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The mechanical function of soft collagenous tissues is largely determined by their hierarchical
organization of collagen molecules. While collagen fibrils are believed to be discontinuous and
transfer load through shearing of the interfibrillar matrix, interfibrillar shear stresses have never been
quantified. Scaling traditional shear testing procedures down to the fibrillar length scale is impractical
and would introduce substantial artifacts. Here, through the use of a novel microscopic variation of
notch tension testing, we explicitly demonstrate the existence of interfibrillar shear stresses within
tendon fascicles and provide the first measurement of their magnitude. Axial stress gradients along
the sample length generated by notch tension testing were measured and used to calculate a value
of 32kPa for the interfibrillar shear stress. This estimate is comparable to the interfibrillar shear stress
predicted by previous multiscale modeling of tendon fascicles, which supports the hypothesis that
fibrils are discontinuous and transmit load through interfibrillar shear. This information regarding the
structure-function relationships of tendon and other soft collagenous tissues is necessary to identify
potential causes for tissue impairment with degeneration and provide the foundation for developing
regenerative repair strategies or engineering biomaterials for tissue replacement.

Soft collagenous tissues (e.g., tendon, ligament, annulus fibrosus, meniscus, arteries, cardiac valves) are
primarily composed of collagen fibrils, which consist of a semi-crystalline organization of type I colla-
gen molecules connected through naturally occurring inter-molecular crosslinks!=. While the specific
organization of suprafibrillar structures varies with tissue type and has important implications on tissue
mechanics?, the fundamental fibrillar deformation mechanisms and interfibrillar interactions that under-
lie the mechanical properties of these tissues are unknown. Previous multiscale investigations suggest
that the collagen fibrils in these tissues are discontinuous and that load is transferred between fibrils
through their relative sliding and shearing of the interfibrillar matrix®>=8. Furthermore, plastic deforma-
tion of the interfibrillar matrix, rather than failure of the fibrils themselves, has been suggested to be the
failure mechanism responsible for tissue post-yield behavior®!®. However, no experimental techniques
are available to confirm the existence of interfibrillar shear stress within intact tissues or to directly
measure their magnitude. Such information is necessary to conclusively test these structure-function
hypotheses and identify changes in the hierarchical deformation mechanisms that impair tissue function
and promote failure with disease or degeneration.

Notch tension testing, an approach typically used to evaluate crack propagation and fracture tough-
ness'!, provides an opportunity to overcome the limitations of existing technologies and measure
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Figure 1. Demonstration of notch tension technique using a linear elastic isotropic gelatin gel.

(a) Uniaxial tension was applied to a 20% (w/v) gel formed with similar dimensions as a tendon fascicle (h:
540 pm, w: 680pm, L: 33.0mm) and with a semi-circular notch. (b) At a grip-to-grip strain of 8%, the axial
strain field (g,,) predicted by finite element analysis closely matched the experimentally measured strains.
(c) Close to the notch, the axial strains are concentrated on the uncut (right) side of the gel, while the
strains are uniform far from the notch. These gradients in the axial strain (and hence stress) across the

gel width and length are classic features of notch tension testing and are produced by shear stresses that
transmit load from the uncut to the cut side of the sample. Scale bars, 200 pm.

interfibrillar shear stress. While traditional shear testing procedures have been applied to macroscopic
sections of human ligaments'?, scaling these experiments down to the fibrillar length scale is impracti-
cal and would introduce substantial artifacts from gripping the tissue in close proximity to the region
of interest. Alternatively, pullout testing of individual fibrils has been successfully conducted on antler
bone in a combined AFM-SEM experimental setup'®; however, these tests require fracturing the tissue
and cannot be applied to non-mineralized fibrous tissues due to rapid dehydration under the vacuum
conditions. In contrast, notch tension testing requires no specialized experimental setup and can be per-
formed using the same conditions employed for standard uniaxial tension’. By combining notch tension
testing and confocal microscopy, we demonstrated the existence of interfibrillar shear stresses within
intact tendon fascicles and calculated their magnitude in a fully hydrated environment. Interestingly,
the calculated values are comparable to the interfibrillar shear stress predicted by shear lag modeling
of tendon fascicles’, which suggests that these models accurately describe tendon fascicle multiscale
mechanics. Similar techniques can be applied to other aligned soft collagenous tissues to identify differ-
ences in interfibrillar shear stress with tissue structure or degeneration. The discovery and quantification
of these structure-function relationships is necessary to identify potential causes for tissue impairment
with degeneration and provides the foundation for developing regenerative repair strategies or for engi-
neering biomaterials for tissue replacement.

