mum bifurcation level in the lactating human breast is approxi-
mately 25. However, due to the computational cost and available
resources, this work is limited to a single lobe with a maximum of
four bifurcation levels. The angle of bifurcations is assumed to be
20° based on the observation of real ductal system images by
Baum et al. (2008). This assumption also allows the inclusion of 5
to 9 lobe models with up to seven bifurcations for future studies.

An unstructured mesh is generated for the entire model using
ANSYS Meshing. Two types of meshes are generated for the fluid
(milk ducts) and solid domain (the breast, mouth, and tongue) as
outlined in Table 2. The volume mesh of the fluid domain is gener-
ated using inflation-layer meshing to generate an off-wall spacing.
This methodology leads to the extrusion of regular layers of prism
elements from boundaries to adequately capture near-wall flow
physics. The cross-sectional view in Fig. 1 shows the generated mesh
in the first bifurcation. For mesh convergence study of the solid
domain, the critical regions where the breast geometry is expected
to have contact with the infant’s mouth are refined, including the
nipple, areola, oral cavity surfaces and superior surface of the
tongue.

2.2. Material properties

A homogeneous incompressible hyperelastic material is con-
sidered for the breast model, including the nipple and the are-
ola. The hyperelastic model of adipose tissue, which behaves
in accordance with the Mooney-Rivlin model, is applied based
on the ex vivo breast tissue measurements by Samani and
Plewes (2004). The Mooney-Rivlin material model for five
parameters in the form of the strain energy potential function
(W) is defined as:

W =Cio(ly —3) + Cor (I, = 3) + C11 (I = 3) (I, - 3)
1

+C20(71*3)2+C02(72*3)2+a(1*1)2 (1)

where I, is the first deviatoric strain invariant, I, is the second devi-
atoric strain invariant, J is determinant of the elastic deformation
gradient, d is the material incompressibility parameter, and Cyq,
Co1, C11, Cy0 and Cy, are material constants, characterizing the devi-
atoric deformation of the material, and assigned as adipose tissue
with the values of 310 pa, 300 pa, 2250 pa, 3800 pa, and 4720 pa,
respectively (Samani and Plewes, 2004). The material property of
the infant’s tongue is not available in the literature. There are sev-
eral studies on adult’s tongue mechanical properties with applica-
tion to speech therapy (Cheng et al., 2011; Li et al, 2017).
However, these data cannot be used for the purpose of this study
because the infant’s tongue shows more softness and flexibility.
Therefore, the infant’s tongue is assumed to behave similarly to
the breast tissue.

The Neo-Hookean material model is assumed with an initial
shear modulus of 70,000 Pa (Elad et al., 2014) for the infant’s tongue.
The Neo-Hookean form of strain energy potential W is defined as:

W=t _3) 4 Loy )
where p,, is the initial shear modulus of the material.

Milk is assumed to be a Newtonian fluid with a constant density
(p) of 1030 kg/m> and averaged viscosity (u) of 0.02758 kg/m-s,
respectively (Mortazavi et al., 2015).

2.3. Simulation methods

The current FSI simulations are based on the partitioned
approach by coupling a flow solver (ANSYS Fluent) and a structural
solver (ANSYS Mechanical APDL), where the fluid and solid
domains are treated as independent models with separate meshes.
The system of equations in both domains is solved separately and
sequentially for each time interval. The number of iterations per
coupling step is case-dependent to achieve a converged solution.
The maximum coupling iteration is set to 50 for the four-
generation lobe model case.

The fluid analysis is performed in ANSYS Fluent and governed
by the continuity and Navier-Stokes equations using the
pressure-based scheme. The fluid is laminar incompressible due
to the low Reynolds number calculated within the main duct, by
considering the hydraulic diameter of the duct cross-section. The
discretization approach to solve these equations is finite volume.
The implicit pressure-based scheme (SIMPLE) is selected, and a
second-order accurate time stepping and discretization scheme is
applied (Patankar, 1980). Criterion-type is considered to be abso-
lute for computational fluid dynamics simulation (CFD) simula-
tions and the convergence criteria of the continuity and
momentum equations are set to be 107® with maximum 50-80
sub-iterations depending on the case of study.
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Fig. 1. (a) The 3-D geometry model including the infant’s mouth, tongue, breast, and a four-generation ductal system (lobe), and (b) sagittal cross-sectional mesh view of the

breast model and lobe.

