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Abstract

Extensive biaxial mechanical testing of the atrioventricular heart valve leaflets can be utilized to 

derive optimal parameters used in constitutive models which provide a mathematical 

representation of the mechanical function of those structures. This presented biaxial mechanical 

testing protocol involves: (i) tissue acquisition, (ii) preparation of tissue specimens, (iii) biaxial 

mechanical testing, and (iv) post-processing of the acquired data. First, tissue acquisition requires 

obtaining porcine or ovine hearts from a local FDA approved abattoir for later dissection to 

retrieve the valve leaflets. Second, tissue preparation requires using tissue specimen cutters on the 

leaflet tissue to extract a clear zone for testing. Third, biaxial mechanical testing of the leaflet 

specimen is performed using a commercial biaxial mechanical tester, which consists of force-

controlled, displacement-controlled, and stress-relaxation testing protocols to characterize the 

leaflet tissue’s mechanical properties. Finally, post-processing requires the use of data image 

correlation techniques and force and displacement readings to summarize tissue’s mechanical 

behaviors in response to external loading. In general, results from biaxial testing demonstrate that 

the leaflet tissues yield a nonlinear, anisotropic mechanical response. The presented biaxial testing 

procedure is advantageous to other methods since our method allows for a more comprehensive 

characterization of the valve leaflet tissue under one unified testing scheme as opposed to separate 

testing protocols on different tissue specimens. The proposed testing method has its limitations in 

that there is potential for shear stress to be present in the tissue sample. However, any potential 

shear is presumed negligible.

SUMMARY:

This protocol involves characterizations of atrioventricular valve leaflets with force-controlled, 

displacement-controlled, and stress-relaxation biaxial mechanical testing procedures. Results 
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acquired from this protocol can be used for constitutive model development to simulate the 

mechanical behavior of functioning valves under a finite element simulation framework.
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INTRODUCTION:

Proper heart function relies on appropriate mechanical behaviors of the heart valve leaflets. 

In situations where heart valve leaflet mechanics are compromised, heart valve disease 

occurs which may lead to other heart related issues. Understanding heart valve disease 

requires a thorough understanding of the leaflets’ proper mechanical behaviors for use in 

computational models and therapeutic development, and as such a testing scheme must be 

developed to accurately retrieve the healthy leaflets’ mechanical properties. In previous 

literature, this mechanical characterization has been conducted using biaxial mechanical 

testing procedures.

Biaxial mechanical testing procedures for soft tissues vary throughout the literature with 

different testing frameworks utilized to retrieve different characteristics.1–19 Testing methods 

has been extended for investigations of the mechanical characteristics of heart valve leaflets. 

In general, biaxial mechanical testing involves loading the heart valve tissue with 

simultaneous forces in the two principal directions, but how this testing is performed varies 

based on the biomechanical properties to be observed. Some of these testing protocols 

include: (i) strain-rate, (ii) creep, (iii) stress-relaxation, and (iv) force-controlled testing.

First, strain-rate testing has been utilized to determine the time-dependent behaviors of the 

tissue leaflets.18,20 In this testing protocol, leaflets were loaded to a maximum membrane 

tension at different half cycle times (i.e., 1, 0.5, 0.1, and 0.05s) to determine if there is 

significant difference in peak stretch or hysteresis between loading times. However, these 

tests have demonstrated negligible difference in the observed stretch with varying strain-rate. 

Second, in creep testing the tissue was loaded to the peak membrane tension and held at 

peak membrane tension. This testing allows a demonstration of how the tissue’s 

displacement creeps to maintain the peak membrane tension. However, it has been shown 

that the creep is insignificant for heart valve leaflets under physiologically functioning.3,20 

Third, in stress-relaxation testing the tissue was loaded to the peak membrane tension and 

the associated displacement was held constant for an extended period of time.3,21,22 In this 

type of testing, the tissue stress has a notable reduction from the peak membrane tension. 

