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Abstract
The mechanical properties of soft tissues are driven by their complex, heterogeneous composition and structure. Interestingly, 
studies of soft tissue biomechanics often ignore spatial heterogeneity. In our work, we are therefore interested in exploring 
the impact of tissue heterogeneity on the mechanical properties of soft tissues. Therein, we specifically focus on soft tissue 
heterogeneity arising from spatially varying thickness. To this end, our first goal is to develop a non-destructive measure-
ment technique that has a high spatial resolution, provides continuous thickness maps, and is fast. Our secondary goal is 
to demonstrate that including spatial variation in thickness is important to the accuracy of biomechanical analyses. To this 
end, we use mitral valve leaflet tissue as our model system. To attain our first goal, we identify a soft tissue-specific contrast 
protocol that enables thickness measurements using a Keyence profilometer. We also show that this protocol does not affect 
our tissues’ mechanical properties. To attain our second goal, we conduct virtual biaxial, bending, and buckling tests on our 
model tissue both ignoring and considering spatial variation in thickness. Thereby, we show that the assumption of average, 
homogeneous thickness distributions significantly alters the results of biomechanical analyses when compared to including 
true, spatially varying thickness distributions. In conclusion, our work provides a novel measurement technique that can 
capture continuous thickness maps non-invasively, at high resolution, and in a short time. Our work also demonstrates the 
importance of including heterogeneous thickness in biomechanical analyses of soft tissues.
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1  Introduction

Characterizing and predicting the mechanical properties of 
soft tissues is critical to our understanding of health and 
disease (Ferruzzi et al. 2018; Witzenburg and Holmes 2018; 
Luetkemeyer et al. 2020). These properties are often driven 
by soft tissues’ complex, heterogeneous composition and 
structure (Bersi et al. 2019; Farzaneh et al. 2019; Fuentes 
et al. 2020). That is, soft tissues are usually organized in 
layers with each layer showing distinct and spatially varying 
properties. Of course, this is common knowledge (Meador 
et al. 2020a; Buerzle et al. 2013; Witzenburg and Baro-
cas 2016). It is therefore noteworthy that, with few excep-
tions, many studies ignore heterogeneity when conducting 
mechanical analyses of soft tissues, including some of our 
own (Sree et al. 2019; Sachs et al. 2021; Luetkemeyer et al. 
2021). The reason likely being that measuring spatially 
varying properties is hard and time-consuming, with ben-
efits often unknown. In our current work, we are therefore 
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interested in exploring and highlighting the impact of tis-
sue heterogeneity on biomechanical analyses of soft tissues. 
Therein, we specifically focus on soft tissue heterogeneity 
arising from spatially varying thickness.

Our interest in exploring heterogeneity in tissue thickness 
was first sparked during a recent computational study of the 
human tricuspid valve in which we assumed that each leaf-
let had a uniform thickness (Mathur et al. 2022). We made 
these assumptions because creating an accurate, spatially 
varying thickness map appeared non-feasible with our avail-
able thickness measurement techniques. In the course of said 
modeling work, we found that the simulated heart valves 
folded in rather unnatural locations. Thus, we re-inspected 
the original tissue and found that native heart valve leaf-
lets tended to be significantly thinner in those regions that 
undergo folding, while being thicker in those regions that 
aren’t meant to fold. In other words, native tissue had a non-
uniform thickness distribution. From an engineering per-
spective, this is an entirely logical design with thinner areas 
being a nucleus for folding and buckling (Joda et al. 2016; 
Lee et al. 2015). To overcome the limitation of our work, 
we began a quest for a technique to measure spatially vary-
ing tissue thickness and to provide strong support for the 
inclusion of heterogeneity in thickness—and other physical 
properties—in biomechanical analyses.

Of course, there are many means to measure tissue thick-
ness (O’Leary et al. 2013; Ge et al. 2020). However, none 
we found fulfilled our need for (1) being non-destructive, 
(2) having a high spatial resolution, (3) providing continu-
ous spatial maps, and (4) being fast. For example, histol-
ogy-based methods are destructive and provide thickness 
measurements only within two-dimensional layers (Ud-Din 
et al. 2019; Smith et al. 2021), gauges and calipers only 
provide focal measurements (Chen et al. 2020; Jana and Ler-
man 2019), while ultrasound has a limited spatial resolu-
tion and optical coherence tomography is limited in depth 
(Moran and Thomson 2020; Aumann et al. 2019; Bersi et al. 
2020). The first goal of our work is therefore to introduce 
a technique that fulfills needs (1)–(4) and to demonstrate 
this technique on heart valve tissue. Our second goal is to 
demonstrate the importance of including tissue heteroge-
neity in biomechanical analyses via virtual planar biaxial 
tests, bending tests, and a buckling mode analysis; again, by 
example of heart valve tissue.