The structural analysis is considered to be transient in order to
determine the dynamic response of a structure under time-
dependent loads. The analysis is based on the finite elements by
solving the equations using a Lagrangian formulation.

The convergence study is carried out to assess the appropri-
ate time step size and mesh. Three time steps of 0.01 s, 0.02
s, and 0.04 s are selected and also two types of meshes are con-
sidered (see Table 2). Simulation of the selected time steps and
mesh sizes reveals only a 2% error in the accumulation of the
milk.

2.4. Boundary conditions

The FSI simulation of breastfeeding requires two sets of bound-
ary conditions: (1) the vacuum (suckling) pressure on the nipple,
(2) the deformation of the nipple and areola due to the dynamic
interaction of the infant’s mouth and breast.

The vacuum pressure data is collected using a tube pressure
transducer attached to the breast Alatalo et al. (2020). The profile
of the measured vacuum pressure shows an approximately
constant sinusoidal waveform. Therefore, to reduce the computa-
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tional solution time, the simulations are limited to two cycles cor-
responding to 1.5 s (from 2 to 3.5 s) as shown in Fig. 2. This intra-
oral vacuum pressure profile is applied at the outlet boundary of
the lobe in the fluid domain along with the total gauge pressure
of zero at the inlets (lobules).

Parallel with pressure measurement, an endocavity convex
transducer placed under the infant’s chin produces ultrasound
images from a cross-section of the oral cavity and time-
dependent motion of the wave-like tongue movement during
breastfeeding (see Fig. 3). These ultrasound images track the dis-
placement of the upper and lower jaws to measure the nipple
width and length (Alatalo et al., 2020). The nipple shape in two
instantaneous times of ultrasound images when the tongue is up
(compression is maximum and vacuum pressure is minimum)
and when the tongue is down (compression is minimum and vac-
uum pressure is maximum) are shown in Fig. 3a and b, respec-
tively. Changes in the nipple dimension in the ultrasound video
are processed and analyzed using MATLAB. A self-programmed
measurement system is utilized to obtain the average dimensions
of the nipple length and width. An in-depth discussion of this pro-
cedure is outlined in Alatalo et al. (2020). Based on the observation
from the ultrasound images, the boundary conditions on the solid
domain are applied in the following three steps:

1. Latching on procedure which involves the infant displacement
of the mouth and compression of the breast surface within
one second. This displacement is assumed to be 5 mm toward
the breast during the one second time interval. The infant’s
jaw had full contact with the breast at the end of this phase.

2. Elongation of the nipple during the next one second phase due
to the mouth’s closure on the surface of the nipple-areola. Ver-
tical displacement of the hard palate is assumed to be 6.5 mm in
the opposite y-direction whereas the lower jaw displaced
upward for 4.5 mm. The displacement of the upper and the
lower jaws make the vertical opening of the mouth to become
11 mm, which matches the ultrasound images observations.

3. The final step is the periodic movement of the tongue during
the nutritive suckling. Based on ultrasound images, the upper
palate is set to be fixed in the simulation while the lower jaw
moves periodically up and down along the y-direction. Simulta-
neously, the vacuum pressure from the clinical data is applied
on the surface of the nipple in the solid domain as well as the
outlet of the lobe in the fluid domain.

3. Results and discussion
3.1. Cross validation with clinical data

The variation of the nipple and infant’'s mouth dimensions
from the simulation are compared with ultrasound images for
validation purposes (see Video 1). Fig. 4 shows the variation of
nipple/mouth dimensions in x and y directions from the latching
moment until the end of two periodic suck cycles. To obtain the
nipple elongation in the x-direction, two probe points are consid-
ered as shown in a cross-sectional view of the breast in Fig. 4a.
Point-1 and point-2 are placed on the tip of the nipple and base
of the nipple, respectively. This figure shows the displacement
of points-1, point-2, and elongation of the nipple, which is mea-
sured based on the two selected points. The origin of the coordi-
nate system is considered to be fixed at the initial location of
point-2 (t =0 s).

