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Abstract

Purpose—It is believed that non-physiological leakage flow
through hinge gaps during diastole contributes to thrombus
formation in Bileaflet Mechanical Heart Valves (BMHVs).
Because of the small scale and difficulty of experimental
access, fluid dynamics inside the hinge cavity has not yet been
characterised in detail. The objective is to investigate small-
scale structure inside the hinge experimentally, and gain
insight into its role in stimulating cellular responses.
Methods—An optically accessible scaled-up model of a
BMHV hinge was designed and built, preserving dynamic
similarity to a clinical BMHV. Particle Image Velocimetry
(PIV) was used to visualize and quantify the flow fields inside
the hinge at physiological Reynolds number and dimension-
less pressure drop. The flow was measured at in-plane and
out-of-plane spatial resolution of 32 and 86 lm, respectively,
and temporal resolution of 297 ls: Results—Likely flow
separation on the ventricular surface of the cavity has been
observed for the first time, and is a source of unsteadiness
and perhaps turbulence. The shear stress found in all planes
exceeds the threshold of platelet activation, ranging up to 168
Pa.
Conclusions—The scale-up approach provided new insight
into the nature of the hinge flow and enhanced understanding
of its complexity. This study revealed flow features that may
induce blood element damage.

Keywords—Mechanical heart valve, Particle image velocime-

try, Hinge flow, Heart valve thrombosis, Hemodynamics,

Shear stress, Fluid dynamics.

INTRODUCTION

Mechanical heart valves (MHVs) are an established
treatment option for patients requiring heart valve
replacement. MHVs evolved into multiple designs of
which the bileaflet mechanical heart valve (BMHV)
remains the most common choice.9,13,18,49 BMHVs
have proven their durability over bioprostheses.20,39

However, they are associated with adverse post-pro-
cedural clinical events such as thrombosis, throm-
boembolism or haemolysis. To decrease the risk of
complications related to blood clot formation in the
circulatory system, life-long anticoagulation therapy is
needed.3,7,9,20,25,39 Anticoagulant intake however is not
an ultimate solution, as an increased risk of anticoag-
ulation-related hemorrhage (uncontrolled bleeding)
has been previously observed in patients with
MHVs.11,31

BMHV thrombogenecity varies between designs
and has been attributed to non-physiological fluid
dynamics.11,31 Previous studies showed that the blood
damage may occur at various phases of the flow
though the BMHVs. In particular, leaflet closure and
leakage flow through the hinges of BMHV have been
shown to to play a significant role in blood dam-
age.15–17,22,23,28,41 Studies of BMHV explants con-
firmed that the hinge cavity is a favourable location for
thrombus attachment and growth.10,42 Early experi-
mental studies confirmed that leakage flow on the
ventricular side of the hinge results in elevated shear
stress, flow separation, stagnation and recirculation,
introducing non-physiological loading of blood ele-
ments which may lead to red blood cell damage, pla-
telet activation, and platelet aggregation.15–17,22,41,44,48

Turbulence in blood flow is known to cause elevated
levels of blood damage.6,24,40,46
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Experimental measurement of flow in and near the
hinge is challenging because of the small scale of the
hinge structure and limited optical access. Previous
researchers have quantified jet flow issuing from the
hinge of a closed valve. Strong velocity fluctuations,
whichmay indicate turbulence, have been observed.26,40

Ellis et al.16 and Jun et al.23 employed Laser Doppler
Velocimetry (LDV) and microPIV respectively to mea-
sure velocity inside transparent models of BMHV hin-
ges. However, whole-field instantaneous measurements
were not possible in the aforementioned studies, as both
LDV and microPIV techniques have their limitations.
Simon et al.36 andYun et al.47 conducted computational
modelling of flow inside the hinge with Navier-Stokes
and Lattice-Boltzmann approaches respectively. Mod-
els like these provide highly resolved flow fields, but re-
quire experimental validation.

