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Abstract

The atrioventricular valve leaflets (mitral and tricuspid) are different from the semilunar valve 

leaflets (aortic and pulmonary) in layered structure, ultrastructural constitution and organization, 

and leaflet thickness. These differences warrant a comparative look at the bending properties of 

the four types of leaflets. We found that the moment–curvature relationships in atrioventricular 

valves were stiffer than in semilunar valves, and the moment–curvature relationships of the left-

side valve leaflets were stiffer than their morphological analog of the right side. These trends were 

supported by the moment–curvature curves and the flexural rigidity analysis (EI value decreased 

from mitral, tricuspid, aortic, to pulmonary leaflets). However, after taking away the geometric 

effect (moment of inertia I), the instantaneous effective bending modulus E showed a reversed 

trend. The overall trend of flexural rigidity (EI: mitral > tricuspid > aortic > pulmonary) might be 

correlated with the thickness variations among the four types of leaflets (thickness: mitral > 

tricuspid > aortic > pulmonary). The overall trend of the instantaneous effective bending modulus 

(E: mitral < tricuspid < aortic < pulmonary) might be correlated to the layered fibrous 

ultrastructures of the four types of leaflets, of which the fibers in mitral and tricuspid leaflets were 

less aligned, and the fibers in aortic and pulmonary leaflets were highly aligned. We also found 

that, for all types of leaflets, moment–curvature relationships are stiffer in against-curvature (AC) 

bending than in with-curvature bending (WC), which implies that leaflets tend to flex toward their 

natural curvature and comply with blood flow. Lastly, we observed that the leaflets were stiffer in 

circumferential bending compared with radial bending, likely reflecting the physiological motion 

of the leaflets, i.e., more bending moment and movement were experienced in radial direction than 

circumferential direction.
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I. INTRODUCTION

The heart is responsible for pumping more than 7,000 liters of blood through the body daily. 

This causes the heart valves, i.e., two atrioventricular valves (mitral valve and tricuspid 

valve) and two semilunar valves (aortic valve and pulmonary valve), to open and close more 

than 3 × 109 times during a typical lifetime. All four valves open and close in a highly 

coordinated way by responding to blood pressure changes in both upstream and downstream 

locations, and hence they maintain unidirectional blood flow of cardiac circulation.

The mechanical loading that the heart valves experience is complicated and nonstop. During 

the opening and closing cycle, the leaflets of the four types of valves all experience dynamic 

and complex mechanical stresses and corresponding large deformations.1,2 The leaflets must 

contend with bending when the valves open and close, with shear stress due to blood flow 

that occurs while the valves are open, and with tension that occurs when the valves are 

closed under backward pressure gradients. The complicated deformation/motion pattern and 

boundary condition require valvular tissues with optimal structure design that are able to 

smoothly handle large deformations as bending, stretch, and shear, without incurring internal 

structural damage. Fortunately, the natural design of the heart valves allows the valvular 

tissues to be durable over the lifetime and manage the mechanical challenges well; however, 

due to many other factors, heart valve diseases still have a relatively high prevalence and 

afflict functionality of the heart.1–3

According to the American Heart Association, 22,144 people died from valvular heart 

disease in 2009.4 It is estimated that valvular heart disease affects 2.5% of the US 

population, and the prevalence of valvular diseases increases as a person ages.5 Valvular 

heart disease can occur in any single valve or a combination of the four valves. The most 

common valvular diseases are aortic valve stenosis, aortic valve regurgitation, mitral valve 

stenosis, and mitral valve regurgitation. Other valvular diseases are pulmonary valve 

stenosis, pulmonary valve regurgitation, tricuspid valve stenosis, and tricuspid valve 

regurgitation.4,6–9

As we mentioned above, the delicately designed valvular leaflets experience shear, tension, 

and flexure every time the valve opens and closes.10–12 To better understand the 

physiological and patho-physiological behavior of heart valves, mechanical properties of 

valvular tissues in both normal and diseased conditions must be quantified and analyzed 

thoroughly.1,13–16 Biaxial mechanical tests have been applied to reveal valvular tissue 

behavior under physiologically relevant loading conditions.10–12,17–21 Uniaxial mechanical 

tests also provide important information about failure strain and strength of valvular tissues. 