Lastly, in force-controlled testing, tissues were cyclically loaded at various ratios of the peak 

membrane tension in each direction.17,23 These tests reveal the material’s anisotropy and 

nonlinear stress-strain response, and by loading the tissue under various ratios potential 

physiologic deformations may be better understood. These recent investigations made it 

apparent that stress-relaxation and force-controlled protocols prove most beneficial to 

perform a mechanical characterization of heart valve leaflets. Despite these advances in 

heart valve biomechanical characterization, the testing has not been performed under one 

Ross et al. Page 2

J Vis Exp. Author manuscript; available in PMC 2021 March 30.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript



unified testing scheme, and there are limited methods to investigate the coupling between 

directions.

The purpose of this method is to facilitate a full material characterization of the heart valve 

leaflets by a unified biaxial mechanical testing scheme. A unified testing scheme is 

considered as one where each leaflet is tested under all testing protocols in one session. This 

is advantageous, as tissue properties are inherently variable between leaflets, so a full 

characterization for each leaflet proves more accurate as a descriptor than performing each 

protocol independently on various leaflets. The testing scheme consists of three main 

components: (i) a force-controlled biaxial testing protocol, (ii) a displacement-controlled 

biaxial testing protocol, and (iii) a biaxial stress-relaxation testing protocol. All testing 

schemes utilize a loading rate of 4.42 N/min, and 10 loading-unloading cycle to ensure 

stress-strain curve replicability by the 10th cycle (as found in our previous work).23 All 

protocols are also constructed based on the membrane tension assumption, which requires 

that the thickness be less than 10% of the effective specimen lengths.

The force-controlled protocol used in this presented method consists of 10 loading and 

unloading cycles with peak membrane tensions of 100N/m and 75N/m for the mitral valve 

(MV) and tricuspid valve (TV), respectively.15,17 Five loading ratios are considered in this 

force-controlled testing protocol: 1:1, 0.75:1, 1:0.75, 0.5:1, and 1:0.5. These five loading 

ratios prove useful in describing the stresses and strains correspondent to all potential 

physiologic deformations of the leaflet in vivo.

The displacement-controlled protocol presented in this method consists of two deformation 

scenarios: (i) constrained uniaxial stretching, and (ii) pure shear. In the constrained uniaxial 

stretching, one direction of the tissue is displaced to the peak membrane tension while fixing 

the other direction. In the pure shear setup, the tissue is stretched in one direction and 

judiciously shortened in the other direction, so the area of the tissue remains constant under 

deformation. Each of these displacement-controlled testing procedures is performed for each 

of the two tissue directions: circumferential and radial directions.

The stress-relaxation protocol used in the presented method is achieved by loading the tissue 

to the peak membrane tension in both directions and holding the tissue at the correspondent 

displacements for 15 minutes to monitor the tissue’s stress relaxation behavior. The detailed 

experimental procedures are discussed next.

PROTOCOL:

All methods described were approved by the Institutional Animal Care and Use Committee 

(IACUC) at The University of Oklahoma. All animal tissues were acquired from a USDA 

approved slaughterhouse (Country Home Meat Co., Edmond, OK).

1. Tissue Acquisition and Cleaning

1.1) Retrieve the animal hearts on the same day as the animal is slaughtered and store the 

hearts in an ice chest to ensure the tissue freshness. Transport the hearts to the laboratory 

space.
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1.2) Upon arrival to the lab, submerge the heart in the bucket of phosphate buffered saline 

(PBS) solution to rinse off any excess blood. Retrieve forceps, a placemat, a surgical blade, a 

bucket of PBS solution, bleach and a plastic bag. Prepare the placemat by laying it on the 

dissection counter, allowing for easier cleanup of blood-related mess. After the heart has 

been sufficiently rinsed, place the heart on the placemat (Fig. 1a).

1.3) Using the forceps, locate the parting line between the atria and the ventricle on each 

side of the heart. Using a razor blade, make an incision carefully along this parting line and 

reveal the heart valves and the ventricles (Fig. 1b). Make the incision along the entire outer 

circumference of the heart, such that the atria and all heart material superior to the ventricles 

may be removed.