High spatial measurement resolution is important
not only because of the small scale of the hinge, but
also to reveal small-scale flow structures that may be
present in and near the hinge. Simon et al.36 estimated
a Reynolds number of 150 in the hinge gap, suggesting
laminar flow. However, the geometry is complex, and
the leakage jet flow on the ventricular side of the hinge
has been reported to be unsteady.26,45 Turbulent or
unsteady flow in the hinges has not been ruled out by
experimental evidence. Since the role of turbulence in
blood damage is still poorly quantified, it is important
to measure the flow field directly at small scales.32 This
requires high spatial resolution. Unsteady, transitional
or turbulent flow, if present, also entails rapidly fluc-
tuating unsteady flow, calling for high temporal reso-
lution in measurements. High-resolution measurement
of flow inside the hinge cavity may also provide insight
into the generation of the leakage jets.

The objective of this study is to obtain compre-
hensive knowledge of the fluid dynamics inside the
BMHV hinge cavity to enhance understanding of its
role in blood damage, by performing experimental
velocity field measurements at extremely high spatial
and temporal resolution. In particular, we aim to
characterise unsteady structures (if any) of the flow
and quantify viscous shear stresses as a measure of the
mechanical loading experienced by blood elements.
High resolution is achieved by conducting PIV mea-
surements in a large-scale transparent model of the
hinge region of a BMHV. Moreover, this study
investigates the impact of measurement spatial and
temporal resolution on results. This work is a contin-
uation of a previous study by Klusak et al.,26 where
flow downstream of the hinge was investigated.
Methods and test rig remain unchanged. However, a
new improved model with transparent hinge cavities,
based on l-CT scans of a clinical BMHV, is incorpo-
rated to enable in-hinge flow investigation.

MATERIALS AND METHODS

Scaled-Up Hinge Model

A scaled-up model of the hinge region has been built
to enhance spatial and temporal resolution of flow
measurements inside the hinge cavity. The model is
based on l-CT scans of a clinically available St. Jude
Medical (SJM) BMHV, scaled geometrically by a
factor of 11.6. The experiment is designed in accor-
dance with dimensional analysis to preserve the
dimensionless transvalvular pressure drop

Dp� ¼ Dp
1
2

l2

qD2

� � ð1Þ

between the clinical and scaled-up valves, where Dp
denotes the transvalvular pressure drop, l is dynamic
viscosity, q is density, and D is valve diameter. Conse-
quently, the local Reynolds number is preserved. This
ensures that the correct flow physics are replicated. The
dimensional analysis and scaling design have been de-
scribed in detail by Bellofiore et al.4 and Klusak et al.26

As shown inFig. 1, themodel consists of a hinge base,
two butterfly recesses and a portion of each of two
leaflets with their hinge protrusion. The hinge base and
two butterfly recesses were vacuum-formed (Enform
Plastics Ltd., Ennis, Ireland) from transparent, 400 lm-
thick polyethylene terephthalate (PET), for optical ac-
cess to the hinge recess. The hinge model is resting on a
supporting plate. The model is installed in a cylindrical
tubular test section, with the hinge flat level on the tube
mid-plane. There is no flow in the test section below the
hinge base; all flow passes through the hinges (Fig. 1).

The tube is transparent, with an inner diameter of 140
mm and wall thickness of 5 mm. In the model, the
housing and leaflet are separated by a uniformgapwidth
of 150 lm (in equivalent physiological scale, 1.74 mm in
model scale) as shown in Fig. 1. The choice of the gap
width follows previous work presented by
Klusak et al.26 Moreover, the gap width of 150 lm falls
into the range of the gap width measured in the recon-
structed valve geometry from l-CT scans. The tube and
the leaflets were manufactured by Riteway Engineering
Ltd. (Galway, Ireland) from transparent PMMA to al-
low optical access to the measurement section.