Talman et al. also developed a shear testing device to characterize the shear properties in 

aortic valve leaflets.22–24 To investigate valve flexural behavior, Sacks et al. studied the 

bending properties of aortic valve leaflets and pulmonary valve leaflets using custom made 

simple bending and three-point bending setups. They found that valvular flexural properties 

were very sensitive to chemical treatment, cellular contraction, collagen fiber architecture, 

and other factors.2,10,11,21,25–28 To date, no study has been done to investigate the flexural 
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properties of mitral valve leaflets and tricuspid valve leaflets, of which bending is the 

essential part of valvular deformation during the cycle of opening and closing.29–33

Another interesting observation is that the layered structure of mitral valve leaflets and 

tricuspid valve leaflets are very different from aortic and pulmonary valve leaflets. Both 

aortic valves and pulmonary valves have three semilunar leaflets, with the pulmonary valve 

leaflet being the thinnest leaflet and the aortic valve the second thinnest of the four types of 

heart valves. The layered structure of the aortic valve leaflet and pulmonary leaflet is the 

same, i.e., (1) a fibrosa layer, mainly composed of circumferentially oriented type I collagen 

fibers, faces upward toward the aorta or pulmonary artery; (2) a spongiosa layer largely 

composed of proteoglycans (PGs)/glycosaminoglycans (GAGs) as the middle cushion layer; 

and (3) a ventricularis layer, mainly composed of radially oriented elastin fibers, faces 

downward toward the left or right ventricle.12,34,35

Different from the aortic valve and the pulmonary valve, the mitral valve consists of two 

leaflets, i.e., a large scallop-shaped anterior leaflet and a smaller posterior leaflet, and the 

tricuspid valve consists of three leaflets, i.e., a large anterior leaflet, a middle-sized medial 

leaflet, and a small posterior leaflet. The mitral valve leaflet is the thickest, and the tricuspid 

valve leaflet is the second thickest of the four types of heart valves. Mitral and tricuspid 

valve leaflets have a similar layered structure. Facing the left atrium or right atrium is the 

thin atrialis layer, which mainly consists of elastin fibers; in the middle, is the spongiosa 

layer composed of mainly PGs/GAGs; facing the left or right ventricle is a thick fibrosa 

layer predominantly made of a dense collagen fiber network.30,26–40

The differences of the valve leaflets in layered structure, ultrastructural constitution and 

organization, and leaflet thickness warrants a comparative look at bending properties of the 

four types of valves at once. Moreover, flexural properties and parameters can be an 

important input for computational modeling and simulations that aim to capture in vivo 

valvular tissue behavior with a high accuracy. In this study, we measured and compared the 

bending properties of the four types of valve leaflets in a thorough manner. This study has 

provided insight into various flexural behaviors of the four types of valve leaflets as well as 

a complete dataset in valvular flexure. These results can be applied to future studies in the 

field of heart valve biomechanics and computational simulation.

II. MATERIALS AND METHODS

A. Tissue Preparation

Porcine hearts from healthy pigs (~6 months) were obtained from a local abattoir. The 

specimens were stored in phosphate-buffered saline solution (PBS) at 4°C soon after 

extraction and were transported to the laboratory. For this study, the aortic valve leaflets and 

pulmonary leaflets were harvested for bending testing; for mitral valve and tricuspid valve, 

only anterior leaflets were harvested and used for bending testing. Tissue strips were 

dissected out of the aortic and pulmonary leaflets either along the circumferential direction 

or the radial direction with a dimension of 8 mm in length and 4 mm in width. Due to the 

relatively large size of the anterior leaflets of mitral valve and tricuspid valve, the tissue 

strips were harvested from the central belly region with similar 8 mm length × 4 mm width, 
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either along the circumferential direction or radial direction. The dimensions of the leaflet 

strips, i.e., length, width, and thickness were measured using a digital calipers. For strip 

thickness, three thickness measurements were taken evenly along the length to estimate the 

average thickness.