As shown in Fig. 4, the latch-on occurs within two seconds of
the simulation. During the first second, the mouth movement
toward the breast causes no deformation on the nipple. Following
the latch-on process, compression of the nipple/areola by the
infant’s mouth causes the nipple teat elongation to 16.2 mm at 2
s as shown in Fig. 4a. The Intra-oral vacuum pressure and the peri-
odic motion of the tongue cause the nipple to reach its maximum
length of 18.5 mm. The simulation model, as well as the ultrasound
images, show that the length of the nipple becomes approximately
twice its initial free length.

The same procedure is used for measuring the nipple and
mouth width deformation in the y-direction by considering four
probe points as shown in Fig. 4b. Point-3 and point-4 are on the
hard palate and the superior surface of the nipple, respectively.
These points are selected in the locations where they overlap dur-
ing the suckling process. Similarly, point-4 and point-5 are placed
on the tip of the tongue and the inferior surface of the nipple,
respectively. The displacement of these points from the reference
(point-2) during 3.5 s of the simulation is measured and plotted
in Fig. 4b. The measurements reveal that the nipple reaches its
minimum width of 11 mm before nutritive suckling begins. As
the tongue moves down to its lowest position, the nipple width
becomes 13.3 mm. However, a small gap between the nipple and
the upper jaw is observed at the maximum mouth opening where
the superior surface of the nipple detaches from the upper jaw for a
short period of time while the tongue still has full contact with the
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Fig. 2. Intra-oral vacuum pressure profile during nutritive breastfeeding and the boundary conditions applied to the infant’s mouth in the various stages.
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Fig. 3. Infant’s mouth and nipple boundary movement via ultrasound images. (a)
Tongue up (maximum compression, minimum vacuum pressure), and (b) tongue
down (minimum compression, maximum vacuum pressure).

areola. This demonstrates the significance of the tongue motion on
nipple deformation other than the upper jaw.

Fig. 5 shows the comparison of deformation from the simula-
tion model and ultrasound images for both changes in mouth/nip-
ple width (AW) and nipple elongation (AL) during the suckling
time interval (2.0<t(s) <3.5). As observed, the tongue, nipple and
jaw displacements are in good agreement with the clinical data.
The average nipple elongation (AL) is approximately 2.5 mm and
the average variation of the mouth/nipple, (AW) is approximately
2.7 mm during nutritive suckling.

3.2. Vacuum pressure vs. compression

To study the effect of vacuum pressure versus compression
pressure on milk removal, separate simulations are conducted by
applying the four cases of boundary conditions as outlined in
Table 1. The results for the volumetric milk flow rate at the outlet
of the nipple tip is obtained for each case during the suckling time
interval as shown in Fig. 6a.

The results in Case-1 indicate a significantly higher volumetric
flow rate for about three times larger than Case-3 and Case-4,
which is due to the variation in the volume of the fluid domain
in deformed cases compared to the rigid body (Case-1). The com-
parison of the results with clinical data is performed by providing
the calculated milk accumulation as shown in Fig. 6b. Case-1 has
the highest accumulated milk volume of 0.8 ml per cycle.

The deformation of the breast model in Case-3 causes a signifi-
cant drop in the milk expression to 0.3 ml per cycle. The infant’s
mouthing also shows its effect on the expressed milk, which is
mainly related to the compression of the ductal system. The results
for Case-2 show a very small amount of milk expression, which
reveals the importance of vacuum pressure for milk removal. The
compression only in Case-2 results in 0.016 ml per cycle milk
expression.

The importance of mouthing/compression by the infant’s ton-
gue can be gauged by comparing Case-3 (vacuum pressure only,
e.g. breast pumps) and Case-4 (natural suckling including both vac-
uum pressure and compression). However, the results of the milk
flow rate for both cases show small changes, meaning the vacuum
pressure plays an important role in milk removal from the breast.
The main reason for the slight difference is the reduction of the
cross-sectional area of the duct by the compression.

The impact of the infant’s mouthing is more pronounced when
the tongue is in its highest position. As the vacuum pressure
increases and the tongue moves downward (at t = 2.36 s or 3.08
s) the duct opens and provides easier milk expression. The upward
motion of the tongue compresses the duct (att =2.72 s or 3.4 s)
and causes a shift in the trend of volumetric flow rate compared
to Case-3. This phenomenon has been also observed in Case-2. In
this case, the infant’s mouth compresses the nipple, and a small
amount of milk discharges from the nipple tip. At this point, the
mouth starts to open and causes a small amount of reverse flow
and sudden drop in the milk flow.