1.4) With the forceps, carefully pull out any observed blood clots in the ventricles (Fig. 1c). 

If an attempt is made to remove a blood clot but it does not move, ensure chordae tendineae 

or leaflets have not been grabbed. Place blood clots in the biohazard bag for waste disposal.

1.5) When all blood clots have been removed from the ventricles, rinse the heart one final 

time in the bucket of PBS solution. Place the clean heart in the plastic bag and store it in a 

freezer.

1.6) Using a solution of 10% bleach and 90% water, mix the blood with the bleach solution 

and stir continuously for approximately 10 minutes. Successful bleach treatment is indicated 

by the solution transitioning from red to yellow. Dispose the bleach-treated blood through 

drainage.

CAUTION: Bleach is a toxic substance and can be harmful if ingested.

Note: The protocol can be paused here.

2. Heart Dissection and Examination of Anatomy

2.1) Retrieve the previously cleaned heart and allow it to thaw in a warm water bath. The 

required materials for dissection include forceps, surgical blades, placemats, phosphate 

buffered saline, and small storage containers. After the heart is completely thawed, put it on 

a placemat to absorb remaining blood.

2.2) Hold the heart for a top-down (superior) view to optimally observe the valve structures. 

Beginning with the mitral valve (MV) on the left side of the heart, use forceps to carefully 

manipulate the leaflets and identify a commissure, or parting line, between the leaflets.

2.3) Make an incision along the commissure and carefully cut through the ventricular wall, 

being sure not to damage the leaflets. It may be necessary to cut chordal attachments during 

this process to fully open the ventricle. Once the full incision is made, open the ventricle 

(Fig. 2a).

2.4) Identify the MV anterior and posterior leaflets and use a surgical blade to sever the 

chordal attachments to the papillary muscles. Using forceps, stretch the leaflets taut and 
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make cuts to separate the leaflets from the annulus. Place excised leaflets in an appropriately 

labeled container filled with PBS solution and store in a refrigerator at approximately 4°C.

2.5) Hold the heart in the top-down view and identify the tricuspid valve (TV) on the right 

side of the heart. Locate the commissures and make an incision through one of the 

commissures and the ventricular wall (Fig. 2b).

2.6) Identify the TV septal, posterior, and anterior leaflets, and perform the leaflet extraction 

as done in Step 2.4. Place all obtained leaflets in a labeled container filled with PBS solution 

and store the container in a refrigerator at approximately 4°C.

Note: The protocol can be paused here. However, tissue biomechanical testing and the 

subsequent histology analyses should occur within two days of heart dissection.

3. Tissue Dissection

3.1) Retrieve the leaflet from the fridge, the tissue cutter for the specified sectioning size, 

surgical pen, forceps, razor blades, and a cutting mat.

3.2) Using forceps, remove the specimen from the PBS solution and lay it flat on the cutting 

mat with radial direction (R) aligned to the Y-direction, and the circumferential direction (C) 

aligned to the X-direction (Fig. 3a). Identify the leaflet’s central region as the testing section.

3.3) Align the tissue cutter such that the desired tissue testing region is within the boundaries 

of the razor blades. Make one cut horizontally and another vertically to form a square region 

of desired dimension (Fig. 3b). Using the surgical pen, label the tissue’s radial direction 

(Fig. 3b).

3.4) Using the razor blade, trim chordal attachments by stretching the chordae from the 

leaflet with the forceps and making a careful cut without causing damage to the leaflet.

Note: The protocol can be paused here. If the protocol is paused, store the sectioned tissue in 

a labeled container filled with PBS solution, and store the container in a refrigerator at 

approximately 4°C (as explained in Step 2.6). However, tissue testing should occur within 

two days of dissection.

4. Thickness Measurement and Biaxial Tester Setup

4.1) Retrieve the sectioned tissue specimen, digital calipers, and a small metal spatula. Using 

the digital calipers, measure and record the thickness of the metal spatula.