2 � Methods

2.1 � Tissue origin and preparation

We isolated anterior mitral valve leaflets from seven 
healthy male Dorset sheep, 51 ± 8 kg aged 5–6 months, 
and cryogenically stored the tissue at − 80 ◦ C in a 9:1 ratio 

of DMEM:DMSO with protease inhibitor until final test-
ing (Meador et al. 2020b). Immediately before testing, we 
rapidly thawed the leaflets to room temperature and pho-
tographed them while they floated on a layer of 1× PBS. 
We used a background grid for calibration. Please note that 
others have found minimal impact of freezing on heart valve 
tissue properties (Salinas et al. 2020; Duginski et al. 2020).

2.2 � Tissue profilometry

After taking photographs of a thawed anterior mitral valve 
leaflet, we gently dried it using absorbent tissue (KimWipes, 
Kimberly-Clark, Irving, TX, USA). Next, we covered the 
tissue with microfine talc granules suspended with a trace 
of lanolin (PowderPen, NextEngine, CA, USA) to minimize 
tissue glare and to reduce the tissue’s optical transparency. 
Finally, we created a 3D thickness map of the leaflet using 
an optical profilometer (VHX-5000, Keyence, Osaka, Japan) 
under 50× magnification. To validate the accuracy of our tis-
sue profilometry, we also measured the thickness of a rubber 
sample in multiple regions with a digital thickness gauge 
(547-500S, Mitutoyo Corp., Kawasaki, Japan) and subse-
quently imaged the same sample with the Keyence scope to 
obtain its spatial thickness map for comparison.

2.3 � Biaxial testing

To ensure that our profilometry protocol did not have spu-
rious effects on tissue mechanics, we performed repeated 
biaxial testing on a separate set of tissues: once before and 
once after powder application, see Fig. 1. Specifically, we 
isolated a 7 mm × 7 mm  square from the belly regions of 
n = 6 anterior mitral valve leaflets. Before mounting the tis-
sues to our planar biaxial tester, we marked the atrialis sur-
face of each sample with ink dots in a 3 mm × 3 mm square 
pattern. Floating on 1× PBS, we took images of this pattern 
for later use. Next, we mounted the samples on our biaxial 
device (Biotester, Cellscale, Waterloo, ON, Canada) and 
tested the samples twice without dismounting them: First, in 
37 ◦ C 1× PBS, after which we gently dried the sample with 
absorbent tissue (KimWipes) and applied the same powder 
to the sample as used in preparation for imaging. Subse-
quently, we let the sample air-dry for 10 min (the length of 
our imaging protocol), before carefully cleaning the sam-
ple with 1× PBS and performing a second set of mechani-
cal tests in 37 °C 1× PBS. Between tests we did not zero 
the load cells (1.5 N capacity, ± 1.5 mN) and tests began 
from identical motor positions. During both tests, we per-
formed 10 preconditioning cycles equibiaxially to 500 mN, 
preloaded the tissue to 10 mN to remove any slack, and then 
conducted two final equibiaxial cycles to 500 mN. While 
testing, we recorded the rake-to-rake distances, radial and 
circumferential forces, and fiducial marker images at 5 Hz. 
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Using the fiducial marker positions on the tissue throughout 
testing, we calculated the deformation gradient tensor, � , 
with respect to the floating stress-free reference configura-
tion. In turn, we acquired in-plane stretches from the right 
Cauchy–Green deformation tensor, � = �T� , and calculated 
the membrane tension as the force divided by the rake-to-
rake distance in the deformed configuration. To characterize 
the resulting nonlinear tension–stretch curves, we also com-
puted four scalar metrics: Toe Stiffness (i.e., lower region 
slope), Calf Stiffness (i.e., upper region slope), Transition 
Stretch (i.e., stretch data point nearest to the intersection of 
the lower and upper region slopes), and Degree of Anisot-
ropy (i.e., the ratio between the circumferential and radial 

stretches at 50 N m−1 ) (Pham et al. 2017; Jett et al. 2018; 
Pokutta-Paskaleva et al. 2019; Meador et al. 2020a).