The previous clinical investigations showed that the milk
expression varies from one infant to another or days of feeding.
The range of milk accumulation from different female breasts is
0.1 to 1.3 ml per cycle based on the studies by Bowen-Jones
et al. (1982) and Mortazavi et al. (2017). The accumulated milk
in natural suckling (Case-4) is 0.28 ml per cycle, which is within
a reasonable range based on the previous clinical investigations.

3.3. Wall shear stress

As the results show, there is a small difference in terms of over-
all milk accumulation between Case-3 and Case-4. Therefore, we
emphasize the flow characteristic and the shear stress inside the
ductal system to reveal the role of mouthing and jaw movement
on the lactation procedure.

Distribution of WSS varies in time due to the intra-oral vacuum
pressure and compression by jaw movement (see Video 2). Two
critical time marks are selected where the tongue is up, compres-
sion is maximum and vacuum pressure is minimum (t = 2.72 s),
and where the tongue is down, compression is minimum and vac-
uum pressure is maximum (t = 3.08 s) as shown in Fig. 7. The value

of WSS is limited to 10°® Pa and 10~ Pa when the vacuum pressure
is minimum and maximum, respectively. The distribution of WSS
at the maximum vacuum pressure is two orders of magnitude
higher compared to minimum vacuum pressure, meaning that
the vacuum pressure is the main reason for increasing the shear
stress through the ducts. The results indicate that the first junction
and nipple tip are two regions that the most variation of the WSS
occurs during suckling. The region with high WSS in the first level
of bifurcation is mainly due to the compression of the jaw in that
region.
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Fig. 4. (a) Nipple length deformation in x-direction, and (b) nipple and mouth width deformation in y-direction (Video 1).

The deformation of nipple causes the duct cross-sectional area
variation, leading to local velocity changes. Therefore, the local
WSS values shown in Fig. 7 are based on the velocity at that speci-
fic spot i.e. tip of the nipple. As shown in Fig. 8, the local velocity
magnitude on the tip of the nipple is larger in case-3 compared
with case-4. This leads to a smaller local WSS near the nipple tip
in case-4 compared to case-3. The comparison between Case-3
and Case-4, for both minimum and maximum vacuum pressure,
shows that adding compression pressure by jaw leads to low shear
stress occurring near the tip of the nipple. This can emphasize the

importance of mouthing and periodic motion on tongue and jaw
movement for facilitating the milk removal.

3.4. Milk flow streamline

Observations reveal that the flow field is laminar, showing no
circulation or chaotic flow in all cases (see Video 3). The flow char-
acteristic implies that the milk flow behaves as the quasi-steady
Hagen-Poiseuille flow within the ducts. Fig. 8 illustrates the veloc-
ity contour and streamlines for all four cases at an instantaneous
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Table 1
The cases with the boundary conditions considered in the study.
Case No. Boundary Conditions
Case-| Vacuum pressure only and the rigid duct body with no deform-
ation
Case-2 Compression (mouthing) exerted by infant’s jaws on the breast
surface
Case-3 Nipple elongation due to the vacuum pressure (e.g. breast
pumps)
Vacuum pressure along with the deformation of nipple and
Case-4  areola due the compression by infant’s jaws on the breast

(natural suckling)

time t = 3.08 s. The velocity values in Case-2 are expected to be
nearly zero. However, it is observed that the compression by the
infant causes a small amount of milk expression. For the other
cases that the vacuum pressure is applied, a high-velocity flow
streamline is observed within the first bifurcation.

The magnitude of velocity reduces significantly through each
successive generation. This observation is consistent in all cases.