Experimental Apparatus

Themodel hinges are inserted into the large-scale heart
valve flow simulator (Fig. 2), previously described by
Bellofiore et al.4,5 and Klusak et al.26 In brief, the test
section consists of a transparent cylindrical tube housing
themodelhinges (Fig. 1c). In this study, blood ismodelled
as aNewtonian fluid, following the widespread approach
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in the literature (for example, Ellis,14 Simon,38 and
Manning28). The test section is enclosed in a transparent
square-section box, filled with water to minimise optical
distortion. Although there is a significant refractive index
mismatch between the fluid (water, 1.33) and the walls
(1.49), we have previously found that this is mitigated by
the small ratio of tube wall thickness (5 mm) to radius of

curvature (70 mm).PIVmeasurements in this experiment
were conducted within the central 76:6% of the tube’s
diameter. Error that may arise from refractive index
mismatch has been previously shown by Bellofiore et al.4

to be negligible compared to RMS error, as long as
measurements are conducted within the central 79% of
the tube in this configuration.
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leaflet leaflet

no flow through 
this sec�on

regular gap 
width 150 μm 

regular gap 
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z
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FIGURE 1. The BMHV hinge region model. (a) Modelled portion of the valve; (b) front view of two hinges model with constant,
identical hinge gap width; (c) transparent hinge base and hinge recesses; (d) transparent leaflets; (e) test section with model
enclosed in the transparent tube. All dimensions are presented in physiological scale.
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Measurement Locations and Test Conditions

The flow field was measured inside the hinge cavity
as shown in Fig. 3a. Measurements were taken inside
the hinge at eight planes below the flat level at
� 86 lm, � 172, � 258, � 344, � 430, � 502, � 516
and � 588 lm, as shown in Fig. 3b. These dimensions
are expressed in equivalent physiological scale (i.e.
scaled down by a factor of 11.6 with respect to the
dimensions of the in vitro model).

Reverse leakage flow was driven through the hinges
by the motion of a single piston (Fig. 2) at constant
velocity. For the required physiological pressure drop
of 100 mmHg, a flow rate of 0.555 L/min (equivalent
physiological scale) is required, following the test
condition previously described by Klusak et al.26 The
leakage flow rate is determined from piston velocity
and area. The scale-up approach has been described
and analysed in detail in previous work.4,26 A total
measurement time of 73 ms is captured, which is only a
fraction of the full leakage flow phase. Previous
experimental haemodynamic performance evaluation
of a clinically available 27-mm SJM BMHV29 found a
closure time of less than 100 ms, followed by 430 ms of
leakage flow, in which the flow rate is approximately
steady. In the work presented in this manuscript, the
leaflets are modelled in a fixed position with leakage
flow driven by constant pressure gradient. This is
representative of conditions in most of the leakage flow
phase, after the transient effects due to leaflet closure.

Measurement Technique

The classical 2D2C Particle Image Velocimetry
(PIV) was used to measure the flow inside the scaled-
up BMHV hinges model. As a source of light a dual
solid-state Neodymium:Yttrium-Aluminium-Garnet

(Nd:YAG) laser (PIV Gemini Y100-15, TSI Inc.) was
used. A CCD camera with 2048� 2048
7.4 lm � 7.4 lm pixels (model: 630159 POWER-
VIEWTM Plus 4MP, TSI Inc.), was utilised to capture
images of particles in flow. A 105 mm f / 2.8 Sigma EX
DG OS HSM Macro lens was used at f / 5.6 to mea-
sure the flow fields. The fluid was seeded with silver
coated glass particles, with 14 lm particle diameter

and a mass density of 1100 kg/m3 (10089-SLVR, TSI
Inc., USA).

To measure the flow fields the laser pulse separation
time Dt was set to 1500 ls for measurements inside the
hinge, and Dt of 1000 ls for measurement inside the
hinge below the leaflet, with a pulse rate of 7.25 Hz in
all cases. A series of 250 images, giving a total mea-
surement time of 73 ms (in physiological scale), was
acquired for each operating condition.

