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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Why are soft collagenous tissues so tough?
Jingyuan Tang1, Xi Chen1, Fengkai Liu1, Liangsong Zeng1†, Zhigang Suo2*, Jingda Tang1*

Bovine pericardium is the tissue of choice for replacing heart valves of human patients in minimally invasive sur-
gery. The tissue has an extraordinarily high toughness of ~100 kilojoules per square meter. Here, we investigate 
the origin of the toughness through mechanical tests and microscopic observations. In the tissue, crimped, long, 
strong collagen fibers are embedded in a soft matrix. As a crack grows in the matrix, the fibers decrimp, reorient, 
slip, and bridge the crack. These microscopic processes enable the fibers to transmit high tension over a long dis-
tance. Using two types of experiments, we measure the bridging traction as a function of crack separation, σ(δ). 
The peak traction is σ0 ~ 60 megapascals. The maximum separation is δ0 ~ 6 millimeters, two to four orders of 
magnitude higher than that of hard tissues. Both the high traction and large separation of the bovine pericardium 
contribute to its high toughness.

INTRODUCTION
Soft collagenous tissues, such as skin, tendon, fetal membrane, and 
heart valve, have high toughness (1–4). For example, during amnio-
centesis, a human fetal membrane is punctured by a needle with a 
diameter of ~1 mm but resists rupture and prevents miscarriage (5). 
As another example, bovine pericardium (BP) membrane, harvest-
ed from the bovine heart, has been used to replace heart valves of 
human patients (Fig.  1A). The replaced heart valve resists crack 
growth after hundreds of millions of cycles (6, 7).

This paper investigates the origin of the high toughness of the BP 
membrane using a combination of mechanical tests and microscop-
ic observations. This study has become urgently needed. When used 
in human patients, BP has a limited service time of less than 10 years 
due to calcification, necessitating repeated surgeries (8). Efforts have 
been made worldwide to develop synthetic polymers to substitute 
BP, but such efforts have been unsuccessful because these synthetic 
substitutes grow cracks (9).

The BP membrane used in this work has a thickness of ~300 μm 
(Fig. 1B). Multiphoton microscope images show the collagen fiber 
network (Fig. 1C) and elastin fiber network (Fig. 1D). In the mem-
brane, the collagen fibers are crimped and form a network, embed-
ded in a matrix of elastin and proteoglycan (10) (Fig.  1E). The 
collagen has a hierarchical structure (Fig.  1F). Three polypeptide 
chains form a triple helix by hydrogen bonds and covalent bonds, 
called the tropocollagen (11). The length of a tropocollagen is ~300 nm. 
The tropocollagen helices are staggered and cross-linked by covalent 
bonds to form a collagen fibril (12, 13). A collagen fibril has a length 
of 0.5~10 mm and a diameter of 50~500 nm (14–17). The fibrils 
form collagen fibers of a diameter of 10~50 μm and a length of 
~10 mm. The strength of a collagen fiber is 30~200 MPa (18–20). 
The collagen fibers are interconnected by elastin, proteoglycan, 
and small diameter fibrils (3). The elastin fibers have a modulus 
of 300~600 kPa, and the elastin network has a low toughness of 20 J/
m2 (21). The crimped collagen fibers enable softness at small to 
moderate stretches but high resistance to crack growth at a large 

stretch (3). Elastin enables high elasticity of the collagen network at 
small deformation (22). The proteoglycan keeps the tissue hydrated 
and separates the fibrils to allow them to slip (23).

When crack grows in the soft collagenous tissue, collagen fibers 
recruit and form a bridging zone at the crack tip to hinder the 
crack growth (1, 2, 5, 24–26). Crack bridging is characterized by a 
traction-separation curve (27). Traction-separation curves have 
been used to describe crack growth in various materials, as well as 
adhesion between dissimilar materials (28–34). In this work, we 
aim to measure the traction-separation curve of BP to reveal the 
toughening mechanism, which will help the development of bio-
mimetic materials.

This paper investigates the origin of the high toughness of BP 
through mechanical tests and microscopic observations. We measure 
the traction-separation curve of BP using two methods. In the first 
method, a sample is cut from two edges, leaving a ligament contain-
ing a small number of collagen fibers. We pull the sample and mea-
sure the traction-separation curve. Slip between the fibers is observed. 
In the second method, a sample is cut with a long crack. We pull the 
sample and observe the crack growth. When a crack impinges upon a 
collagen fiber, the surrounding soft and weak matrix enables the fiber 
to decrimp, reorient, and slip. As the crack grows, the collagen fibers 
pull out from the matrix and bridge the crack surfaces (Fig. 2). Two 
values of energy release rate are identified, GA and GB. The precut 
crack starts to grow at GA, when the fibers decrimp and reorient. As 
crack grows, the fibers are pulled out from the matrix and bridge the 
crack surfaces. At GB, multiple cracks are observed far away from the 
precut crack tip. We measure the energy release rate as a function of 
crack separation and convert this function to the traction-separation 
curve σ(δ). The two methods give comparable traction-separation 
curves. The peak traction of BP is σ0 ~ 60 MPa, close to that of hard 
tissues (e.g., fish scale and bone). The maximum separation of BP is 
δ0 ~ 6 mm, two to four orders of magnitude higher than that of hard 
tissues. We further investigate how traction-separation curves vary 
with samples with different fiber orientations and dehydration. It is 
hoped that this investigation will aid the development of synthetic 
materials of high crack resistance.