B. Bending Mechanical Testing

A simple bending system was custom built for this study. The overall experimental setup 

followed the design scheme published by Sacks et al.2 Briefly, the ends of the leaflet strip 

were glued to two small, hollow tubes (4 mm length). For aortic valve and pulmonary 

leaflets, the tissue strip was then mounted with the ventricularis side upward and the fibrosa 

side downward; for mitral valve and tricuspid valve leaflets, the tissue strip was mounted 

with the atrialis side upward and the fibrosa side downward. Via one hollow tube, one end of 

the tissue strip was mounted onto a stainless steel wire post that was fixed on one side wall 

of the bath chamber, whereas another end of the tissue strip was mounted to an L-shaped 

bending bar by sliding the hollow tube onto the short horizontal tip of the bending bar. The 

bath chamber was set on a linear positioner controlled by a Velmex stepper motor (Velmex, 

Inc., Bloomfield, NY). Hence, by moving the bath chamber we were able to bend the leaflet 

strip, and the calibrated bending bar was also deflected and could be tracked for force 

measurement. The bending bar was made of titanium wire (grade 23, Small Parts, Inc.), with 

a length of 14 cm (5.5 inches), and a diameter of 0.38 mm (0.015 inches). Five dark contrast 

markers were used for track ing the leaflet strip curvature. Marker 1 was pasted on the fixed 

post, markers 2 to 4 were pasted along the edge of the tissue strip, and marker 5 was pasted 

on the end of the bending bar. The five markers were distributed in even intervals along the 

strip length. A fithe le camera (DMK21AF04 model, The Imaging Source) was used to 

capture the movement of the markers during the bending procedure.

A LabView program (version 2000, National Instrument) was custom written to operate the 

Velmex stepper motor, the firewire camera image capturing, image thresholding, marker 

tracking, and output of the marker coordinates dataset. The output dataset had the 

information of marker positions of each image frame during the bending procedure. A 

MathCAD program was written to further process the output dataset by calculating the force 

recorded by the bending bar and hence the bending moment (M), and the resulted change in 

leaflet strip curvature (Δκ).

As previously reported by Sacks et al.,2,21,25–28 the Euler-Bernoulli equation can be used for 

the moment–curvature relationship,

M = EI Δκ, (1)

where M is the bending movement, Δκ is the resulted change in curvature, E is the 

instantaneous effective bending modulus, I is moment of inertia calculated as follows:

I = 1
12wt3, (2)
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where w is the width and t is the thickness of the tissue strip, respectively. The EI gives an 

estimation of flexural rigidity.

C. Bending Testing Protocols

The bending tests of the four types of valve leaflets are summarized as follows. For each 

type of valve, the leaflet strips along both the circumferential and radial direction were 

measured. Notably, the aortic valve leaflet and pulmonary valve leaflet has a natural 

curvature that points from ventricularis layer to fibrosa layer (follow the blood flow 

direction). For mitral valve leaflet and tricuspid valve leaflet, the natural curvature is not as 

obvious as the aortic and pulmonary valve leaflets, but the flexural direction has a similar 

pattern that points from the atrialis layer to fibrosa layer (follow the blood flow direction). 

For aortic and pulmonary valve leaflets, we followed the routine set by Sacks et al. to flex 

each leaflet strip in two directions, i.e., “with curvature (WC),” which subjected the 

ventricularis to tension, and “against curvature (AC),” which subjected the fibrosa to tension. 