Images were pre-proceesed with a Gaussian low-
pass filter prior to image correlation to ensure all seed
particle images were 3-5 pixels in diameter. Images
inside the hinge, acquired at planes � 86 to � 430 lm,
and at � 516 lm, were processed with a 32� 32
interrogation window size with 50% window overlap,
resulting in effective measurement region of 64.6 lm
and a vector spacing of 32.3 lm in the measurement
(x�y) plane. Images inside the hinge, located between
the hinge base and the leaflet protrusion (planes � 588
and � 502 lm), were processed with a 64� 64 inter-
rogation window size with 50% window overlap,
resulting in an effective measurement region of 137 lm
and a vector spacing of 68.5 lm in the measurement
(x�y) plane. At these conditions, correlation error is
estimated using published methods33,34 at approxi-
mately 0.05 pixels, equivalent to 0.07 m/s at physio-
logical scale, or 1.4% of maximum velocity.
Consequent uncertainty in shear stress is approxi-
mately 3.5 Pa, or 2.1% of the maximum observed.

FIGURE 2. Scaled-up heart valve flow simulator rig with hinge model in the test section.
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In post-processing, local validation with a median
test (5� 5 neighbourhood size) was applied, resulting
in identification and removal of approximately 3% of
measured vectors. Velocity and shear stress maps were
plotted using Tecplot software (Tecplot Inc., Belle-
vue,WA, USA).

Time-average velocity magnitude �u was calculated
using

juj ¼
P

i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2i þ v2i

q

n
; ð2Þ

where ui and vi are Cartesian velocity components at
measurement i, and n is the number of measurements.
Time-average absolute viscous shear stresses �s was
calculated using

j�sj ¼ l @�u@yþ @�v@xð Þ; ð3Þ

with averaged velocity gradients approximated by a
central differencing scheme.

RESULTS

Time-Average Flow Field

Time-average velocity fields measured at eight ele-
vations below the flat level are presented in Fig. 4. At
planes � 588 and � 502 lm, located between the hinge
base and the leaflet protrusion, a region of high
velocity (up to 5.5 m/s) can be observed, as shown in
Figs. 4g and 4h. At elevations closer to the flat level,
between planes at � 344 and � 86 lm, two high-ve-
locity regions are present in the adjacent and ventric-
ular corners, formed by the leakage flow flowing

Ventricular
corner

tnecajdA
corner

x (mm)
y

(m
m

)

-3

-2 -1 0 1 2 3

leaflet

-2

-1

1

2

3

5

4

(a)

430

-430

z
(μ

m
)

0

860

1290

1720

-860

Leaflet

Flat level

-516-588

-86-172-258-344-430

x (μm)

-502

(b)

0

FIGURE 3. Measurement locations.

BIOMEDICAL
ENGINEERING 
SOCIETY

Leakage Flow Inside the Hinge of a Bileaflet Mechanical Heart Valve 473



around the leaflet protrusion. A Reynolds number of
215 has been found, based on maximum velocity of
5 m/s, gap width of 150 lm and dynamic viscosity of
3.5 cP.

The time-average viscous shear stress fields mea-
sured inside the hinge are shown in Fig. 5. The highest
stresses measured inside the hinge ranges up to 140 Pa.
At planes � 588 and � 502 lm, high shear stress
regions appear near the adjacent corner of the hinge.
From plane � 516 to � 172 lm, high shear stress
regions originate near the ventricular corner, whereas
at plane � 86 lm, the high shear stress region is found
near the adjacent corner.

To quantify unsteadiness in the flow, the root mean
square (rms) velocity fluctuation, expressed as a per-
centage of global maximum average velocity, are
shown in Fig. 6. The rms velocity ranges up to 29% of
maximum averaged velocity. The highest velocity rms
are located near the ventricular corner. At � 588 and
� 502 lm (Figs. 6d and 6e), low velocity flow with rms
velocity between 0 and 5 % is observed in the center of
the hinge cavity. However, a high-rms band ranging
between 20 and 30 % is present at both elevations, as
indicated with the arrow in Figs. 6d and 6e.

Instantaneous Flow Field

Instantaneous flow fields for arbitrarily selected
times t1 ¼ 29ms and t2 ¼ 58ms; for three representa-
tive planes, are shown in Fig. 7.