RESULTS
Fiber pullout experiment
We prepare a rectangular membrane with a width of 10 mm and a 
height of 30 mm. The sample is cut from two edges in the middle 
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Fig. 1. Structure of bovine pericardium (BP). (A) BP membrane is harvested from the bovine heart. (The figure is partly created using Servier Medical Art, licensed under 
Creative Commons Attribution 4.0 International. https://creativecommons.org/licenses/by/4.0/) (B) Photo of a BP membrane. The multiphoton images of the (C) collagen 
fiber network and (D) elastin fiber network. (E) Schematic of a network of collagen fibers embedded in a matrix of elastin and proteoglycan. (F) Hierarchical structure of 
collagen: tropocollagen, fibril, and fiber.

Fig. 2. Collagen fibers bridge a crack growing in the soft matrix. When the crack grows in the soft matrix, the collagen fibers decrimp, reorient, and slip, bridging 
the crack.
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plane, leaving a ligament of a width of ~300 μm, with a small num-
ber of collagen fibers (Fig. 3A). The upper and lower edges of the 
sample are glued between acrylic sheets. The edges are gripped by a 
tensile tester and are pulled, whereas the pullout of the fibers is re-
corded by a video camera (Fig. 3B). Before the test, the upper and 
lower parts of the sample are connected only by the ligament. As the 
upper grip displaces, the ligament begins to pull out. Because of the 
multilayered structure of the membrane and the dispersion of fiber 
orientation, the ligament delaminates. As the displacement increases, 
most of the short fibers are completely pulled out, leaving only a thin 
fiber, ~80 μm in width, connecting the upper and lower parts of 
the sample.

We record the force-displacement curves of the samples (Fig. 3C). 
Because the entire specimen undergoes elastic deformation during 
the pullout, we remove the elastic deformation from the total dis-
placement to obtain the separation δt (Fig. 3D and fig. S1). The trac-
tion σ is obtained by dividing the force by the cross-sectional area in 
the undeformed state. When the fibers begin to be pulled out, the 
traction increases sharply, peaks at ~53 MPa, and then decreases. 
After ~6 mm of pullout, the traction becomes negligible.

To investigate the microscopic process of fiber pullout, polarized 
light microscope images are captured during the pullout process of 
ligaments (Fig. 4A). Before conducting the pullout test, microscope 
images are taken to measure the initial width of each ligament 
(Fig. 4A, I). As the pullout begins, the upper and lower parts of the 
specimen deform along the pullout direction, and the fibers within 

the ligament begin to decrimp. The ligament is then steadily pulled 
out, with the uncrimped fibers slipping out of the lower part of the 
specimen (Fig. 4A, II). The membrane has multiple layers of fibers 
in different orientations. As the ligament is pulled, the membrane 
delaminates (Fig. 4A, III). Last, the ligament with a total length of 
~10 mm is completely pulled out (Fig. 4A, IV). Such a long pullout 
length results from the long initial length and recruitment of colla-
gen fibers. Microscopic observation of the complete fiber pullout 
process is shown in movie S1. The pullout behavior of collagen fi-
bers depends on the loading speed because the interfiber sliding is 
related to the loading speed (35, 36). When the fiber is pulled out at 
a lower speed of 2 mm/min, the peak traction is lower than that of 
samples loaded at 20 mm/min, and the fiber pullout length is higher. 
When the fiber is pulled out at a higher loading speed of 200 mm/
min, the peak traction is higher than that of samples loaded at 20 mm/
min, but the fiber pullout length becomes lower (fig. S3).

To further study the microstructural change of the fibers, multi-
photon images are taken (Fig.  4B). Before the pullout test, the 
crimped collagen fibers are embedded in the elastin networks 
(Fig. 4B, I). As the pullout begins, the fibers decrimp and reorient. 
The pullout of the ligament also affects the surrounding fibers to 
reorient along the pullout direction (Fig. 4B, II). As the long fibers 
are pulled out, elastin can be observed on the fibers (Fig. 4B, III). 
Images are taken every 5 μm along the thickness direction of each 
sample. The three-dimensional (3D) morphology of the pullout 
sample is shown in fig.  S2. The morphology of collagen fibers in 

Fig. 3. Pull out a small number of fibers from a membrane. (A) A sample is cut from two edges, leaving a ligament of a width of ~300 μm, with a small number of 
collagen fibers. The sample is then pulled. (B) Four snapshots of the sample. (C) Pullout force-displacement curves of several samples. (D) Traction-separation curves, σ(δt). 
The number of samples, n = 4.
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different layers of the sample along the thickness direction is shown 
in movies S2 and S3.