For mitral and tricuspid valve leaflets, we flexed each leaflet strip using a similar way, i.e., 

we defined a “with curvature (WC)” direction, which subjected the atrialis layer to tension, 

and an “against curvature (AC)” direction, which subjected the fibrosa layer to tension.

D. Histology and Scanning Electron Microscopy

To reveal the layered structure, the four types of leaflets were submerged in 10% neutral 

buffered formalin for fixation. Samples were kept submerged for 3 hours and then placed in 

fresh formalin in a 4° C refrigerator for at least 72 hours before histological sample 

preparation. Histological slides were stained with Movat’s pentachrome, of which collagen 

was stained as a yellow color, GAGs stained as a blue color, and elastin stained as a black 

color.

Scanning electron microscopy (SEM) was performed to further reveal the ultrastructure of 

the four types of leaflets. Our goal was to examine the fiber orientation and alignment of the 

fibrosa and ventricularis/atrialis layers of each of the four types of valve leaflets. Leaflet 

samples were carefully cut into a rectangular shape with one edge aligned along 

circumferential direction and the other edge along radial direction. The endothelial cells on 

the leaflet surface were carefully removed by scalpel blade scrapping. The leaflet samples 

were then submersed in 2.5% formalin for more than 72 hours for fixation. The leaflet 

samples were dehydrated in a graded ethanol series, followed by critical point drying 

(Polaron E 3000 CPD) and sputter coated with gold–palladium. For each type of leaflet, 

both the fiallad and ventricularis/atrialis surface were observed and imaged with SEM 

(JEOL JSM-6500 FE-SEM).

E. Statistical Analysis

Statistical analysis was performed using SigmaPlot version 12 (Systat Software, Inc., San 

Jose, CA). For each examined curvature value (0.025 mm−1, 0.05 mm−1 and 0.075 mm−1), 

the corresponding EI and E values for each strip orientation (circumferential and radial) and 

bending direction (WC and AC) were compared among the four types of leaflets. Kruskal-

Wallis non-parametric test was performed to determine significant differences among the 

four types of leaflets. Data was considered statistically significant when p < 0.05.
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III. RESULTS

When the leaflet strips were examined along the circumferential direction, we found that all 

four types of valves showed a nonlinear momentum–curvature relationship when bent with 

the natural curvature (WC); however, when bent against curvature (AC) the four types of 

valves showed less nonlinearity, especially the aortic valve leaflet which appeared almost as 

a linear relationship (Fig. 1). The linearity relationship of aortic valve in AC bending was 

consistent with the previous report by Mirnajafi and Sacks et al.27,41 Note that the observed 

moment-curvature values of the aortic and pulmonary leaflets fell into the similar range of 

that reported in the literature.2,21

For all four types of valve leaflets, the AC moment–curvature relationship appeared stiffer 

than the WC moment–curvature relationship when tested in the circumferential direction. 

When each of the valve leaflets was compared to one another in terms of moment-curvature 

relationship, the mitral valve leaflet was the stiffest, next the tricuspid valve leaflet, then the 

aortic valve leaflet, and finally the pulmonary valve leaflet (Fig. 1).

For the leaflet strips cut along the radial direction, we found that all four types of valves 

showed a nonlinear momentum–curvature relationship when bent along WC and AC. For the 

overall moment–curvature relationship, we still observed a decrease trend from mitral valve 

leaflet to tricuspid valve leaflet to aortic valve leaflet to finally the pulmonary valve leaflet. 

When comparing WC with AC bending of radial direction for each type of valve leaflets, we 

found that for the four types of valve leaflets the AC bending was still stiffer than the WC 

bending. We also noticed that, for aortic valve and pulmonary valve leaflet AC bending, the 

increasing trend of the moment–curvature curve obviously slowed down after the curvature 

value went past ~0.1 mm−1. This phenomenon was not seen in WC bending of the aortic and 

pulmonary valve leaflets (Fig. 2).