4.2) Using forceps, lay the tissue specimen flat on the metal spatula. Using the digital 

calipers measure the thickness of the spatula-tissue pair (Fig. 3c) at 3 different leaflet 

locations. Subtract the spatula’s thickness from the pair and record the average thickness.

4.3) Prepare a PBS bath at 37°C, which is correspondent to the tissue’s physiologic 

conditions.
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5. Tissue Mounting and Fiducial Marker Placement

5.1) Retrieve forceps, tissue specimen, mounting hardware, fine-tipped tool, glass beads 

(diameters of 300–500 μm), and super glue.

5.2) Mount the tissue to the biaxial testing system (Fig. 3d–e). While mounting, ensure the 

tissue’s circumferential and radial directions are aligned with the machine’s X and Y 

directions.

5.3) For fiducial marker placement, place glass beads into one small open-faced container 

and a small pool of super glue in another container. Using the fine-tipped tool, coat the tip 

with a small amount of super glue and stick an individual bead to the tip of the tool.

5.4) Carefully use the tool to transfer the bead to one corner of the middle third of the 

tissue’s testing region (Fig. 3f). Repeat this step until a square array of four beads is formed 

(Fig. 3g).

NOTE: It is crucial that excess glue be avoided, and that fiducial markers do not stick 

together as later data image correlation (DIC) techniques will produce useless tracking 

results. It is important that the square array must be within the middle third of the tissue’s 

testing region.

6. Preconditioning Step and Duration Timing

6.1) To compute the appropriate membrane tension, obtain the tissue’s effective testing edge 

length and use the equation:

T = diag TC, TR = diag fC, fR /L (1)

NOTE: Here, T is the membrane tension in a unit of force/length, f is the force, and L is the 

specimen’s effective testing length.

6.2) Create a preconditioning protocol such that the tissue will undergo 10 loading/

unloading cycles at the forces associated with peak membrane tension at a loading rate of 

4.42 N/min, including a preload of 2.5% of the maximum force (Fig. 4).

6.2.1) Create a new arbitrary testing directory to temporarily to store the preconditioning 

data because it is not necessary for future calculations. Establish a loading rate of 4.42 

N/min for subsequent testing.

6.2.2) Create a new set of testing parameters and set the name of the protocol as 

Preconditioning0 (Fig. 4a). For the X and Y axes, set the control mode to be force and the 

control function to be step. Set the load magnitude as the force associated with targeted peak 

membrane tension (c.f. Step 6.1) (Fig. 4b). Set the preload magnitude as 2.5% of the 

maximum force for the first repetition only (Fig. 4c). Set the stretch duration and recovery 

duration to both be 25 seconds. Set the number of repetitions to be 10 (Fig. 4e).
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6.3) When the preconditioning step finishes, make a note of the tissue’s deformation in the 

X- and Y-directions. Prepare a protocol to move the specimen to the maximum force 

beginning from the recorded size.

6.3.1) Retrieve a stopwatch for timing purposes. Begin the maximum force loading protocol 

and start the stopwatch simultaneously when the machine begins actuation (Fig. 5a). Stop 

the stopwatch when actuation stops. Stopping will be obvious through auditory cues.

6.3.2) Record the post preconditioning peak tissue deformation, alongside the time from the 

stopwatch representing the tissue’s optimal stretch time (Fig. 5b).

7. Biaxial Mechanical Testing

7.1) Prepare a force-controlled protocol at a loading rate of 4.42 N/min:

7.1.1) Open a new testing directory and name the test. Set the data to save to a known 

location for use in later stress and strain calculations. Move the specimen back to the 

original mounting configuration.

7.1.2) Create a protocol set titled “FirstImage”. Set the X-axis and Y-axis control mode to 

force and the control function to step. Set the load magnitude to 0 mN. Set the stretch 

duration and recovery duration each to 1 second. Set the number of repetitions to 1. Set the 

data output frequency and image output frequency each to 1 Hz

7.1.3) Construct a new testing set named “PreconditioningA”. Establish the testing 

parameters such that the tissue will undergo 10 repetitions of cyclic loading/unloading to the 

targeted force for desired membrane tension exactly as was prepared in Step 6.2. Note that 

now, the stretch time and recover time should be the time recorded in Step 6.4. No images 

are captured in the “A” testing set, but data is captured at 15 Hz.