Crack growth experiment
We then examine crack growth in membranes. We precut a crack in a 
membrane, stretch the membrane and observe the crack tip using the 
polarized light microscope and scanning electron microscope. In the 

undeformed sample, the crack tip remains intact, and the fibers are 
crimped (Fig. 5A). Upon stretching, the crack initially blunts rather 
than grows. The crimped fibers straighten and reorient along the 
stretching direction (Fig. 5B). Upon further stretching, the crack grows 
in the matrix, and the fibers pull out and bridge the crack (Fig. 5C).

The crack growth experiment also enables us to determine the 
traction-separation curve σ(δ). A rectangular sample with a precut 

Fig. 4. Snapshots of fiber pullout. (A) Polarized light microscope images I, II, III, and IV are taken from the same sample. (B) Multiphoton images I, II, and III are taken from 
three different samples. Collagen fibers are shown in green, and elastin is shown in red.

Fig. 5. Images of a crack tip in the polarized light microscope and scanning electron microscope. (A) An undeformed sample contains a precut crack. (B) When the sample 
is stretched, the crack blunts, and the fibers at the crack tip decrimp and reorient to the stretching direction. (C) As the crack grows in the matrix, the fibers bridge the crack.
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crack is prepared, clamped along its two long edges, stretched, and 
observed in a video camera. The sample has an initial height of H 
(Fig. 6A). When the sample is stretched to the current height of h, 
the stretch is defined by λ = h/H (Fig. 6B). Let W(λ) be the energy 
per volume stored in uncracked samples. The energy release rate is 
given by (37)

 

To convert the stretch to the energy release rate, we calculate W 
using the area under the stress-stretch curve of the precut sample, 
considering the large statistical variability in soft collagenous tissues.

From the video, we take several snapshots, in which we iden-
tify two values of energy release rate: GA and GB (Fig. 6C). The 
surface of the precut crack is inked, and the membrane is then 
stretched. When G < GA, the crack blunts, and the inked surface 

remains continuous, whereas the fibers reorient and decrimp. 
When G = GA, the ink breaks, and the crack starts to grow in the 
matrix. When GA < G < GB, the crack surfaces separate by a dis-
placement δt, and the fibers pull out and bridge the crack with a 
traction, σ. Both δt and σ vary from point to point along the crack. 
The bridging traction is a function of the crack separation, σ(δt). 
Denote the distance between the crack surfaces at the tail by δt. In 
the experiment, as G increases, δt also increases and is recorded, 
giving the function G(δt). On the basis of the assumption of small 
scale bridging, the two functions, σ(δ) and G(δt), are related by (38)

 

G = HW(λ) (1)

G
(

δt
)

= GA +

δt

∫
o

σ(δ)dδ (2)

Fig. 6. Experiment of crack growth. (A) Cut a long rectangular sample from a membrane, cut the sample with a crack, and ink the surface of the crack. (B) When the 
sample is stretched, the crack grows in the matrix, and the fibers bridge the crack. The distance between the broken ends of the ink defines the separation at the tail of 
the crack, δt. (C) Snapshots of the crack. (D) The energy release rate G is a function of crack separation δt. (E) Traction-separation curve, σ(δt).
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Differentiating the above equation with respect to δt, we ob-
tain that

This equation can be used to determine the function σ(δt) from 
the experimentally measured function G(δt) (30). When G = GB, the 
sample starts to fail globally, with multiple cracks observed far away 
from the precut crack tip.

We measure δt by the distance between the two ends of the broken 
ink, measure G by Eq. 1, and plot the experimentally obtained func-
tion G(δt) (Fig. 6D). The separation of the crack at the tail, δt, is re-
corded using a camera with a resolution of ~10 μm. This resolution 
sets a limit on what we can determine when the inked surface breaks. 
We fit the initial portion of the recorded G-δt curve by a quadratic 
polynomial and extrapolate the energy release rate GA at which the 
crack growth initiates. This procedure gives GA ​= 16.2 kJ/m2. Our 
experiment records that GB = 112.1 kJ/m2. According to Eq. 3, the 
traction-separation curve is determined by differentiating G with re-
spect to δt (Fig.  6E). When the crack begins to open, the traction 
sharply reaches the peak of σ0 ~ 60.9 MPa at a small separation of 

60 μm. As the separation further increases, the traction gradually de-
creases, until the sample fails globally at a maximum separation of 
δ0 ~ 4.8 mm. The pullout behavior of collagen fibers at the crack tip is 
related to the loading speed (fig. S4). When the loading speed is 2 mm/
min, the collagen fibers at the crack tip pull out steadily. When the 
loading speed is 200 mm/min, the fiber pullout events reduce obvi-
ously, and global failure of the sample occurs quickly.