Our results were reorganized in Fig. 3 to specifically compare the moment–curvature 

relationships of the circumferential and radial directions in each type of valve leaflet. 

Overall, for all four types of leaflets circumferential direction moment–curvature curves 

were stiffer than the radial direction moment–curvature for both WC bending and AC 

bending (Fig. 3). We also noted that, for the pulmonary valve leaflets, the circumferential 

and radial moment–curvature curves largely overlapped in AC bending (Fig. 3d).

We further analyzed the flexural rigidity (EI) and the instantaneous effective bending modu 

lus (E) of the four types of valve leaflets. To show the trend at a quantitative way, EI and E 
were calculated at Δκ = 0.025 mm−1, Δκ = 0.05 mm−1, and Δκ = 0.075 mm−1 and listed in 

Table 1 and Table 2, respectively. Reflecting the observation on the moment–curvature 

relationship, the flexural rigidity, EI, showed a decreasing trend from the mitral valve, 

tricuspid valve, aortic valve, to pulmonary valve leaflets (Table 1). Interestingly, after taking 

away the geometric effect (moment of inertia I = 1
12wt3), the instantaneous effective bending 

modulus E showed an opposite trend, in which the pulmonary valve leaflet showed the 

highest E, the aortic valve leaflet as the second highest, followed by the tricuspid valve 

leaflet, and finally the mitral valve leaflet with lowest E (Table 2).
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For each examined curvature (0.025 mm−1, 0.05 mm−1, and 0.075 mm−1), EI and E values 

obtained against curvature (AC) in either circumferential or radial directions were found to 

be signifi cantly different (p < 0.05) among the four types of valve leaflets. Similarly, for 

WC bending in either circumferential or radial direction, EI and E values were found to be 

significantly different (p < 0.05) among the four types of valve leaflets, except EI of 

circumferential WC bending.

The layered structure of the four types of heart valve leaflets was shown in Fig. 4. The 

atrialis, spongiosa, and fibrosa layers were observed in the mitral valve and tricuspid valve 

leaflets (Fig. 4a,b), in which the major black stains for elastin fibers were abundant in the 

atrialis layer, the blue stains were abundant for GAG content in the spongiosa layer, and the 

yellow stains were abundant for the dominate collagen composition in the fibrosa layer. The 

fibrosa, spongiosa, and ventricularis layers were also observed in the aortic and pulmonary 

leaflets (Fig. 4-c,d), in which the yellow stains for the dense collagen network in the fiere a 

layer, the blue color stains for the GAG content in the spongiosa layer, and the black stains 

for the elastin fibers in the ventricularis layer.

Fiber orientation and alignment were examined using SEM images taken on the fibrosa layer 

and ventricularis/atrialis layers. We showed that, for mitral and tricuspid valve leaflets, the 

fiber orientation was more random and fiber alignment was more spread out (Fig. 5a,b,e,f) 

than those of the aortic and pulmonary valve leaflets. For aortic and pulmonary valve 

leaflets, similar to findings reported in previous studies,21,35 we found that the fibers in the 

fibrosa surface (mostly collagen) were dominantly running along the circumferential 

direction with a high degree of alignment (Fig. 5c,d), and the fibers in the ventricularis 

surface (mostly elastin) were found mostly running along the radial direction (Fig. 5g,h). 