7.1.4) Construct another testing set named “PreconditioningB”. All testing parameters 

should be identical to as found in the previous step, with the exception that image output 

frequency is set to 15Hz, and no preload is applied.

7.1.5) After the preconditioning protocol, create testing protocols such that the tissue is 

loaded to peak membrane tension in the following circumferential-to-radial loading ratios at 

a loading rate of 4.42 N/min: 1:1, 0.75:1, 1:0.75, 0.5:1, 1:0.5 (Fig. 6). Retrieve data from the 

last two cycles of each loading ratio for subsequent data processing and analyses described 

in Step 10. Refer to Table 1 for a detailed description of the protocols to be established.

7.2) Prepare a displacement-controlled testing protocol at a loading rate of 4.42 N/min:

7.2.1) Biaxial stretching in the X-direction and Y-direction to the displacements associated 

with the peak circumferential and radial stretches, respectively (Fig. 7a).

7.2.2) Pure shear along the X-direction — stretching in the X-direction associated with the 

peak circumferential stretch and shortening in the Y-direction, while keeping the dashed area 
constant under deformation (Fig. 7b).
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7.2.3) Constrained uniaxial stretching along the X-direction (Fig. 7c).

7.2.4) Pure shear along the Y-direction (Fig. 7d).

7.2.5) Constrained uniaxial stretching along the Y-direction (Fig. 7e).

7.2.6) Between each of these steps, construct a rest “cycle” of one minute that holds the 

tissue at the original mounted configuration. Retrieve data from the last two cycles of each 

loading ratio for data processing and analyses (Step 9). Refer to Table 2 for a detailed 

description of the protocols to be established.

7.3) Prepare a stress-relaxation protocol such that the tissue is loaded in each direction, at a 

loading rate of 4.42 N/min, to the displacements associated with the peak membrane 

tensions (Step 7.2) and held at that displacement for 15 minutes (Fig. 8, Fig. 9). After 15 

minutes the protocol should be set to recover the tissue to its original mounting 

configuration.

NOTE: In the case of tissue tearing, abort the test immediately to prevent any potential 

damage caused to the biaxial testing system.

8. Tissue Fixation for Histology Analysis

8.1) Unmount the tissue from the biaxial testing system. Place the tissue into a container 

filled with 10% formalin, and then place the container in a refrigerated environment at 

approximately 4°C. Let the tissue be fixed for 24–48 hours, depending on the tissue’s 

thickness.

CAUTION: Formalin is a known carcinogen and if breathed in excess may cause lungs to 

become fixed. All work with formalin should be performed in a fume hood with adequate 

ventilation.

8.2) After the tissue has been fixed in formalin for 24–48 hours, transfer the tissue to an 80% 

ethanol solution for later histology. The tissue should be stored in solution in a refrigerated 

environment at 4°C.

Note: The protocol can be paused here. Once tissues are fixed, specimens can be analyzed at 

any time. If the protocol is paused, store the tissue in a labeled container filled with 80% 

ethanol, and store the container in a refrigerator at approximately 4°C (as explained in Step 

8.2).

8.3) Prepare the tissue for commercial histology analysis as per the vendor’s instructions. If 

a certain leaflet constituent, such as collagen, elastin, glycosaminoglycans, etc., is of the 

study’s interest, ensure that the appropriate histology stain is employed.

NOTE: Histology slides may be visualized using a microscope to observe desired 

constituents (Fig. 10).