Effect of sample height on the traction-separation curve
The traction-separation curve has been used as a material property 
to evaluate the toughness and bridging zone size. It is necessary to 
verify whether the measured traction-separation curve is indepen-
dent of the sample geometry. We change the sample height and 
conduct the crack growth experiment. When the sample height 
H > 5 mm, all the samples undergo the sequential processes of crack 
bridging and global failure (fig. S5). The function G(δt) is indistin-
guishable for various sample heights (Fig. 7A). For the sample with 
a height of 5 mm, G reaches GB at a very small crack separation δt 
because the sample undergoes global failure quickly instead of 
forming a bridging zone after crack growth. Thus, the measure-
ments of δt and G will stop prematurely. We obtain GA for various 
sample heights (Fig.  7B). When H  >  5 mm, GA almost does not 

dG
(

δt
)

dδt
= σ

(

δt
)

(3)

Fig. 7. Crack growth experiments with samples of various heights. (A) Energy release rate G as a function of the crack separation δt. (B) Energy release rate at crack 
growth initiation, GA, and (C) the energy release rate at global failure, GB. The traction-separation curves of samples with various heights of (D) 8 mm, (E) 10 mm, (F) 13 mm, 
and (G) 15 mm. (H) Peak bridging traction σ0 and (I) the maximum crack separation δ0 change negligibly with the sample height. The number of samples, n = 3, for all 
heights. Significant differences (P < 0.05) are indicated by the Kruskal-Wallis test.
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change with the sample height, reaching a plateau of ~13.2 kJ/m2. 
When H  =  5 mm, GA of the sample is lower than that of higher 
samples. This is because the small sample height limits a region at 
the crack tip, within which fibers decrimp and reorient. We then 
obtain GB of samples with various heights (Fig. 7C). When H > 8 mm, 
GB reaches a plateau of ~107.3 kJ/m2, also higher than that of samples 
with height of 5 mm. We further investigate the effect of initial crack 
length on the crack propagation process of samples (fig. S6). For the 
sample height of H =  5 mm, the samples undergo global failure 
quickly, no matter the initial crack length is 10 or 20 mm. For the 
sample height of H = 10 mm, the samples undergo crack bridging 
and global failure in sequence, no matter the initial crack length is 
10 or 20 mm.

The traction-separation curves for various sample heights show 
the same trend (Fig. 7, D to G). The traction increases sharply to the 
peak and gradually decreases with a large crack separation. Both the 
peak traction σ0 and the maximum separation δ0 are compared 

(Fig. 7, H and I). The average σ0 is ~64.1 MPa, and the average δ0 is 
~6.9 mm. The results confirm that the traction-separation curve ob-
tained by the crack growth experiment is independent of the sample 
height. When H = 5 mm, it is difficult to observe the complete bridg-
ing process, so the traction-separation curves are not calculated.

Effect of fiber orientation on the traction-separation curve
The distribution of fibers in any given BP membrane is usually un-
even, with fibers highly aligned in some regions and not aligned in 
other regions (39). We use the small-angle light scattering (SALS) test 
to detect the fiber orientation in the membrane (fig.  S7, A and B). 
Samples are divided into three categories (40,  41). The samples in 
which fibers are not aligned are called highly dispersed (HD) samples. 
Of samples in which fibers are highly aligned, those loaded in the di-
rection perpendicular to the fibers are called crossfiber-direction 
(XD) samples, and those loaded in the direction parallel to the loading 
direction are called preferred-direction (PD) samples (Fig. 8A).

Fig. 8. Crack growth experiments using samples with various fiber orientations. (A) The membrane is divided into three groups depending on the relation between 
the loading direction and fiber aligned direction. (B) Energy release rate G as a function of the crack separation δt. (C) Energy release rate at crack growth initiation, GA. 
(D) Energy release rate at global failure, GB. (E) Traction-separation curves and (F) the peak traction σ0 of samples with various fiber orientations. The multiphoton images 
at the crack tip of the (G) PD sample, (H) HD sample, and (I) XD sample in the undeformed state and deformed state. The sample height is fixed at 10 mm for all the tests. 
The number of samples, n = 3, for HD, XD, and PD groups. Significant differences (P < 0.05) are indicated by the Kruskal-Wallis test.
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We conduct the crack growth experiment to measure the traction-
separation curves of the three groups of samples. The stress-stretch 
curves show that PD samples have the highest maximum stress and 
modulus among three groups, whereas the XD samples have the low-
est values (fig. S7C). We also measure the function G(δt) for the three 
groups of samples (Fig. 8B). Note that GA is 5.9, 14.9, and 4.2 kJ/m2 
for PD, HD, and XD samples, respectively (Fig. 8C). For XD samples, 
scanning electron microscope images show that, when the crack 
starts to grow, most of the fibers still align perpendicularly to the 
stretch direction and do not bear load. Only a few fibers reorient and 
decrimp (fig. S8A). In contrast, for both PD and HD samples, all fi-
bers are aligned along the stretch direction when crack starts to grow 
(fig. S9A). For PD samples, the fibers are initially aligned along the 
stretching direction. When the crack opens, GA originates only from 
fiber decrimp. For HD samples, nearly all fibers reorient and decrimp 
during stretch, leading to the highest GA. We then determine GB of 
three groups of samples and find that GB of the XD sample is notably 
lower than that of other two groups (Fig. 8D).