Results

Testing of Gelatin Gel. To demonstrate the accuracy of our notch tension technique and provide a
proof-of-concept for the experimental analysis, we tested a 20% (w/v) gelatin gel containing a semi-cir-
cular notch (Fig. 1a) on a custom uniaxial testing device mounted on a confocal microscope®. Lines
photobleached onto the gel surface were used to measure the axial strain (g,,) under the microscope
at multiple locations along the sample length. At a grip-to-grip strain of 8%, the measured axial strain
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field matches that predicted by a separate finite element analysis (Fig. 1b), which demonstrates that
the technique of tracking photobleached lines can accurately measure the axial strain distributions at
the microscopic level. For all grip-to-grip strains, a gradient in the axial strain across the gel width is
observed at the locations closest to the notch, with strains on the uncut (right) side of the gel greater
than the applied grip-to-grip strain whereas the strains on the cut (left) side are less than the applied
value (Fig. 1¢c). Furthermore, a gradient in the axial strain also exists along the gel length. This is demon-
strated by the fact that the strains on the uncut side of the gel decrease with distance away from the
notch while the strains on the cut side increase. Ultimately, at the locations far from the notch, the axial
strains have equilibrated across the gel width producing a uniform strain distribution equal to the applied
deformation.

These changes in the axial strain (and hence stress) distributions in the linear elastic isotropic gel
are a classic feature of notch tension testing and are produced by shear stresses that transmit load from
the uncut to the cut side of the sample. This relationship between the shear stress (o,,) and axial stress
gradient along the sample length (do,,/dy) is described by the axial force equilibrium equation (i.e.,
do,,/dy+do,,/dx=0). In the absence of shear stress (do,,/dx=0), the axial stress (and strain) distri-
bution will not change with distance from the notch (i.e., do,/dy= de,,/dy=0) (Supplementary Fig. 1).
However, as seen in Fig. 1c, there is indeed an axial strain gradient along the length of the gelatin gel
(de,,/dy+0), demonstrating that non-zero shear stresses exist within the material. Therefore, by meas-
uring the change in the axial stress with distance from the notch (do,,/dy), we can determine whether
shear stresses are generated within a tissue or biomaterial. Furthermore, as we will show for tendon
fascicles, the magnitude of the axial stress gradient along the sample length produced by notch tension
testing can be used to estimate the value of the interfibrillar shear stress acting within an aligned soft
collagenous tissue.

Testing of Tendon Fascicles. In order to specifically investigate the existence of interfibrillar shear
stresses, we applied our microscale notch tension technique to rat tail tendon fascicles. Because this
tissue is composed of highly aligned collagen fibrils', the shear stresses that are produced will primarily
be due to relative sliding of the fibrils and shearing of the interfibrillar matrix>® as opposed to fibrillar
rotation and realignment that would occur in less organized materials (e.g. collagen gels). Microscopic
images taken at the notch location and along the fascicle length show that strain applied to the tissue
widens the notch and generates steep angles in the photobleached lines, which represents large shear
strains within the fascicle (Fig. 2a). These shear strains increase until an applied 4% grip-to-grip strain,
at which point a discontinuity in the photobleached lines appears at the location closest to the notch.
Further applied strain causes the discontinuity to propagate along the tissue length away from the notch
and parallel to the fascicle longitudinal axis. The formation and propagation of these discontinuities
suggests that the notch tip is being deflected by 90°, thereby preventing any lateral progression of the
notch across the sample width. Furthermore, the near perfect alignment of the propagation along the
fascicle axis (Supplementary Fig. 2) demarcates the interface between the cut and uncut portions of the
fascicle. Calculation of the axial strain (g,,) on the uncut side (i.e., to the right of the discontinuity inter-
face) demonstrates the existence of strain gradients across the fascicle width (Fig. 2b) that are similar
but smaller in magnitude to those seen in the gelatin gel. Averaging the axial strains over the uncut side
of the fascicle demonstrated that there was a consistent decrease in the axial strains with distance away
from the notch (Fig. 3a,b). Again, this axial strain gradient is similar to that observed on the uncut side
of the gelatin gel, and as explained above, demonstrates the existence of shear stress within the tissue.