8.4) Using an image processing program ImageJ (National Institute of Health, Bethesda, 

MD), perform color deconvolution methods to determine the percentage of each stained 
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constituent in the tissue. For greater detail on these procedures, please refer to Ruifrok & 

Johnston.24

9. Biaxial Testing Data Post Processing Procedures

9.1) Perform data image correlation (DIC) based tracking on the four fiducial markers from 

the images taken during the biaxial mechanical testing (Fig. 11) to determine the time-

dependent marker positions:

xI = XI + dI,  for I = 1, 2, 3, 4, (2)

where XI and xI are the undeformed and deformed positions of the markers, respectively, 

and dI is the displacement vector of each marker.

9.1.1) If it is desired to perform the analysis with respect to the mounting configuration, let 

XI be the marker positions in the undeformed state at the beginning of the biaxial test. If it is 

desired to perform the analysis with respect to the post-preconditioning deformation, let XI 

be the marker positions at the end of the preconditioning protocol.

NOTE: The subsequent steps will be conducted in the same manner, regardless of the 

reference configuration chosen.

9.2) Compute the deformation gradient (F) of the fiducial markers using a four-node bilinear 

finite element:2,23,25

F = F X, t = ∂x
∂X =

∑I = 1
4 BXIuI t ∑I = 1

4 BY IuI t

∑I = 1
4 BXIvI t ∑I = 1

4 BY IvI t
. (3)

NOTE: Here, BxI’s and ByI’s are the finite element shape function-derivatives in the X- and 

Y-directions for node I, respectively, and uI(t) and vI(t) are the time-dependent X- and Y-

displacements, respectively, as previously determined from Step 10.1.1. Note the X-Y 

coordinates were aligned to the tissue’s circumferential and radial directions.

9.3) Compute the right Cauchy-Green deformation tensor (C) and the Green strain tensor 

(E):

C = F TF ,  and E = 1
2 C − I . (4)

NOTE: Here, I is the second-order identity tensor. Determine the circumferential and radial 

stretches by taking the square roots of the principle values of C.

9.4) Determine the first Piola-Kirchhoff (1st-PK) stress tensor (P)
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P = 1
t

TC 0
0 TR

, (5)

where t is the specimen’s thickness, and TC and TR are the applied membrane tensions in the 

circumferential and radial directions, respectively.

9.5) Also, compute other stress tensors, such as the Cauchy stress tensor (σ) and the second 

Piola-Kirchoff (2nd-PK) stress tensor (S), using:

σ = J−1PF T  and S = F−1P , (6)

where J is the Jacobian of the deformation gradient tensor F.

REPRESENTATIVE RESULTS:

Stress-stretch data from the force-controlled biaxial mechanical testing reveals a non-linear 

curve with some resemblance to an exponential curve (Fig. 12). Regarding the response in 

each principal direction, the material behavior is transversely isotropic, with the radial 

stretch greater than the circumferential deformation. In some cases, the anisotropy’s 

directions may flip, with the circumferential direction exhibiting greater compliance than the 

radial direction. This flipped response is observed in the tricuspid valve more often than in 

the mitral valve.

From displacement-controlled testing, stress-stretch data follows a non-linear response for 

the principal direction undergoing tension (pure-shear, constrained uniaxial tension, (Fig. 

13). When the tissue shortens in the other principal direction, a “negative (compressive) 

stress” is observed. In the constrained uniaxial tension protocol, there also exhibits an 

increasing stress-stretch response in the constrained direction, demonstrating the coupling of 

applied stretching in the other principal direction.

From stress-relaxation testing, normalized membrane tension-time data follows a non-linear 

decaying curve (Fig. 14a–b). Both the mitral valve and tricuspid valve leaflet tissues exhibit 

a greater stress reduction in the radial direction compared to that in the circumferential 

direction.

Representative histologic results of the MVAL and TVAL tissues using Masson’s Trichrome 

are presented in Figure 10. The Masson’s Trichrome stain demonstrates typical constituents 

found in atrioventricular heart valves, such as collagen fibers (blue) and valvular interstitial 

cells (red cytoplasm and black nuclei). Other stains can be used to visualize constituents 

such as elastin (Verhoeff-van Gieson stain) and glycosaminoglycans (Alcian blue stain).