The fiber orientation also influences the crack bridging behavior. 
We determine the traction-separation curves of the three groups of 
samples. We plot one traction-separation curve from each of the 
three groups of samples (Fig. 8E) and show the repetitive results in 
fig. S10. We compare the peak traction σ0 (Fig. 8F). Both HD and 
PD samples have similar values of σ0, which are higher than that of 
XD samples. Multiphoton images and scanning electron micro-
scope images are taken for the crack tips in the undeformed state 
and deformed state. For PD samples, the fibers are crimped and 
align along the loading direction in the undeformed state. After the 
crack growth, the fibers are densely arranged in the bridging zone 
(Fig. 8G and fig. S9B). For HD samples, the 2D and 3D multiphoton 
images show that fibers do not align in the undeformed state. How-
ever, in the deformed state, all fibers reorient along the stretch direc-
tion and contribute to bridging the crack (Fig. 8H and fig. S11). In 
contrast, for XD samples, all fibers align perpendicularly to the 
loading direction in the undeformed state. As the crack grows, most 
fibers do not reorient, neither participate in crack bridging, leading 
to the lowest traction (Fig. 8I and fig. S8B).

Effect of dehydration on the traction-separation curve
The bridging zone at the crack tip of the membrane forms by pullout 
of fibers. To investigate the effect of fiber pullout on the bridging 
behavior, we dehydrated the BP membrane. We fix both sides of the 
membrane with glass plates to ensure that the membrane remains 
flat during dehydration. Then, we place the membrane in an oven at 
a constant temperature of 50°C for 24 hours. After drying, the 
weight of the membrane is reduced by 80%, and the dehydrated 
membrane becomes optically transparent. The dehydration treat-
ment makes the collagen molecules form more collagen-collagen 
hydrogen bonds rather than collagen-water hydrogen bonds; thus, 
the interfibrillar interaction increases (42,  43) (Fig.  9A). Conse-
quently, the slip and deformation of collagen fibers are constrained. 
When pulling out a fiber, the fiber is more likely to break rather 
than slip.

We conduct the crack growth experiment of the dehydrated 
membrane and observe the crack tip during the stretching process. 
When stretching the dehydrated membrane, the crack grows by fi-
ber break (Fig. 9B). We observe the contours of strain EYY around 
the crack tip using the digital image correlation method. The strain 
concentration at the crack tip of dehydrated BP is higher than that 

of fresh BP (Fig. 9C). The stronger interaction between fibers causes 
a shorter load transfer length for dehydrated BP, leading to the strain 
concentration at the crack tip (44). The stress-stretch curves are re-
corded, in which the dehydrated sample reaches the maximum 
stress at a small stretch. Both the modulus and maximum stress of 
dehydrated membrane are much higher than that of fresh mem-
brane (fig. S12). We compare the function G(δt) for dehydrated and 
fresh membranes (Fig. 9D). The fibers in the dehydrated membrane 
break at a small separation of δt ~  1.4 mm. After fiber break, the 
crack grows steadily, and the energy release rate G reaches a plateau. 
When the separation is small, the energy release rate G of dehydrat-
ed membrane rises more quickly than that of fresh membrane. 
When the separation is large, G keeps growing for fresh membrane 
but stops growing for dehydrated membrane.

We compare GA between fresh samples and dehydrated samples. 
GA of the dehydrated sample is ~25 times lower than that of the fresh 
sample. Dehydration also decreases GB obviously (Fig.  9E). The 
scanning electron microscope images show that, at the crack tip of 
the dehydrated BP, the fibers do not reorient completely. Instead, 
laminated crossover fibers bridge the crack surface in the bridging 
zone and some fibers are broken at the wake of the crack (fig. S13). 
Thus, GA of the dehydrated sample is smaller. Because of the prema-
ture fiber breakage, the bridging zone at the crack tip is small; thus, 
GB decreases.

We obtain the traction-separation curves for both the fresh BP 
and dehydrated BP (Fig. 9F). The peak traction is σ0 ~ 102 MPa for 
dehydrated BP and σ0  ~  63 MPa for fresh BP (Fig.  9G). When 
stretching the dehydrated samples, fibers break due to the enhanced 
interaction between the fibers. For the same fiber length, fiber break 
can provide a larger bridging stress than fiber pullout. The dehydra-
tion decreases the maximum separation δ0, from ~6.1 mm for fresh 
BP to ~1.4 mm for dehydrated BP. Because fibers break at the crack 
surface rather than being pulled out, the maximum separation of 
the dehydrated sample is much smaller than that of the fresh sample.