In order to estimate the magnitude of the shear stresses, we converting the averaged axial strains
to stresses using empirical non-linear stress-strain data collected from previous testing of intact ten-
don fascicles (Supplementary Fig. 3)'> and quantified the axial stress gradient along the fascicle length
(Fig. 3c,d). This assumed that the strains of the collagen fibrils are the dominant source of axial stress
within the fascicle and that the contributions of the lateral strain (g,,) or shear strain (g,,) of the inter-
fibrillar matrix can be neglected, which is common for tendon and other soft collagenous tissues's'’.
Interestingly, the axial stress diminished with distance away from the notch until 4% grip-to-grip strain,
after which no axial stress gradient was observed. This is consistent with the first appearance of dis-
continuities in the photobleached lines (Fig. 2a), which suggests that the discontinuities represent a
failure of the cut/uncut tissue interface, thereby eliminating the shear stress at this interface after failure.
Furthermore, no strain or stress gradients along the sample length were measured during testing of intact
samples (Supplementary Fig. 4), demonstrating that this phenomenon is due to the shear stress within
the tissue and not gripping artifacts. After converting the equilibrium equation to an axial force balance
(see Supplementary Methods and Supplementary Fig. 5), we used the measured axial stress gradients
to calculate an average shear stress of 32+ 33kPa (mean=s.d.) prior to failure at the cut/uncut tissue
interface.

Tracking of Fibril Trajectories. There is evidence to suggest that the shear stress value calculated
above is representative of the interfibrillar shear stress produced by relative sliding of fibrils and shear-
ing of the interfibrillar matrix. Prior to the discontinuity initiation and propagation, the photobleached
lines were continuous down to the limiting resolution of the microscope (Supplementary Fig. 6). This
suggests that the observed shear deformations and measured shear stress occur at a length scale below
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Figure 2. Notch tension testing of tendon fascicles. (a) With increasing grip-to-grip strain, the notch
widened and the photobleached lines became steeply angled, representing shear strains developing within
the tissue. Consistently at 4% grip-to-grip strain, discontinuities in the photobleached lines first appeared
at the location 4mm from notch (red arrows). These discontinuities propagated parallel to the fascicle axis
demarcating the interface between the cut and uncut portions of the tissue. (b) At all non-zero distances
from the notch, the axial strains (g,,) on the uncut side of the tissue exhibit gradients similar to those seen
in the gel (Fig. 1c). Scale bars, 200 um.

the imaging resolution (i.e., between the individual fibrils). Furthermore, the shear stress value of 32kPa
is within the bounds of the interfibrillar shear strength in bone'® and comparable to the interfibrillar
shear stress predicted by multiscale mechanical models of tendon®. Nevertheless, a primary assumption
supporting this interpretation is that the collagen fibrils are highly aligned with the fascicle axis and that
the observed axial stress gradient along the sample length is not due to angled fibrils crossing the cut/
uncut tissue interface.

To verify this assumption and confirm that the axial stress gradient was indeed due to interfibrillar
shear stress, we tracked the course of 1,213 individual fibrils by serially imaging cross-sections of a ten-
don fascicle over a length of 8.7 pm using serial block-face scanning electron microscopy'®. This allowed
us to determine the lateral trajectories of the fibrils along the fascicle length and calculate their angles
with respect to the fascicle axis (Fig. 4). We found that the fibrils were closely aligned with the fascicle
axis, with an average angle of 1.7 & 1.0 deg (mean =+ s.d.) and a weak correlation between angle and fibril
diameter (r=—0.17, p< 1078). These data are consistent with previous X-ray diffraction data'® and the
observation that the discontinuities in the photobleached lines propagated parallel to the fascicle axis
(Fig. 2a and Supplementary Fig 2). This suggests that few fibrils cross the cut interface and that the axial
stress gradient is indeed due to interfibrillar shear stress.