Notably, SEM cannot distinguish the difference between collagen and elastin fibers; 

moreover, Fig. 5 shows only fibers on the surface layer. But the trends of fiber orientation 

and alignment shown in Fig. 5 reflect the overall characteristics of the fibers spatial 

distributions across the layer thickness and are supported by other reports in the literature.
21,35

IV. DISCUSSION

A. Moment–Curvature Comparison among Valve Types

We found that the moment–curvature relationships in atrioventricular (mitral and tricuspid) 

valves were stiffer than semilunar (aortic and pulmonary) valves. This phenomenon likely 

reflects the underlying structural difference considering the increased thickness of the 

atrioventricular valves compared with semilunar valves. Moreover, we found that left-side 

heart valves were stiffer than their morphological analog in the right side of the heart (i.e., 

the mitral is stiffer than tricuspid and the aortic is stiffer than the pulmonary). This finding 

correlates well with our existing understanding of the mechanical environment of the heart, 

i.e., the pressures and mechanical loads in the left side of the heart are much greater than 

those in the right side of the heart.8,16 Our observation of overall trend of moment–curvature 

relationships in the four types of valve leaflets is reinforced by the thickness differences 

among the four types of valves; the mitral valve anterior leaflet is thicker than the tricuspid 
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valve anterior leaflet, and the aortic valve leaflet is thicker than the pulmonary valve leaflet.
21,27,29,30,33,35,38,42

B. Moment–Curvature Comparison between WC and AC Bending

We noticed that, overall, heart valves are stiffer in bending against their natural curvature 

(AC bend ing) than with their natural curvature (WC bending) (Fig. 6). This relationship 

holds true for all four types of valves, in both radial and circumferential directions. This 

finding is important and interesting when closely examining the bending behavior of heart 

valve leaflets. To wit, heart valves are able to bend toward their natural curvature and 

comply with blood flow but resist bending against their natural curvature, likely to prevent 

prolapse and backflow.

For WC bending, the fibrosa layer (mainly collagen fibers) of the four types of leaflet was 

subjected to compression; whereas the atrialis layer (mainly elastin fibers) in mitral and 

tricuspid valve and ventricularis layer (mainly elastin fibers) in aortic and pulmonary valve 

was subjected to tension. For AC bending, the layered behavior was totally inversed, of 

which the filayer layer of the four types of leaflets was subjected to tension, and the atrialis 

in mitral and tricuspid valves and ventricularis in aortic and pulmonary valves were 

subjected to compression. From a material point of view, dominant elastin fibers were 

subjected to tension in WC bending; in AC bending, dominant collagen fibers were 

subjected to tension. Therefore, considering the fact that in general elastin fibers were less 

stiff and largely more extensible than collagen fibers, it is reasonable to conclude that WC 

bending is less stiff than AC bending. However, for the detailed mechanistic analysis of this 

phenomenon, we considered the layered structure, as well as the thickness, composition, and 

fiber orientations and alignment of each layer in the four types of valve leaflets (Figs. 4 and 

5).

C. Moment-Curvature Comparison between Circumferential Bending and Radial Bending

Figure 6 showed that, for all four types of valve leaflets, leaflet strips were stiffer in 

circumferential bending than radial bending. This trend might be related to the physiological 

motion of the valve leaflets, in which the radial direction seemly experiences more bending 

moment as well as bending movement than the circumferential direction. Another important 

difference between leaflet strips cut in the circumferential direction and cut in the radial 

direction was that the circumferential strip had a more uniform thickness along the strip 

length, whereas the radial strip had a relatively tapered thickness along the strip length. The 

degree of tapering was slightly obvious in aortic and pulmonary leaflets since the strips ran 

across most of the radial dimension. However, the tapering was barely noticeable in mitral 

and tricus pid leaflets because the strips were dissected from the central belly region. For 

radial bending of aortic and pulmonary leaflets, the tapering dimension, as well as the 

uneven surface in fibrosa layer, might also be factors contributing to the observed moment–

curvature variation when comparing radial and circumferential direction bending.

The tapering in radially cut aortic and pulmonary leaflets seems to be a reason that only 

circumferential direction bending has been investigated up to now. Nevertheless, from a 

biomechanical perspective, the quantification of bending behavior in the radial direction is 
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still worthy of effort. Note that, for estimating the instantaneous effective bending modulus 

along the radial direction, average thickness of the leaflet strip was used for computation, 

and the resulted E value represents an overall estimation.