At plane � 86 lm, a high velocity region in the
adjacent and ventricular corners is evident in Figs. 7a
and 7d. The maximum velocity, up to 5.56 m/s, was
measured at t1 ¼ 29ms: The structure of the flow field
at this plane appears similar throughout entire mea-
surement time.

At plane � 588 lm, the high-velocity region in the
centre of the hinge cavity is present with the velocity up
to 5.32 m/s, measured at time t1 ¼ 29ms: Similarly to
plane � 86 lm, the strong leakage jet appears at two
selected time points without evident changes in the
structure and magnitude. This indicated that the
leakage flow, flowing between the leaflet protrusion
and the hinge base, remains high in velocity magni-
tude, providing washout throughout diastole.

Instantaneous viscous shear stress fields for selected
times t1 ¼ 29ms and t2 ¼ 58ms are shown in Fig. 7.
The shear stress fields are highly non-uniform and
unsteady, with small regions of stress up to 160 Pa and
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FIGURE 4. Time-average velocity contours inside the hinge, measured at eight elevations below the flat level. Results are
presented in physiological scale.
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168 Pa, measured above and inside the hinge, respec-
tively.

Inside the hinge cavity, the large region of elevated
shear stress is present near the adjacent corner with
highly non-uniform structure in the rest of the cavity.

DISCUSSION

Previous studies have suggested that the leakage
flow inside hinges of a BMHV produces unsteady flow
structures that have the potential for blood cell dam-
age and initiation of coagulation processes.6,12,15 The
objective of this study was to characterise the leakage
flow inside the hinge of a BMHV, in order to gain
insight into its role in blood damage. Flow fields were
measured inside the hinge at eight elevations below the
flat level. For the first time, whole-field time-resolved
measurements of velocity fields were taken inside the
hinge. Furthermore, these measurements were con-
ducted with finer out-of-plane spatial resolution
(86 lm) and deeper inside the cavity (down to 588 lm
below the flat) than any previous experiments.

Comparison with Previous Results

Velocity Fields

The three-dimensional nature of the leakage flow
was evident in this study. This was previously shown in
numerical and experimental studies of the flow inside
BMHV hinges by Simon et al.37 and Jun et al.23 The
instantaneous velocity fields and rms velocity fluctua-
tions up to 30 % indicate that the leakage flow inside
the hinge is highly unsteady. Velocity ranges from 4.50
to 5.66 m/s (Fig. 4), which is consistent with compu-
tational results of Simon et al.,36,37 where velocity
magnitude between 4.75 and 5.25 m/s was measured.
(Previously measured velocity and viscous shear stress
in and downstream of the hinges of SJM BMHVs have
been summarized by Klusak et al.26)

However, velocity magnitude measured inside the
hinge is higher than previously reported in in vitro l-
PIV study experiments by Jun et al.,23 where the global
maximum velocity measured was 3.27 m/s, observed
inside the hinge on plane z ¼ � 390 lm. The discrep-
ancy between velocity magnitudes reported in this
work and in the l-PIV study of Jun et al.23 may result
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FIGURE 5. Time-average viscous shear stress contours inside the hinge, measured at eight planes below the flat level. Results
are presented in physiological scale.
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from various factors. First, the measurement principles
of standard 2D2C PIV and l-PIV differ. In standard
2D2C PIV, the effective thickness of the measurement
plane is determined by the thickness of the laser light
sheet, which in the present study is 86 lm (in equiva-
lent physiological scale). In the l-PIV study of
Jun et al.23 the effective thickness of measurement
plane is determined by the depth of field of the
microscope objective, and was between 120 and
317.4 lm. Hence, the resulting measurement thickness
is greater and flow fields are averaged over a thicker
plane than in the present work.