Discussion

In this study, we used microscale notch tension testing to make the first explicit demonstration and
measurement of interfibrillar shear stresses within a soft collagenous tissue. We found that interfibrillar
shear stresses in rat tail tendon fascicles reach approximately 32kPa prior to failure at the cut/uncut
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Figure 3. Axial strain and stress gradients produced in tendon fascicles. (a,b) The axial strains (g,,)
averaged over the uncut side of the tissue decreased with distance away from the notch. This axial strain
gradient along the sample length is similar to that observed on the uncut side of the gelatin gel and
demonstrates the existence of shear stress within the tissue. (c,d) Conversion of these strains to stress values
shows that the axial stress (oy,) on the uncut side of the tissue decreased with distance away from the
notch until 4% grip-to-grip strain. This drop in axial stress corresponded to an interfibrillar shear stress of
324 33kPa (mean=+s.d.). *p < 0.05. Error bars, s.e.m. Scale bar, 1 mm.

tissue interface. This value is comparable to that predicted by shear lag modeling of the same tissue,
which further supports the hypothesis that fibrils are discontinuous and transmit load through interfi-
brillar shear. Additionally, our notch tension technique demonstrated that tendon fascicles are insensitive
to the introduction of a local tissue defect. We observed in all samples that the notch tip deflected by
90° and propagated longitudinally along the fascicle length. This is a classic toughening mechanism for
fiber-reinforced composite materials?®, where fracture along the fibril-matrix interface isolates damage
accumulation to within the interfibrillar matrix, thereby preventing lateral growth of the crack tip across
the fascicle width and rupture of the load-bearing fibrils. Furthermore, this behavior is consistent with
previous studies suggesting that plastic deformation of the interfibrillar matrix, rather than failure of
the fibrils themselves, is the mechanism underlying yielding of intact tendon fascicles under uniaxial
tension®!. Similar crack deflections and lack of crack tip lateral growth is also observed at the whole
tendon level?"?, which suggests that the inter-fascicular matrix protects against tendon rupture due to
failure of individual fascicles®. Such hierarchical repetition of toughening mechanisms across multiple
length scales is also observed in bone and has been shown to exponentially enhance the flaw tolerance
of the entire tissue?’. Identification of these failure mechanisms and hierarchical structure-function rela-
tionships is essential for discovering the underlying causes of tissue impairment with disease, for guiding
regenerative repair strategies to restore tissue function, and for engineering biomaterials that can effec-
tively replace native tissues.

A limitation to the techniques described in this study is that the calculation of the interfibrillar shear
stress is limited to soft collagenous tissues with highly aligned fibrils. While notch tension testing will
still produce shear stresses in less organized tissues, these shear stresses will result from rotation and
realignment of the collagen fibrils as well as from interfibrillar shear. Additionally, it was necessary to
assume that only the fibril strains contribute to the axial stress within the fascicle in order to convert
the measured axial strains into stress values. While this is acceptable for tendon'®?, it is not valid for
fibrocartilaginous tissues with a stiffer interfibrillar matrix (e.g., cartilage, meniscus). In these cases, con-
stitutive modeling of the tissue mechanics would be necessary to analyze the strain fields and interpret
a value for the interfibrillar shear stress.

We chose not to use a constitutive model and instead used a simplified analysis involving a finite dif-
ference approximation based on the equations of equilibrium (see Supplementary Methods) for a couple
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Figure 4. Trajectories of individual collagen fibrils. (a) Fibrils (shown in gray) from first image with
overlay of lateral trajectories along 8.7 pm of fascicle length. Color wheel indicates direction of lateral
trajectory. (b) Histogram of fibril diameters. (c) While there was a weak correlation between angle and fibril
diameter (r=—0.17, p< 107®), on average the fibrils were oriented 1.7+ 1.0 deg (mean = s.d.) with respect
to the fascicle axis, demonstrating that the fibrils are highly aligned within the fascicles and suggesting that
few fibrils cross the cut/uncut tissue interface. Scale bar, 500 nm.

reasons. First, an objective of this study was to validate the predicted interfibrillar shear stress values
from previous multiscale modeling of tendon®. Therefore, we did not prescribe a particular constitutive
behavior for the tissue in order to ensure that the value obtained in the current work is independent of
the model choice. Second, due to the high tensile modulus of rat tail tendon fascicles, the axial stress
gradients produced by the notch correspond to small strain gradients that are of similar magnitude to
the inherent noise in the microscale strain measurements. This is evident in the oscillatory plots of the
axial strains in the tendon fascicles (Fig. 2b), which contrasts the straight (non-oscillatory) plots for the
softer gelatin gel (Fig. 1c). Therefore, we chose an analysis technique that provided an average value for
the interfibrillar shear stress at the cut/uncut interface rather than use a more sophisticated analysis (i.e.,
inverse finite element methods) that would be sensitive to measurement noise. Nevertheless, the current
technique produced an interfibrillar shear stress value that is comparable to previous work>!3, which
provides valuable insight into tendon structure-function relationships and supports the hypothesis that
fibrils in soft collagenous tissues are discontinuous and transmit load through interfibrillar shear.