DISCUSSION
Crack bridging is ubiquitous in materials. On the plane of σ0 and δ0, 
we plot the data of soft tissues, hard tissues, and synthetic materials 
(30, 34, 45–50) (Fig. 10A). BP shows a high peak traction σ0 ~ 60 MPa. 
This value is close to that of bone and nacre but much higher than 
that of unidirectional fiber/epoxy composite (45, 49, 51). The maxi-
mum separation δ0 ~  6 mm of BP is among the highest in both 
biological tissues and synthetic materials. For nacre and bone, 
δ0 ~ 10 μm. For unidirectional fiber/epoxy composite, δ0 ~ 1 mm.

Crack bridging makes the BP flaw insensitive. The flaw insensitiv-
ity can be quantified by the fractocohesive length, defined as Gc/Wc 
(52, 53). Here, Wc is the work of fracture, defined by the area under 
the stress-stretch curve of a sample without a precut crack (fig. S14). 
For BP, Wc = 2.16 × 103 kJ/m3. For applications that do not tolerate 
crack growth, we take Gc to be the critical value of the initiation of 
crack growth, GA  ~  15 kJ/m2. For applications that tolerate crack 
growth, we take Gc to be the critical value of the plateau of the energy 
release rate, GB ~ 108 kJ/m2. Using these values, the fractocohesive 
length of BP ranges from ~10 to ~50 mm. The fractocohesive length 
may explain the scale independent results in crack growth experi-
ments of Fig. 7, where both the GA, GB, and the traction-separation 
curves do not depend on the sample height H when it approaches 
~10 mm. On the plane of Gc and Wc, we plot the data of soft tissues, 
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hard tissues, and synthetic materials (2, 34, 37, 46, 53–60). Hard tis-
sues (e.g., nacre and bone) show a much shorter fractocohesive 
length of ~1 mm (56, 58–60). The work of fracture Wc of nacre is 
comparable to that of BP, but the toughness Gc of nacre is two orders 
of magnitude lower than that of BP. Thus, the fractocohesive length 
of nacre is two orders of magnitude shorter than that of BP. It is wor-
thy to note that, for some soft collagenous tissues, such as rhinoceros 
dermis and aorta, collagen fibers may break during crack propaga-
tion. The break of collagen fibers also contributes to toughening these 
tissues (61,  62). Furthermore, biological tissues also exhibit other 
toughening mechanisms at microscopic scales due to the hierarchical 
structure. For instance, the toughness of bones may stem from the 
action of sacrificial bonds and hidden length (63).

The crack bridging mechanism of various materials is compared 
(Fig. 10C). In the silica glass, each oxygen atom binds with two sili-
con atoms, and each silicon atom bonds four oxygen atoms. At a 
crack tip in the silica glass, the “bridging zone size” is limited to the 

atomic scale, on the order of 10−9 m. The toughness of silica glass is 
the bond energy per unit area in a single atomic layer, on the order 
of 10−3 kJ/m2. For hard tissues like nacre, the crack growth involves 
the pullout of mineral platelets embedded in the protein-rich ma-
trix. The length of the platelets is ~10 μm, and the bridging zone size 
is ~10−4  m. The toughness of nacre is ~1 kJ/m2 (34). For BP, the 
bridging zone size is ~10−2 m, and the toughness reaches 100 kJ/m2. 
For the unidirectional fiber/epoxy composite, crack grows in the fi-
ber direction and is bridged by crossover fibers. The bridging zone 
size of the composites is ~1 m, with an interlaminar toughness of 
~1 kJ/m2 (30).

The architecture and microscopic processes of the BP membrane 
inform the development of biomimetic materials. As a replacement 
for human heart valves, BP usually does not fail by growing cracks 
but by calcification, so that such heart valves only last less than 
10 years (8). This limitation has long motivated the development of 
BP-like synthetic materials (64). The reported synthetic materials do 

Fig. 9. Crack growth experiments using dehydrated samples. (A) When the membrane is dehydrated, hydrogen bonds form between collagens rather than between 
collagen and water. (B) Fiber breaks during the crack propagation in the dehydrated membrane. (C) Contours of strain EYY and the strain concentration factor at distance 
Y from the crack tip measured in the undeformed state. (D) Energy release rate G as a function of crack separation δt. (E) Energy release rate at crack growth initiation, GA, 
and the energy release rate at global failure, GB. (F) Traction-separation curves and (G) the maximum traction σ0 and the maximum separation δ0 of fresh and dehydrated 
membranes. The sample height is fixed at 10 mm for all the tests, and the HD samples are used. The number of samples, n = 3, for both fresh samples and dehydrated 
samples. Significant differences (P < 0.05) are indicated by Student’s t test.
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not match the toughness of BP. The materials need to fulfill two fun-
damental mechanical requirements: a low modulus to ensure open-
ing and closing in pulsatile flow and a high crack resistance. The 
current study suggests a strategy to develop such materials by em-
bedding a knitted fabric in a soft polymer matrix. The fibers need to 
be long and strong. When the stretch is small to modest, the knitted 
fabric is easily stretched, so that the composite is soft. When the 
stretch is large, the knitted fabric is stiff and strong. The soft matrix 
enables a fiber to transmit tension over a long length. We report this 
development elsewhere (65). In addition, future research can inte-
grate existing constitutive relations of tissues with crack bridging 
model to predict the crack propagation of soft collagenous tissues 
under different loading conditions (66).