V. CONCLUSIONS

Our major observations are summarized as follows:

1. The moment–curvature relationships in atrioventricular valves were stiffer than 

semilunar valves, and the left-side heart valves were stiffer than their 

morphological analog in the right side of the heart. The difference in overall 

flexural rigidity (EI: mitral leaflet > tricuspid leaflet > aortic leaflet > pulmonary 

leaflet) might be related to the thickness variations among the four types of 

leaflets.

2. The instantaneous effective bending modulus, E, showed a reversed trend, of 

which E value took an increase order (E: mitral leaflet < tricuspid leaflet < aortic 

leaflet < pulmonary leaflet). The difference in E might be related to the layered 

fibrous ultrastructures of the four types of valve leaflets, of which the fibers in 

mitral and tricuspid leaflets were less aligned, and the fibers in aortic and 

pulmonary leaflets were highly aligned.

3. All types of leaflet moment–curvature relationships are stiffer in against-

curvature (AC) bending than in with-curvature bending (WC), which implies that 

leaflets tend to flex toward their natural curvature and comply with blood flow, 

while they have a tendency to resist bending against their natural curvature.

4. The leaflets were stiffer in circumferential bending compared with radial 

bending; this finding likely reflects the physiological motion of the leaflets, of 

which more bending moment and movement were experienced in a radial 

direction than in a circumferential direction.

The complexity of the bending behavior of the four types of valve leaflets and the intriguing 

layered ultrastructures of various leaflets warrant future studies that aim to reveal the 

underlying mechanisms that cause the observed differences. Our hope is that the reported 

data can be helpful in better defining the physiological behavior and the long-term durability 

of heart valve leaflets, assisting more accurate computational modeling and simulation, as 

well as being incorporated into the development of heart valve replacements with a 

prolonged lifespan.
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FIG. 1: 
Circumferential direction moment–curvature relationships for mitral, tricuspid, aortic, and 

pulmonary valve leaflets. Both against curvature (AC) bending and with curvature (WC) 

bending were shown.
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FIG. 2: 
Radial direction moment–curvature relationships for mitral, tricuspid, aortic, and pulmonary 

valve leaflets. Both against curvature (AC) bending and with curvature (WC) bending were 

shown.
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FIG. 3: 
Data in Figure 1 and 2 were reorganized to specifically compare the moment–curvature 

relationships of the circumferential and radial directions: (a) mitral valve leaflets, (b) 
tricuspid valve leaflets, (c) aortic valve leaflets, and (d) pulmonary valve leaflets.
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FIG. 4: 
Histological comparison of (a) mitral valve leaflet, (b) tricuspid valve leaflet, (c) aortic valve 

leaflet, and (d) pulmonary valve leaflet. Note that, for mitral and tricuspid valve leaflets, the 

layered structure is fibrosa (facing ventricle), spongiosa, and atrialis (facing atrium); for 

aortic and pulmonary valve leaflets, the layered structure is fibrosa (facing aorta/pulmonary 

artery), spongiosa, and ventricularis (facing ventricle). Scale bar = 200 μm.
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FIG. 5: 
Ultrastructural comparison revealed by SEM: (a) fibrosa surface and (e) atrialis surface of 

mitral valve leaflet; (b) fibrosa surface and (f) atrialis surface of tricuspid valve leaflet; (c) 
fibrosa surface and (g) ventricularis surface of aortic valve leaflet; (d) fibrosa surface and (h) 
ventricularis surface of pulmonary valve leaflet. Scale bar = 1 μm.
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FIG. 6: 
With-curvature bending and against-curvature bending were plotted in one coordinate 

quadrant for comparing AC circumferential, AC radial, WC circumferential, and WC radial 

bending in (a) mitral valve leaflets, (b) tricuspid valve leaflets, (c) aortic valve leaflets, and 

(d) pulmonary valve leaflets.
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