As shown in the present study, where six planes
inside the hinge cavity were captured, the variation of
the velocity with elevation below the hinge base (i.e. z)

is significant. Thus, averaging over a greater mea-
surement volume could affect the results. This can be
demonstrated, for example, by averaging velocity
measured at x ¼ 0 mm, y ¼ 0:5 mm in the present
work. The velocity on three measurement planes at
z ¼ � 516 lm, z ¼ � 430 lm and z ¼ � 344 lm is
approximately 4.5, 3.5 and 1.1 m/s, respectively
(Fig. 4). The average velocity at this location over
three consecutive planes, representing approximately
172 lm effective thickness of measurement volume, is
3.0 m/s, at transvalvular pressure of 100 mmHg. This
results in 33 % drop of apparent velocity magnitude.
In the data of Jun et al.,23 at approximately equivalent
(x, y) location and � 390 lm in hinge, the measured
velocity ranges from 2.68 to 3.24 m/s at transvalvular
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FIGURE 6. Root mean square (rms) velocity fluctuation inside the hinge cavity.
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pressure of 80 and 120 mmHg, respectively. This is
consistent with the value of 3.0 m/s obtained by spatial
averaging in the present work, and is evidence that
differences between previous and present work are due
to high resolution.

Other factors that may contribute to overall differ-
ences between output results in the present study and
that of Jun et al.23 are differences in the BMHV
models. Jun et al.23 utilised a replica of a clinically
available SJM BMHV valve, where leaflets are not
constrained in rotation or in transverse motion along
their axis. In the present work, a constant gap width of
150 lm is imposed, with the leaflet in a fixed position.

l-CT analysis of hinge regions of a SJM BMHV,
conducted in this study, showed that there is hinge gap
width variation in a clinically available model. Varia-
tion in hinge gap geometry may impact the direction
and velocity magnitude of leakage flow. In previous
work,26 we found that velocity of leakage jets down-
stream (on the ventricular side of) the hinge increased
by 12% when gap width increased from 150 to 250 lm:
A similar trend was observed in a computational study

by Simon et al.36 As the as-installed gap width was not
reported in the experiments of Jun et al.,23 it is possible
that gap width is another contributing factor to dis-
crepancies.

Another investigation of leakage flow in the hinge of a
BMHV, performed by Ellis et al.16 with LDV, revealed
maximum velocity of 3.40 m/s at z ¼ � 485 lm. A later
LDV study38 reported velocity magnitudes of 2.27 m/s
at � 390 lm below the flat. Both studies utilised a re-
plica SJMBMHVmodel. These values are lower than in
our new results, and again they may be explained by
resolution effects. In both LDV studies, data were col-
lectedwith an 21 lm � 140 lmellipsoidalmeasurement
volume. The grid spacing between measurements were
130� 250 lm 16 and 203� 203 lm:38 At the plane
closest to the hinge base, i.e. z ¼ � 585 lm; Ellis et al.16

conducted measurements for n ¼ 3 data points, and
total of n ¼ 30 within entire hinge cavity at all eleva-
tions. In the present work, the size of flow features
measured in the hinge ranges from 200 to 600 lm
(Figs. 4 and 5). In LDV, both the measurement volume
dimensions and the spacing between measurements are
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FIGURE 7. Instantaneous flow fields inside the hinge, measured at 2 86 lm and at 2 588 lm below flat level. Results are
presented in physiological scale.
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on the order of the size of these flow features, suggesting
that the measurements may under-resolve the field. The
present, whole-field, high-resolution measurement of-
fered by scaled-up PIV is necessary to resolve these
structures.

Blood Damage

The linearised rate of incidence of thromboem-
bolism and bleeding post MHVs implantation was
estimated to be 1:9% per patient-year and 3:0% per
patient-year.39 Previous studies have indicated that
platelets are known to be sensitised by prior exposure
to high shear stress,35 thus intermittent exposure to
elevated shear stress may induce their damage. Al-
though more research is needed to determine the origin
of thrombus formation in mechanical heart valves,
previous BMHV explants indicated that the hinge
cavity may be a favourable location for thrombus
attachment and growth.10,42 Previous blood damage
experiments8,21,27,30,35,43 estimated the threshold of
haemolysis and the critical level for platelet activation
as 150 and 10 Pa, respectively. Viscous shear stress
were calculated from the present velocity fields mea-
surements, to determine the potential of blood element
damage due to leakage flow through BMHV hinges.
Maximum time-average s inside the hinge ranges up to
136 Pa and instantaneous s ranges up to 168 Pa. This
findings indicate that the instantaneous shear stress
does exceed the threshold of haemolysis and the critical
level for platelet activation. Time-average viscous
shear stress remain below the threshold of haemolysis
but exceeds the critical value for platelet activation.