Methods
See Supplementary Methods for full details.

Testing of gelatin gel. Sample preparation. A 20% (w/v) gelatin gel was crosslinked with 0.05%
glutaraldehyde in phosphate buffered saline (PBS) in order to prevent swelling and stabilize the mechan-
ical properties®®. The gel was then fluorescently stained with 10 pg/ml of 5-(4,6-dichlorotriazinyl)amino-
fluorescein (Life Technologies), washed in PBS, and cut with a 0.75mm biopsy punch to produce a
semi-circular notch. The gel was then loaded into the PBS bath of a custom uniaxial testing device
mounted on an inverted confocal microscope® (LSM 5 LIVE; 10x C-Apochromat water immersion lens,
Zeiss).

Mechanical Testing. Prior to testing, a 1mN preload was applied to define the reference length
(33.0mm). Sets of four lines were photobleached onto the gel surface at 0, 0.4, 0.8, 1.2, 2.0, and 4.0mm
from the notch midline. Grip-to-grip strains were applied to the gel in 4% strain increments at 0.05%/s
and held for 5min before imaging the photobleached lines at each location. This was repeated to a total
grip-to-grip strain of 20%. The applied load was continuously recorded with a 10 N load cell (Model 31,
Honeywell).
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Data analysis. A custom Matlab algorithm was used to find the pixel locations of the photobleached
lines in each image at all locations. Axial strains (g,,) were calculated as the change in the distance
between line pairs compared to their positions at 0% applied strain. The Young’s modulus of the gel
(E=585kPa) was determined by performing a least-squares fit of the line 0 = Ee, where ¢ is the applied
stress and ¢ is the average axial strain at the 4mm location measured for each grip-to-grip strain incre-
ment (R?=0.993). Note that 4 mm was suitably far-field from the notch so that the axial strains at this
location were uniform (Fig. 1c).

Finite element analysis. The finite element model was constructed within SolidWorks (Dassault
Systemes) with the same geometry as the imaging area of the physical gel sample and composed of
triangular two-dimensional shell elements. A fixed constraint was applied at a distance 5mm from the
notch and a 0.4 mm displacement was applied to the notch midline, simulating an applied tensile strain
of 8%. The material was defined as isotropic, linear elastic, and incompressible with a Young’s modulus
of 585kPa. The resulting axial strain field was compared graphically to the experimental measurements
taken at a grip-to-grip strain of 8%.

Testing of tendon fascicles. Sample preparation. Eight fascicles were harvested from five tails
of 7-month-old Sprague-Dawley rats sacrificed in accordance with IACUC approval and relevant
guidelines. Each fascicle was cut to a length of 45mm and fluorescently stained with 10pg/ml of
5-(4,6-dichlorotriazinyl)aminofluorescein. Previous testing of intact samples demonstrated that staining
at this concentration has a minimal effect on tendon fascicle mechanics'®. The samples were washed in
PBS and placed into the same uniaxial device used to test the gel construct. The sample cross-sectional
area was measured using the confocal microscope (see Supplementary Methods).

Mechanical Testing. A 1mN preload (~5kPa) was applied to the tissue to define the reference length
(31.94+ 0.1 mm). The sample was preconditioned and then partially transected with a scalpel blade
8.7+ 0.3mm from either the left or right grip producing a sharp notch extending 484+ 13% across the
sample width. The notch was placed near each grip for an equal number of samples to ensure that the
measured strain gradients were due to the presence of the notch and not gripping artifacts. Sets of four
lines were photobleached onto the tissue surface at 0, 4, 8, and 12mm from the notch. Grip-to-grip
strains were then applied in 1% strain increments at 0.05%/s and held for 5min before capturing image
stacks (0.82 x 0.82 x 3.7pum/pixel) of the photobleached lines at each location. This was repeated to a
total grip-to-grip strain of 8%. Image stacks (80-100 images spanning 300-350 um) were obtained since
the curved surface of the fascicles meant that no single focal plane contained an image spanning the
full tissue width. After testing, the microscale image stacks were flattened to a single image of the full
tissue width using a custom Matlab algorithm (see Supplementary Methods and Supplementary Fig. 7).
Using this flattened image, the pixel locations of the photobleached lines and the axial strains (e,,) were
calculated as described for the gel construct.