2.4 � Numerical experimentation

To determine the effects of heterogeneity in thickness on 
the biomechanics of soft tissues, we numerically analyzed 
mitral valve tissue samples under biaxial tension, bending, 
and buckling, see Fig. 2. To this end, we first identified three 
square areas of size 7 mm × 7 mm in the spatial thickness 
map of our anterior mitral valve leaflet. We then discretized 
these squares with shell elements and used a custom MAT-
LAB code (MATLAB v2021b, Mathworks, Natick, MA) 
to map the heterogeneous thicknesses onto the shells. For 
the constitutive model, we chose a Neo–Hookean mate-
rial with shear modulus � = 20 MPa (Rausch et al. 2013). 
Subsequently, we imported the discretized geometries 
into ABAQUS/Standard (Dassault Systemes, Providence, 
RI) and analyzed them under biaxial stretch, bending, and 
buckling using the finite element method. To biaxially test 
the samples, we simultaneously applied a stretch of 1.5 to 
all four edges of the domains. For the bending analysis, we 
clamped one edge of our domains and applied a moment 
M = 4 × 10−2 Nm to the opposite edge (Hughes and Liu 
1981). To model the buckling response of the samples, we 
used a linear perturbation analysis in ABAQUS. Here, we 
clamped the edges of our sample and applied a pressure load 
of P = 0.2 MPa to the bottom surface of our domains as 

Fig. 1   Experimental overview. a We excised the anterior leaflet of 
an ovine mitral valve and applied talcum powder for optical con-
trast. Next, we imaged the sample using a Keyence profilometer to 
create a high-resolution, spatial thickness map of our sample. b Next, 

we tested whether the application of talcum powder and a 10-minute 
imaging period negatively affects the tissues’ mechanics. To this end, 
we measured the biaxial properties of n = 6 additional anterior leaf-
lets before and after applying powder for 10 minutes

P = 0.2 MPaM = 0.04 Nmλequi = 1.5

Biaxial Bending Bucklinga b c

Fig. 2   Loading modes for numerical analyses. We apply a displace-
ments to the edge of our samples under biaxial stretch, b a moment 
to the free-edge of our samples under bending, and c a perturbation 
pressure to the surface of our samples under buckling. Please note, 
dashed lines indicate the reference configuration
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boundary conditions (Evkin and Lykhachova 2019). Finally, 
we repeated these simulations but assumed that the samples 
had homogeneous, average thickness distributions rather 
than the true, spatially varying thickness distributions.

2.5 � Statistics

To test whether our profilometry protocol affected the bio-
mechanics of our test samples, we compared four mechani-
cal metrics before and after applying the protocol. Because 
the mechanical tests were performed on the same samples, 
we used a two-sided, dependent Student t-test. We conducted 
these statistical analyses in MATLAB where we assumed 
that a p value smaller than 0.05 would be significant. 
Where applicable, we reported values as mean ± 1 standard 
deviation.

3 � Results

3.1 � Optical profilometry yields a continuous, 
high‑resolution thickness map of an anterior 
mitral valve leaflet

We successfully applied the powder strategy to our test sam-
ple and obtained a continuous, high-resolution thickness 
map of an anterior mitral valve leaflet, see Fig. 3. That is, 
our contrast technique successfully enabled the autofocus-
based thickness mapping of the profilometer. Additionally, 
we found that profilometry-derived thickness values matched 
the gold-standard technique (i.e., a thickness gauge) very 
well, see Fig. 4. Specifically, the difference between the 
two methods was 10 ± 27 μ m, equivalent to a mean error 
of 1.26%.

3.2 � Our profilometry protocol does not change 
the mechanical properties of anterior mitral 
valve leaflets

To evaluate the effects of our profilometry protocol on tis-
sue mechanics, we equibiaxially tested n = 6 square samples 
from anterior mitral valve leaflets in a dependent experimen-
tal design (i.e., repeated testing of the same samples before 
and after using the profilometry protocol). We found that all 
samples, before and after applying the profilometry proto-
col, exhibited classic nonlinear J-shaped loading behavior, as 
expected for collagenous tissues, see Fig. 5a and b. Qualita-
tively, the stress-stretch curves in radial and circumferential 
directions looked identical between both groups. Addition-
ally we quantified the Toe Stiffness, Calf Stiffness, Transi-
tion Stretch, and Degree of Anisotropy. When comparing 
those values, we found no statistically significant differences 
in any of the metrics, see Fig. 5c. Overall, our profilometry 
protocol appeared to not affect our tissues’ mechanics.