Flow Features

Previous studies have suggested that presence of
stagnation and recirculation regions with flow separa-
tion may be favourable for platelet aggregation and
thrombus lodgement.44 Moreover, previous BMHV
explants indicated that hinge cavity may be a favour-
able location for thrombus attachment and
growth.10,42

Possible flow separation from the surface of the
hinge cavity has been identified. Near the ventricular
(top right in plots) corner, a region of very high
velocity (> 5 m/s) is immediately upstream of a region
of low velocity (< 0.3 m/s), separated by a narrow
band of very high velocity gradient. This suggests a line
of flow separation on the hinge cavity surface, with a
family of streamlines dividing the mainstream flow
from low-speed recirculating flow, as depicted
schematically in Fig. 9. The rms velocity fields show
highly unsteady velocity in this band of high velocity
gradient, with fluctuations up to 30% (Figs. 8b and 8d).
This may be due to small rapid changes in the position

of the flow separation line, and might be an origin of
turbulence in the leakage jet. The proposed flow sep-
aration structure inside the hinge cavity is shown
schematically in Fig. 9. Flow separation has been
previously identified to play a significant role in blood
element damage. Elevated shear stress in the separa-
tion region exposes blood elements to increased load-
ing, and eventually leads to damage.1,2,14,19

Limitations

In this study, leaflets were modelled in a single fixed
position. In reality, leaflets are free to translate along
their axis of rotation, and this motion would result in
hinge gap variation from cycle and perhaps dynamic
variation. Furthermore, in this study leakage flow is
driven by constant pressure gradient. This constant
pressure gradient, and fixed leaflet position, are ex-
pected to be representative of conditions throughout
most of the leakage flow phase, after the initial tran-
sient effects due to leaflet closure. However, further
work is required to investigate these effects, and to
study the closing transients in detail.

We have modelled blood as a Newtonian fluid. With
hinge gap width (150 lm) on the order of 20 red blood
cell diameters, it is likely that non-Newtonian effects
are significant, and this requires further investigation.

High-resolution PIV data can enable the generation
of Lagrangian particle trajectories by integrating the
velocity field in time.5,26 However, this is valid only if
flow is strongly confined to the measurement plane, for
example on a symmetry plane. Present results show
that the flow inside the hinge is strongly three-dimen-
sional. Consequently it is not meaningful to track
particles, as they cannot be tracked in their out-of-
plane motion. In future work, this might be overcome
by measuring the out-of-plane velocity component
with stereoscopic or holographic PIV.

CONCLUSIONS

This study documents the first in-hinge measure-
ments of the leakage flow through the BMHV hinge
with high spatial and temporal resolution in the same
experiment. Moreover, implementation of a scaled-up
model enabled measurements at unmatched out-of-
plane resolution, which remain challenging in PIV
experiments with clinical scale BMHVs. The results
highlight the three-dimensional nature of the hinge
leakage flow. High shear stress was observed, with
values up to 140 Pa (average) and 168 Pa (instanta-
neous), above the thresholds for haemolysis and pla-
telet activation. Results align with previous high-
resolution computational studies of the flow through
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BMHV hinges. Discrepancies are apparent between
present results and previous in vitro studies, but they
may be explained by higher spatial resolution in the
new work. Furthermore, a likely flow separation was
observed in the ventricular region of the hinge for the
first time. This may have thrombogenic potential, and
may be a source of turbulence in the downstream
leakage jets. These results provide insight into the flow
features in the hinge which give rise to non-physio-
logical shear stresses, and may guide the future devel-
opment of less thrombogenic hinge designs.
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FIGURE 8. Potential flow separation inside the hinge cavity. Results are presented in physiological scale.
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FIGURE 9. Schematic diagram of the possible flow
separation inside the hinge cavity.
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