DISCUSSION:

Critical steps for this biaxial mechanical testing include: (i) proper orientation of the leaflet, 

proper biaxial tester setup for negligible shear, and (ii) careful application of the fiducial 

markers. The orientation of the leaflet is crucial to the obtained mechanical characterization 

of the leaflet tissue as the material is anisotropic in nature. Thus, the radial and 
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circumferential directions need to be known for properly aligning the tissue specimens with 

the testing X- and Y-directions. It is also essential that the biaxial tester is properly 

calibrated such that when the specimen is mounted to the system with negligible shear stress 

introduced. If a non-negligible amount of shear is observed, results can be greatly skewed in 

subsequent tissue strain and stress calculations. Special attention is required to the 

application of the four fiducial markers to ensure that none of the markers stick with each 

other to avoid inaccurate calculations of tissue strains. With regards to the tissue strain 

calculations, interested readers are referred to the procedures as detailed in previous studies.
2,23,25

Some modifications that could be made to the current protocols include adding strain-rate 

and creep testing to the testing framework. These tests would allow for insight into different 

viscoelastic properties of the AHV leaflet, but it has been shown in previous literature that 

the strain-rate and creep are insignificant for heart valve leaflet tissues under physiologically 

functioning conditions.

Limitations of this method include the potential for shear introduction in cases of improper 

planar alignment of the specimen, and stuck fiducial markers that invalidate data, as 

aforementioned. Other limitations of this method include the use of tines for specimen 

mounting, as the specimen is only controlled by 5 points on each edge, rather than a full 

clamping to control specimen edges. The use of tines over clamping methods causes issue 

with uniaxial testing protocols such that tines may be allowed small deformations despite the 

displacement of the tine-end attached to the biaxial testing system being constant. However, 

this deformation from individual tine movement can be presumed negligible.

This method is significant in its advantages compared to other methods, because all testing 

protocols (force-controlled, displacement-controlled, and stress-relaxation) are performed in 

one unified tissue specimen. Alternatives to the presented methodology may only perform 

one testing protocol for each tissue, rather than our three combined testing protocols. This 

entails that those alternatives may not be as accurate in their description of tissue behaviors, 

as tissue properties can significantly vary between tissues from different animal subjects.

This method could be extended by application to other materials besides the atrioventricular 

heart valve leaflets. For example, these methods may be useful in characterizing other soft 

tissues, or polymers/rubber-type materials. The provided scheme would provide for full 

characterization of any such materials compatible with a biaxial testing device, provided 

there is adequate setup, such as appropriate load-cell capacity and specimen size.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Experimental photos of porcine hearts retrieved from a local slaughterhouse:
(a) whole heart is rinsed of blood with PBS solution; (b) a cut is made between the atria and 

ventricle to reveal both the mitral and tricuspid valves; and (c) blood clots are then removed 

from the heart before storage.
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Figure 2: Experimental photos of the opened porcine heart revealing the five atrioventricular 
heart valve leaflets and other components of valve apparatus:
(a) the mitral valve with dissection of the left heart along the commissure between the two 

leaflets, showing the anterior leaflet (MVAL) and posterior leaflet (MVPL), and (b) the 

tricuspid valve with similar dissection on the right side of the heart, revealing the anterior 

leaflet (TVAL), posterior leaflet (TVPL), and septal leaflet (TVSL).
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Figure 3: Experimental photos of the excised leaflet being prepared for biaxial mechanical 
testing:
Heart valve leaflet testing requires the (a) bulk leaflet be sectioned into a (b) 10mm × 10mm 

testing region (radial direction noted by surgical pen markers). (c) The leaflet thickness is 

measured. Specimens are mounted to (d) the biaxial testing system by (e) piercing the tissue 

with metal tines. After mounting, (f) fiducial markers are glued onto the surface of the tissue 

before (g) submersion in PBS solution at 37°C.
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Fiure 4: Example protocol parameters for the preconditioning testing of a mitral valve anterior 
leaflet of 7.5mm × 7.5mm testing region:
The preconditioning protocol is created by setting (a) the protocol name, (b) the testing 