Fig. 3   High-resolution thickness map of an anterior mitral valve leaf-
let via optical profilometry. a Raw image of an anterior mitral valve 
leaflet with talcum powder. b Raw image with profilometry-based 

thickness map superimposed. Please note, thickness data are mapped 
to a logarithmic scale
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3.3 � Assuming homogeneity accrues significant 
errors in the biaxial response of an anterior 
mitral valve leaflet

To determine the effects of spatially varying thickness on soft 
tissue biomechanics, we simulated the deformation of three 
anterior mitral valve leaflet samples under biaxial tension. 
Each sample was virtually excised from our continuous thick-
ness map as shown in Fig. 6. In our analysis, we compared 
results under the assumption of thickness homogeneity to 
results obtained with the true, spatially varying thickness dis-
tributions, see Fig. 7. First, we found that reaction forces var-
ied based on where the samples were excised. In other words, 
thickness heterogeneity induced intra-subject variability. Addi-
tionally, for a given sample we found that the assumption of 
homogeneity overestimated material stiffness when compared 
to the samples with heterogeneous thicknesses. Moreover, 
thickness heterogeneity induced anisotropy in the mechanical 
response of our tissues, even when using an isotropic mate-
rial model. Together, errors in the predicted tension–stretch 
behavior of our samples due to the assumption of homogene-
ity were as large as 21% depending on sample location and 
material direction. Of course, we also found that predicted 

stresses varied spatially when considering thickness hetero-
geneity, while the assumption of homogeneity led to homoge-
neous stress fields, see Fig. 6. Quantitatively, we found stress 
distributions across all finite elements in our heterogeneous 
samples of 50 ± 20 MPa in Sample 1, 52 ± 19 MPa in Sample 
2, and 50 ± 21 MPa for Sample 3. In contrast, each sample 
with homogeneous thickness had a uniform stress value of 
41 MPa. In other words, errors in mean stress were as large as 
26% when ignoring heterogeneity in tissue thickness. Addi-
tionally, we determined the sensitivity of the accrued errors to 
the magnitude of stretch and the anisotropy in each sample’s 
material response, see Figs. 10 and 11, respectively.

3.4 � Assuming homogeneity also accrues significant 
errors in the bending response of an anterior 
mitral valve leaflet

To determine the effects of spatially varying thickness on 
soft tissue biomechanics, we also simulated the deformation 
of three virtual anterior mitral valve leaflet samples under 
bending. To this end, we used the same virtual samples as 
above and simulated their mechanical response assuming 
homogeneity or applying true, spatially varying thickness 

1 1.2 1.4 1.6 1.8 2
Stretch, Rad. (-) 

0

20

40

60

M
em

br
an

e 
Te

ns
io

n 
(N

/m
)

Circ.
Rad.

Before
After

1 1.2 1.4 1.6 1.8 2
Stretch, Circ. (-) 

0

20

40

60

M
em

br
an

e 
Te

ns
io

n 
(N

/m
)

StiffToe
StiffCalf

1 2
Stretch (-) 

0

20

40

60

M
em

br
an

e 
Te

ns
io

n 
(N

/m
)

Data

λ50

λT

Circ. Rad. 

C
al

f S
tif

fn
es

s 
(N

/m
)

p=0.41

p=0.66
x102

0

20

40

50

10

30

Tr
an

si
tio

n 
St

re
tc

h 
(-)

p=0.77

p=0.81

1

1.5

2

1.25

1.75

Circ. Rad. Before After 
0.7

0.8

0.9

1

D
eg

re
e 

of
 A

ni
so

tro
py p=0.94

a b

0

4

8

12

To
e 

St
iff

ne
ss

 (N
/m

)

Circ. Rad. 