The factor that distinguishes these cases is the deformation of
the breast by imposing various boundary conditions. Applying only
suckling causes the ductal system to significantly stretch in Case-3.
This elongation mainly impacts the shape of the duct in the zeroth
generation (the region from the nipple tip to the first bifurcation
level) and consequently results in different velocity behavior com-
pared to Case-1. Including the deformation exerted by mouthing
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Table 2
The number of nodes and volume elementsof the solid and fluid domains, and the CPU time of the cases.
Lobe Models
Mesh Type One-Generation Two-Generation Three-Generation Four-Generation
Nodes Elements Nodes Elements Nodes Elements Nodes Elements
Solid (Coarse) 60 k 317 k 85 k 454 k 133k 722 k 221 k 1213 k
Solid (Fine) 152 k 801 k 180 k 952 k 228 k 1,218 k 275k 1499 k
Fluid (Coarse) 34 k 91 k 79 k 212 k 186 k 510 k 390 k 1090 k
Fluid (Fine) 53 k 123 k 106 k 244 k 351 k 844 k 711 k 1759 k
Lobe Models
One-Generation Two-Generation Three-Generation Four-Generation
Case-1 (Coarse) 5 (mins) 12 (mins) 22 (mins) 40 (mins)
Case-1 (Fine) 8 (mins) 16 (mins) 28 (mins) 50 (mins)
Case-2 (Coarse) 2 2.5 4 6
Case-2 (Fine) 2.5 3 5 7
Case-3 (Coarse) 1 2 3 4
Case-3 (Fine) 1.5 2.5 4 5
Case-4 (Coarse) 2 25 4 6
Case-4 (Fine) 2.5 3 5 7

also shows changes in the velocity field causing a slight reduction
in the maximum flow velocity compared with Case-3.

The sagittal cross-sectional view of the velocity contour is pro-
vided in Fig. 8 to show the velocity behavior in the first bifurcation
where most critical changes occur. The zeroth generation in Case-3
shows a slightly higher velocity magnitude compared to natural
suckling. The maximum Reynolds number of 70 is observed in
the main duct for Case-4. The flow behaves differently in the junc-
tion of Case-3 showing a low-velocity magnitude compared to
Case-4. This is due to the stretching of the ductal system causing
the reduction of the bifurcation angle. In contrast, the junction in
Case-4 experiences more deformation due to the compression by
the infant’s mouth and consequently causes high-velocity flow in
this area.

The results indicate that the deformation of the ductal system
by the infant’s mouth leads to prominent changes in the milk flow
characteristics as shown between a rigid body and deformed cases.
This implies that the two-way FSI simulation is critical in the
numerical modeling of breastfeeding.

3.5. Limitations and future perspectives

The numerical simulation of breastfeeding is a challenging
problem due to the complexity of the human breast anatomy,
the mechanism of the suckling by the infant, and also the milk fluid
properties. For instance, consideration of a breast model with a

realistic number of bifurcation levels may lead to new insights.
Also, more accurate material properties of the breast tissue,
infant’s mouth, and tongue are missing in the literature, which
requires a further multi-disciplinary study. Another limitation is
the assumption of zero total gauge pressure at the inlet boundary
condition. This is due to the lack of the previous studies on measur-
ing the pressure values of alveoli. Also, the non-Newtonian behav-
ior of milk studied previously by the authors (Alatalo and
Hassanipour, 2016; Azarnoosh and Hassanipour, 2019), in conjunc-
tion with the solid deformation modeling, adds to the cost and
complexity of the numerical simulation.

4. Conclusion

This study presents a fluid-structure interaction modeling to
investigate the biomechanics of breastfeeding. The clinical data,
including the vacuum pressure and nipple deformation, were
obtained via in vivo measurements and incorporated in the numer-
ical simulation.

This study indicates that both the vacuum pressure and the
deformation of the nipple contribute to milk expression. Vacuum
pressure plays a key role in the amount of milk extraction from
the nipple, while the positive pressure exerted by the jaw move-
ment on the areola facilitates milk removal by opening and closing
the main duct in the nipple and lowering the shear stress inside the
main duct. Furthermore, milk flow behavior inside the ductal
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Fig. 7. Comparison of WSS distribution at (a) minimum, and (b) maximum vacuum pressure (Video 2).

system, which is hard to measure in vivo, was studied via simula-
tion. The deformation of the breast during suckling, leading to the
volume variation of the milk ducts, has a significant effect on the
transient behavior of milk flow velocity and the resulting wall shear
stress through the ducts. This was established by comparing flow
patterns and velocities under a variety of boundary conditions.
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Appendix A. Effect of bifurcation levels on the CFD modeling