control mode and force in the X-axis, (c) the preload conditions, (d) the Y-axis parameters to 

be the same as in the X-axis, and (e) the cycle parameters.
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Figure 5: Example protocol parameters for the timing step for a mitral valve anterior leaflet of 
7.5mm × 7.5mm testing region:
The timing step requires (a) moving the tissue from the post preconditioning deformation to 

the peak membrane tension (and corresponding peak deformation) while simultaneously 

starting a stopwatch to record the stretch time. When the target force has been reached, (b) 
the post-preconditioning deformation is recorded.
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Figure 6: Schematic of the force-controlled biaxial testing procedure for testing mitral and 
tricuspid valve leaflets:
The testing protocol consists of an equibiaxial loading preconditioning step to exercise the 

tissue to its in vivo state, followed by various loading ratios of the peak membrane tension in 

each tissue direction (Tx:Ty): 1:1, 0.75:1, 1:0.75, 0.5:1, and 1:0.5. Each subsection of the 

force-controlled testing protocol is performed for 10 loading/unloading cycles.
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Figure 7: Schematic of displacement-controlled biaxial testing procedure for testing mitral and 
tricuspid valve leaflets:
The testing protocol consists of an (a) biaxial displacements associated with the peak 

membrane tensions, (b) pure shear in the x-direction, (c) constrained uniaxial displacement 

in the x-direction, (d) pure shear in the y-direction, and (e) constrained uniaxial 

displacement in the y-direction. Each subsection of the displacement-controlled testing 

protocol is performed for 10 loading/unloading cycles.
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Figure 8: Example stress-relaxation testing parameters for a mitral valve anterior leaflet with 
effective testing region of 7.5mm × 7.5mm:
Testing set parameters for stress-relaxation testing for a mitral valve anterior leaflet where 

targeted displacement is the peak tissue deformation specific to this tissue.
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Figure 9: Schematic of the 15-minute stress-relaxation testing procedure for testing mitral and 
tricuspid valve leaflets:
The testing protocol involves holding biaxial displacements associated with the peak 

membrane tensions for 15 minutes, after which the tissue is returned to the mounting 

configuration.
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Figure 10: Example histological data from the atrioventricular heart valves’ anterior leaflets:
Representative histology images of (a) the mitral valve anterior leaflet, and (b) the tricuspid 

valve posterior leaflet. Both are stained with a Masson’s trichrome stain: collagen in blue, 

cytoplasm and keratin in red, and nuclei in black. Scale bar = 200 μm.
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Figure 11: Representative images illustrating the tracking of the coordinates of four fiducial 
markers during biaxial mechanical testing using a data image correlation (DIC) technique:
(a) the tissue mounting configuration, (b) the configuration after the preconditioning step, 

and (c) the deformed configuration associated with the tissue specimen under mechanical 

loading.
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Figure 12: Representative data from the force-controlled protocols for the mitral valve anterior 
leaflet (MVAL):
Representative data demonstrates the material anisotropy and nonlinear strain response of 

the tissues under biaxial loading at varying loading ratios of peak membrane tension in each 

tissue direction (Tx:Ty): (a) 1:1, (b) 0.75:1, (c) 1:0.75, (d) 0.5:1, and (e) 1:0.5.
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Figure 13: Representative data from the displacement-controlled protocols for the mitral valve 
anterior leaflet (MVAL):
Representative data demonstrates the material anisotropy and nonlinear strain response of 

the tissues during (a) biaxial displacements associated with the peak membrane tensions, (b) 

pure shear in the x-direction, (c) constrained uniaxial displacement in the x-direction, (d) 

pure shear in the y-direction, and (e) constrained uniaxial displacement in the y-direction.
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Figure 14: Representative data from the stress-relaxation protocols for the mitral and tricuspid 
valve anterior leaflets:
Representative data for the (a) MVAL, and (b) TVAL, illustrating the exponential stress 

reduction over time.
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