Before
After

p=0.24

p=0.69

c

Fig. 5   Our profilometry protocol does not affect the biaxial mechan-
ics of anterior mitral valve leaflets. a Tension–stretch curves in cir-
cumferential and radial direction before and after applying talcum 
powder and dehydrating for 10 minutes. b Explanation of four quanti-
tative metrics of the biaxial tissue mechanics: Toe Stiffness (StiffToe) , 

Calf Stiffness (StiffCalf ) , Transition Stretch ( �T ), and Degree of Ani-
sotropy ( �

50
 in circumferential direction divided by �

50
 in radial direc-

tion). c Quantitative comparison of the biaxial mechanics of anterior 
mitral valve leaflets before and after applying our profilometry proto-
col



	 C.-Y. Lin et al.

1 3

Fig. 6   Assuming homoge-
neity in thickness leads to 
significantly different material 
response in biaxial stretch of 
anterior mitral valve leaf-
let tissue. Stress fields vary 
between samples when the 
true, spatially varying thick-
ness distributions are used. For 
reference (not shown in figure), 
assuming average thicknesses 
of 1,178.62 μ m in Sample 
1, 777.38 μm in Sample 2, and 
792.08 μ m in Sample 3 would 
yield a uniform stress value of 
41 MPa. Please note, thickness 
data are mapped to a logarith-
mic scale

Fig. 7   Assuming homogeneity in tissue thickness leads to significant 
errors in the predicted constitutive response of anterior mitral valve 
leaflet tissue. a–c Predicted biaxial response of three virtual tissue 
samples under the assumption of homogeneity in tissue thickness ver-

sus the predicted biaxial response of the same samples with the true, 
spatially varying thickness distributions. Please note, “tension” is cal-
culated as the reaction force divided by the reference edge length of 
7 mm

Table 1   Assuming homogeneity in tissue thickness leads to significant errors in our tissue’s bending response

Sample Thickness Free-edge displacement Displacement error Maximum principal Stress

X (mm) Y (mm) X (%) Y (%) Cauchy stress (MPa) error (%)

Sample 1 Homogeneous − 0.0217 ± 0.00174 0.472 ± 0.0174 13.2 0.64 0.77 ± 0.062 3.75
Heterogeneous − 0.025 ± 0.008 0.469 ± 0.031 – – 0.8 ± 0.5 –

Sample 2 Homogeneous − 0.246 ± 0.0171 1.57 ± 0.051 60.32 19.49 1.7 ± 0.15 32
Heterogeneous − 0.62 ± 0.07 1.95 ± 0.17 – – 2.5 ± 1.61 –

Sample 3 Homogeneous − 0.221 ± 0.0156 1.49 ± 0.049 30.94 0.67 1.68 ± 0.145 20
Heterogeneous − 0.32 ± 0.149 1.5 ± 0.2 – – 2.1 ± 1.56 –
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distributions. As with the biaxial tension tests, we found that 
the bending response varied between samples, i.e., spatially 
varying thickness also introduced intra-subject variability 

in bending stiffness. Again, as with the biaxial tension test, 
we found that the assumption of homogeneity overestimates 
the material stiffness when compared to the sample with 

Fig. 8   Assuming homoge-
neity in thickness leads to 
significantly different material 
response in bending of anterior 
mitral valve leaflet tissue. a 
Assuming thickness homogene-
ity leads to artificial stiffening 
of samples, as evidenced by 
their mean bending profiles. 
Note that the shaded area 
reflects the standard deviation 
of the bending profile along 
the sample width. b Similarly, 
assuming thickness homogene-
ity leads to nearly homogeneous 
stress distributions in contrast to 
using the true, spatially varying 
thickness distributions that lead 
to heterogeneous stress fields
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heterogeneous thicknesses, see Table 1 and Fig. 8a. The 
resulting errors in predicted free-edge displacement were as 
large as 60% and 19% in the X- and Y-directions, respectively. 
Because bending is a heterogeneous deformation, we found 
spatially varying element stresses in both cases: when assum-
ing homogeneity and when applying true, spatially varying 
thickness distributions, see Fig. 8b. However, we found sig-
nificantly more spatial variability in the latter case than in 
the former case. Quantitatively, we found element stresses 
in our heterogeneous samples of 0.8 ± 0.5 MPa in Sample 1, 
2.5 ± 1.61 MPa in Sample 2, and 2.1 ± 1.56 MPa in Sample 
3. In contrast, element stresses in the homogeneous case were 
0.77 ± 0.062 MPa for Sample 1, 1.7 ± 0.15 MPa for Sample 
2, and 1.68 ± 0.145 MPa for Sample 3. The bending stresses 
and free-edge displacements are summarized in Table 1. 
Note, under bending, errors for mean stress were as large as 
32% when ignoring heterogeneity in tissue thickness.