In this work, we investigate the origin of the high toughness of 
BP through mechanical tests and microscopic observations. We 
measure the traction-separation curve of BP using two methods: 
fiber pullout and crack growth. When pulling out from the matrix, 
the fibers decrimp and reorient, and the pullout length is ~10 mm. 
When stretching a sample with a precut crack, two values of energy 
release rate are identified, GA and GB. The crack starts to grow at GA, 
and the sample undergoes global failure at GB. We measure the en-
ergy release rate as a function of crack separation, G(δt), and convert 
this function to the traction-separation curve, σ(δ). The two 

methods give comparable traction-separation curves. The peak trac-
tion is σ0 ~ 60 MPa, close to that of hard tissues. The maximum 
separation is δ0 ~ 6 mm, two to four orders of magnitude higher 
than that of hard tissues. Both the high traction and large separation 
contribute to high toughness. The traction-separation curve does 
not change with the sample height but varies with the fiber orienta-
tion. The traction is the highest when the fibers align along the load-
ing direction and is the lowest when the fibers align perpendicular 
to the loading direction. Moreover, we enhance the resistance to fi-
ber pullout by dehydrating the membrane. After dehydration, the 
separation decreases but the traction increases due to the break of 
fibers at the crack surface. Lessons drawn from the biological tissue 
are expected to aid the development of synthetic materials.

MATERIALS AND METHODS
Materials
Fresh BP membrane is purchased from Maverick Biosciences Cor-
poration (New South Wales, Australia) and supplied by courtesy of 
NewMed Medical Corporation (Shanghai, China). The tissue is har-
vested and transported to Maverick Biosciences Corporation within 
24 hours of animal slaughter. After purchasing the pericardium, we 
store it in a refrigerator at 4°C until testing.

Fig. 10. Crack bridging in several materials. The materials are represented (A) on the plane of peak traction σ0 and maximum separation δ0 and (B) on the plane of 
toughness Gc and work of fracture Wc. The dashed lines denote the fractocohesive length Gc/Wc. (C) Bridging zone size and bridging mechanism of a few represented 
materials, including silica glass, nacre, soft collagenous tissue, and unidirectional fiber reinforced composite.
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SALS test
We use the SALS test to nondestructively detect the orientation of 
collagen fibers (fig. S7). To increase the optical transparency, before 
the SALS test, the membrane is submerged sequentially in aqueous 
solutions of various concentrations of glycerol (20, 40, 60, 80, and 
100%, twice) (39). The custom-designed SALS device consists of a 
He-Ne laser source (wavelength, 640 nm), a projecting screen, and a 
digital camera. The BP membrane has a square shape with dimen-
sions of ~10 cm by 10 cm. The alignment of collagen fibers in the 
membrane may vary from region to region, so the membrane is di-
vided into small square areas (2 cm by 2 cm). Then, the membrane 
is sandwiched between two glass plates. When the laser beam verti-
cally passes through the membrane, a scattering pattern on the pro-
jecting screen reveals the orientation of fibers. A circular scattering 
pattern indicates that the fibers are not aligned, and an elliptical 
scattering pattern indicates that the fibers are highly aligned. Each 
small square area is detected, and the scattering patterns on the pro-
jecting screen are recorded using the digital camera.

Each scattering pattern is approximated by an ellipse, with ec-
centricity extracted using MATLAB. According to the eccentricity 
of each pattern, different parts of the membrane are sorted into two 
groups. The parts with the eccentricity below 0.5 are sorted into 
groups where collagen fibers are not aligned. The parts with the ec-
centricity over 0.7 are sorted into groups where collagen fibers are 
highly aligned (67). The fiber aligned direction coincides with the 
short axis of the elliptical scattering pattern. The BP membrane 
(10 cm by 10 cm) is stored in a refrigerator at 4°C after the SALS 
test. Before mechanical testing of samples, the BP membrane needs 
to be rehydrated using the aqueous solutions of glycerol (80, 60, 40, 
20, and 0%, twice). Then, the prepared samples are soaked in deion-
ized water for 12 hours to ensure complete rehydration. During test-
ing, the samples are quickly taken out from the deionized water and 
tested immediately. A humidifier is used to prevent dehydration of 
the samples during the tests.