The bifurcated ductal system in this study includes up to four
generations. To assess the impact of bifurcation level (n) on the
results of the cases outlined in Table 1, similar simulations are
performed for three other generation models (i.e. one- to three-
generation lobe model). All generation models reveal similar
observations of breast deformation and milk flow behavior that
are discussed for the four-generation model. Therefore, the number

of bifurcation level is independent of the study cases. However, the
bifurcation level has an impact on the amount of milk expression
from the nipple. A linear reduction of the milk accumulation with
respect to the bifurcation level is observed as shown in Fig. A.1. In
other words, as the generation level increases the amount of accu-
mulated milk decreases. The value of milk expressed for the one-
generation model is 0.36 ml/cycle. The expressed milk linearly
decreases to 0.28 ml/cycle for the four-generation model. This
observation is consistent with the previous study by Mortazavi
et al. (2015) whom developed a mathematical model that repre-
sents the optimal bifurcation level of 25 for minimum milk flow
resistance. However, the FSI analysis of 25-generation model can-
not be performed due to the limitation of the current computa-
tional resources. Since no critical changes in the deformation and
the milk flow characteristic are observed in the comparison of
the first four-generation models, we believe that further genera-
tion levels do not affect the results of the milk expression
significantly.

Appendix B. Governing equations

In the numerical simulation of the breastfeeding, two-way FSI
analysis is performed using the partitioned approach where the
physical systems are decomposed into partitions and the solution
is obtained separately in each solver. In the current study, a flow
solver (ANSYS Fluent) and a structural solver (ANSYS Mechanical
APDL) are coupled.
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The fluid is laminar incompressible flow due to the low Rey- vV.U=0 (B.1)
nolds number within the ducts. The fluid analysis is conducted
by solving the continuity and Navier-Stokes equations using the PYi _ - -
pressure-based scheme. The discretization approach is finite vol- Pt p(U »V) U=-VP+uviu (B.2)

ume to solve the fluid governing equations, defined as:
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Fig. A.1. (a) The volumetric flow rate, and (b) accumulated milk for all four bifurcation lobe models within 1.5 s (from 2.0 s to 3.5 s) in the natural suckling (Case-4).

whereU and P are the velocity and pressure of the fluid domain,
respectively. The transient analysis is performed for the solid
domain to determine the dynamic response of the structure under
time-dependent loads. The governing equation of the structural
domain is based on the equation of motion, defined as:

Mt } + [Cl{ie } + [Kl{uw } = {Fio }

where M, C, and K are the structural mass, damping, and stiffness
matrices, respectively. The vectors u(, and F, are the nodal dis-
placement and applied forces, respectively. The Newmark time inte-
gration method was used, which is implicit transient analysis. The
analysis was based on finite elements using the Lagrangian formu-
lation. The hyperelastic material properties of the structure point to
the fact that the problem is nonlinear. Therefore, the internal load
behaves nonlinearly to the nodal displacement.

The FSI analysis starts with the solution of the fluid domain. The
values of forces (pressure and shear forces) are calculated in the
fluid domain using the Egs. (B.1) and (B.2), and transmitted to
the solid via the fluid-solid interface (I"). The Eq. (B.3) calculates
the displacements in the solid domain and transfer back the data
to the fluid field. The fluid-solid interface is the transmission con-
ditions between the fluid and structure as defined in Eq. (B.4).

(B3)

Os-N=05-1 (B.4)
where 7 is outward unit normal vector and o, and oy are the fluid
and solid stress tensor, respectively. The velocity of the fluid is
equal to the wall velocity. The relationship between fluid velocity

(ﬁ) and displacement of the solid (u, ) at the interface is defined
in Eq. (B.5).

= . ou
U = U(x7t) = E

The Eqgs. (B.4) and (B.5) are the matching conditions at the fluid-
solid interface. The fluid domain deforms after achieving the con-
verge solution in structural solver with the expression Eq. (B.6).

(B.5)

ou  Ouy
5 o (B.6)
where u,, is the deformation of the fluid mesh.

The coupling interface regions are defined in the System Cou-
pling component system to transfer force and displacement data
within the fluid-solid interface. This procedure continues until a
converged solution is achieved. Since the problem is nonlinear
and unstable, the stabilization factor is used to damp the transmit-
ted data via the interface. This helps the difficulties in the solution
convergence. The number of iterations per coupling step is depen-

dent on the value of the stabilization factor. A bigger stabilization
factor requires more coupling iterations.

Appendix C. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jbiomech.2020.
109640.
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