3.5 � Assuming homogeneity also accrues significant 
errors in the buckling response of an anterior 
mitral valve leaflet

In a third test, we simulated the deformation of the anterior 
mitral valve leaflet in response to buckling using only one 
virtual sample. We repeated this simulation twice, assuming 
homogeneity or applying a true, spatially varying thickness dis-
tribution. As expected at this point, we found that the response 
between the two simulations differed, see Fig. 9. Specifically, 
when looking qualitatively at the first three buckling modes, 
we found significant deviations in the size, shape, and location 
of displacements. Notably, the buckling deformations of the 
heterogeneous sample were localized in the sample’s thinnest 
regions. Quantitatively, we saw a divergence in eigenvalues 
corresponding to each buckling mode between the two cases. 
Specifically, the homogeneous sample buckled in the first mode 
at a load factor—i.e., eigenvalue—of 10.081 as compared to an 
eigenvalue of 4.4375 in the heterogeneous case. Moreover, for 
the homogeneous case, the second and third buckling modes 
were degenerate, they shared a common eigenvalue of 13.278, 
and were thus equally likely deformations. In contrast, the sec-
ond and third buckling modes of the heterogeneous sample pos-
sessed distinct eigenvalues of 4.7615 and 4.9964, respectively. 
In other words, the second mode occurred before the third, see 
Table 2. Overall, ignoring heterogeneity in a buckling analysis 
leads to widely inaccurate results.

Fig. 9   Assuming homogeneity 
in thickness leads to incorrect 
predictions of the buckling 
modes of a clamped anterior 
mitral valve leaflet sample in 
response to a pressure load. 
Modes 1–3 refer to the first 
three predominant buckling 
modes. Additionally, the dis-
placement is that out of plane
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Table 2   Assuming homogeneity in tissue thickness leads to signifi-
cant errors in our tissue’s buckling response

Mode Thickness Eigenvalue

Mode 1
Homogeneous 10.081
Heterogeneous 4.4375

Mode 2
Homogeneous 13.278
Heterogeneous 4.7615

Mode 3
Homogeneous 13.278
Heterogeneous 4.9964
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4 � Discussion

Soft tissues are infamously heterogeneous. That is, their 
physical properties vary with location. Nonetheless, most 
biomechanical analyses of soft tissues ignore their heteroge-
neity; likely because of experimental hurdles. For example, 
measuring heterogeneous thicknesses of soft tissues is non-
trivial. Therefore, our goal for this work was two-fold: First, 
our goal was to develop a technique to quickly capture non-
destructive, continuous maps of soft tissue thickness under 
high resolution. Our second goal was to apply this technique 
and demonstrate the importance of considering thickness 
heterogeneity in biomechanical analyses of soft tissues.

We accomplished our first goal using an optical profilometry 
microscope. Specifically, we showed that soft tissues speckled with 
talcum powder provide enough contrast to optically create con-
tinuous, high-resolution thickness maps. Importantly, this imaging 
protocol is fast, taking only ten minutes for a 3.8 cm2 sample at 50× 
magnification (Pearce et al. 2022). We also demonstrated that this 
technique does not affect the mechanics of the tissue by repeated 
biaxial tests before applying our imaging protocol and after. Lastly, 
we successfully validated our findings against a mechanical thick-
ness gauge. Together, our technique overcomes the shortcom-
ings of other, more traditional methods such as optical coherence 
tomography, histology, echocardiography, or thickness gauges.

We accomplished our second goal by using a repre-
sentative thickness map to conduct virtual mechanical 
tests. Specifically, we virtually excised three square sam-
ples from the high-resolution thickness map of an ovine 
anterior mitral valve leaflet. On these samples, we con-
ducted planar biaxial tests, bending tests, and a buckling 
analysis. Please note that we chose these deformations 
as representative in-vivo loading modes of mitral valve 
tissue (Sacks and Yoganathan 2007; Rausch et al. 2013). 
Importantly, for each analysis, we compared the predic-
tions when assuming a homogeneous thickness or using 
the true, spatially varying thickness map. We found that 
assuming homogeneity can lead to widely inaccurate 
predictions under all three deformation modes. Most sur-
prising to us was the magnitude of errors that could be 
accrued; ranging from 21% under biaxial tension up to 
60% under bending. Such errors likely exceed many other 
effects, including disease or treatment effects, and could 
thus mask important findings in biomechanical analyses.