Multiphoton imaging
A sample is stretched and the displacement is held fixed by a loading 
frame (fig.  S15). The membranes are placed between a glass slide 
and a glass coverslip. The sample, along with the frame and the 
glasses, is transferred into a multiphoton microscope (Leica SP8 
DIVE) with a 25× objective lens immersed in water. The excitation 
wavelength is set at 820 nm to generate the two-photon excited fluo-
rescence from elastin (520 to 550 nm) and the second harmonic 
generation from collagen (397 to 420 nm). The specimens are 
scanned from the top to the bottom in the thickness direction, cap-
turing images of each layer at an increment of 5 μm.

Scanning electron microscopy
We use an acrylic frame to fix the sample with a certain stretch and 
then immerse the sample in 2.5% glutaraldehyde at 4°C for 24 hours 
to fix the microstructure of the membrane. The fixed membrane is 
then immersed in aqueous solution of ethanol solutions of ascend-
ing concentrations (20, 40, 60, 80, 90, and 100 wt %, twice) This 
process replaces water in the membrane with ethanol. The ethanol-
soaked membranes are then dried in a dryer (Autosamdri-815A, 
Tousimis) for 24 hours. The dried samples are coated with platinum 
using a sputter coater (Hitachi MC1000) and observed in a scanning 
electron microscope (Hitachi SU3500).

Fiber pullout experiment
We prepare a rectangular sample with a width of 10 mm and a 
height of 30 mm. We cut the sample from two long edges in the 
middle plane and leave a ligament with a width of ~300 μm, con-
taining a small number of collagen fibers (fig. S1A). The upper and 
lower edges of the sample are glued by acrylic sheets. The height of 
the acrylic sheet for the upper part is 10 mm, whereas that for the 
lower part is 5 mm. This setup ensures that collagen fibers in the 
upper part are totally fixed by the acrylic sheet and collagen fibers 
could only be pulled out from the lower part, facilitating observa-
tion and data recording. The sample is gripped by a tensile tester 
and pulled at a constant velocity of 20 mm/min (fig. S1B). To re-
move elastic deformation of the ligament from the displacement, 
we prepare an intact sample of the same size adjacent to the precut 
sample (fig.  S1A). Both the intact sample and precut sample are 
stretched (fig. S1C). The force-displacement curves of the two sam-
ples are recorded (fig. S1, D and E). When the pullout force is Fa, the 
corresponding displacement for the precut sample is d1, containing 
both the pullout length and elastic deformation. The elastic defor-
mation is obtained from the force-displacement curve of the intact 
sample, by reading the displacement d2 at the force Fa. We calculate 
the separation as δa = d1 − d2. The traction σa is calculated by dividing 
the force by the initial cross-sectional area of the ligament Aligament. 
Thus, we obtain the traction-separation curve by the fiber pull-
out experiment (fig. S1F). The resolution of the loading cell is 
1 × 10−6 N. When the tensile tester detects a force of 0.001 N, we 
reset the force to zero, defining it as the initial state of all mechan-
ical tests.

Crack growth experiment
We prepare a rectangular membrane with a width of 37.5 mm and 
a height of 22.5 mm, with a 15-mm precut crack introduced in the 
middle plane. The upper and lower edges of the sample are fixed to 
the acrylic sheet by the suture and glue. The sutures are used to fix 
the samples to the acrylic sheets, ensuring that they would not 
detach during the tensile tests. All samples are stretched by a ten-
sile tester (Shimadzu AGS-X) at a speed of 20 mm/min with a load 
cell of 500 N. The nominal stress is calculated by dividing the force 
by the uncut cross-sectional area of the undeformed samples. For 
the crack growth experiment with different gauge heights of 
H = 5, 8, 13, and 15 mm, the total sample heights are 17.5, 20.5, 
25.5, and 27.5 mm, respectively. All samples have a same width 
of 37.5 mm.

Uniaxial tension test
The dog bone–shaped samples (2 mm by 12 mm) are cut from the 
membrane where the fibers are not aligned. Samples are stretched by 
a tensile tester (Shimadzu AGS-X) at a speed of 20 mm/min with a 
load cell of 100 N. The stress-stretch curves are recorded. The nomi-
nal stress is calculated by dividing the force by the cross-sectional 
area of the undeformed sample. The stretch is defined by the current 
length of the sample divided by the length of the undeformed sample.

Digital image correlation method
We spray black paint on the surface of samples to obtain random 
speckles. As the sample is stretched, a digital camera is used to take 
images. The images are then analyzed by commercial software VIC-
2D to extract the strain field.
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Statistical analysis
Data are analyzed, fitted, and tested for statistical significance using 
commercial software IBM SPSS Statistics 24. The significance be-
tween more than two groups is analyzed with the Kruskal-Wallis 
test. The significance between two different groups is analyzed with 
a two-tailed Student’s t test. P values of less than 0.05 are considered 
significant.

Supplementary Materials
The PDF file includes:
Figs. S1 to S15
Legends for movies S1 to S3

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S3
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