Together, accomplishing our two goals represents an 
important contribution to the soft tissue biomechanics lit-
erature. That is, while most of us likely expected that we 
should include thickness heterogeneity in our analyses, the 

magnitude of errors we accrue by assuming homogeneity 
was surprising to us. Combined with our tangible and easy 
imaging protocol, we hope to not only inspire but also enable 
others to include thickness heterogeneity in their future bio-
mechanical analyses. It should also be noted that our speck-
ling protocol is not only useful when being used in combina-
tion with a Keyence scope, but can likely also be applied to 
other, laser-based thickness measurement techniques.

Of course, our work, like all others, is subject to limitations. 
Most importantly, we tested our protocols against only one type 
of soft tissue: ovine anterior mitral valve leaflet. Thus, others 
may repeat similar analyses as ours on their favorite soft tissue. 
However, we would like to highlight that our tissue of choice 
represents other tissues well in that it is highly hydrated, highly 
collageneous, semi-transparent, and, of course, soft (Hasan et al. 
2014). In other words, we believe our tissue represents other tis-
sues reasonably well. Also, please note that we demonstrated the 
importance of heterogeneous thickness maps using only virtual 
means. We did so because it allowed us to directly contrast the 
assumption of homogeneity against using true, spatially varying 
thickness maps, which would not be possible experimentally. 
However, that also means that our findings are subject to the 
usual limitations of computational simulations. For example, we 
modeled our materials as hyperelastic and ignored time-depend-
ent, viscoelastic effects, etc. (Holzapfel et al. 2001). Finally, we 
only considered one type of heterogeneity in our current work: 
that of thickness. Of course, our tissue likely also demonstrates 
other forms of heterogeneity, for example in stiffness. We will 
explore the importance of heterogeneity in stiffness similarly to 
this current work in the future.

In conclusion, we introduced a non-destructive, fast 
method to obtain continuous, high-resolution thickness maps 
of soft tissues. We validated our technique against thick-
ness gauge measurements and demonstrated this technique 
on an ovine anterior mitral valve leaflet. Importantly, we 
also showed that our imaging protocol does not affect the 
mechanics of soft tissues. Finally, we used our high-resolu-
tion thickness map of an ovine anterior mitral valve leaflet 
to demonstrate the importance of including thickness hetero-
geneity in biomechanical analyses. Thereby, we showed that 
assuming homogeneity accrues significant errors under all 
three deformation modes. Thus, we recommend that biome-
chanicians consider thickness heterogeneity in their future 
analyses and hope they will use our technique to do so.

Appendix

See Figs. 10 and 11.
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Fig. 10   The errors resulting from the assumption of thickness homoge-
neity are sensitive to applied stretch but not bending moment. a That is, 
under equibiaxial stretch the errors in predicted element stresses increase 
with applied stretch. Moreover, errors in membrane tension increase up 

to a stretch of nearly 1.2 and decrease thereafter. b In contrast, the errors 
under bending are mostly insensitive to applied bending moment

Fig. 11   Assuming homogeneity in thickness leads to significant errors 
under biaxial stretch of anisotropic samples too. Here, we repeated 
our numerical analyses using the Gasser–Ogden–Holzapfel model (as 
opposed to a Neo–Hookean model) with parameters c

0
= 17.2  MPa, 

c
1
= 0.75 MPa, c

2
= 5.8 , and � = 0.11 (Rausch et al. 2013). a Compares 

the tension–stretch response of three tissue samples under equibiaxial stretch 
assuming tissue homogeneity and using true, spatially varying thicknesses. 

When assuming homogeneity, all three samples generate uniform element 
principal stresses of 1,246.89 MPa. In contrast, true, spatially varying thick-
nesses lead to heterogeneous stresses as shown in the inserts. b Quantita-
tively, the error resulting from the assumption of thickness homogeneity is 
highly strain dependent but as large as 20% in both stress and tension. Inter-
estingly, errors in membrane tension and element stresses are largest in the 
“toe” and “heel” regions of the J-shaped curve, respectively
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