Calculation of axial stress gradient and interfibrillar shear stress. Based on the axial force equilibrium
equation do,,/dy+ do,,/0x= 0, an estimate for the interfibrillar shear stress (0,,) was calculated from
the axial stress gradient (do,,/dy) on the uncut side of the fascicle. The boundary of the uncut side was
determined as the x-position of the initial discontinuity within the photobleached lines at each imaging
location (Fig. 2a). These positions were also used to determine the propagation angle of the disconti-
nuities along the sample length with respect to the fascicle axis (Supplementary Fig. 2). Assuming that
the uncut side was a constant fraction of the fascicle width throughout testing, the position of the uncut
boundary at earlier points during testing was determined at each imaging location using the width frac-
tion computed from the initial appearance of discontinuity. To reduce the effect of noise on the shear
stress calculation, the axial strains were averaged across the width of the uncut side for every applied
grip-to-grip strain value and at every imaging location. Assuming that only the axial strains of the fibrils
contribute to the axial stress within the fascicle and neglecting any contribution from transverse or
shear strains of the matrix'®?, the average axial strain on the uncut side was converted to stress using
an empirical relationship between the microscale fibril strains and applied stress from previous testing of
intact rat tail tendon fascicles using the same testing protocols'® (Supplementary Fig. 3). To evaluate the
stress gradient within each sample, the stress values were normalized to the location 4mm away from
the notch. Normalized values statistically different from one were determined by one sample Student’s
t-tests with significance set at p <0.05.

The interfibrillar shear stress was calculated as the average shear stress acting at the interface between
the cut and uncut sides of the tissue. Shear stress values (o) were computed using the axial force balance
o,A,= Ao, A, where Ao, is the decrease in axial stress between the 4mm and 8 mm locations or the
8mm and 12mm locations at each grip-to-grip strain, A, is the interfacial area between the cut and
uncut sides, and A, is the average uncut cross-sectional area (Supplementary Fig. 5a). Note that this force
balance can be derived directly from the axial force equilibrium equation (see Supplementary Methods).
Shear stress values were calculated at each grip-to-grip strain up to the initiation of failure at the cut/
uncut tissue interface (i.e., 4% strain) and were averaged to produce a single value for the interfibrillar
shear stress acting within each sample.
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Tracking of fibril trajectories. One fascicle was harvested from the tail of a 7-month-old
Sprague-Dawley rat and cut into segments approximately 10 mm long. According to a protocol specifi-
cally developed for tracking collagen fibrils in tendon using serial block-face scanning electron micros-
copy (SBF-SEM)'8, the segments were fixed with glutaraldehyde, stained with osmium tetroxide, tannic
acid, and uranyl acetate, dehydrated, and embedded in EMbed 812 Hard resin (Electron Microscopy
Sciences). The resin block was positioned with the fascicle axis oriented vertically and then faced to
expose the tissue cross-section. At a single location, 88 serial cross-sectional images (2000 x 2000 pixels,
5nm/pixel) were taken every 100 nm along the fascicle length with a Merlin VP Compact scanning elec-
tron microscope (Zeiss) fitted with a 3View2XP in situ ultramicrotome (Gatan). The raw images were
processed using Fiji*” and the fibrils were tracked with a custom Matlab algorithm (see Supplementary
Methods).

References
1. Orgel, J. P. R. O, Irving, T. C,, Miller, A. & Wess, T. J. Microfibrillar structure of type I collagen in situ. Proc. Natl. Acad. Sci.
USA 103, 9001-9005 (2006).
2. Hulmes, D. J., Wess, T. J., Prockop, D. J. & Fratzl, P. Radial packing, order, and disorder in collagen fibrils. Biophys. J. 68,
1661-1670 (1995).
3. Bailey, A. J., Paul, R. G. & Knott, L. Mechanisms of maturation and ageing of collagen. Mech. Ageing Dev. 106, 1-56 (1998).
4. Silver, E. H., Kato, Y. P, Ohno, M. & Wasserman, A. J. Analysis of mammalian connective tissue: relationship between hierarchical
structures and mechanical properties. J. Long. Term Eff. Med. Implants 2, 165-198 (1992).
5. Szczesny, S. E. & Elliott, D. M. Interfibrillar shear stress is the loading mechanism of collagen fibrils in tendon. Acta Biomater.
10, 2582-2590 (2014).
6. Screen, H. R. C,, Lee, D. A., Bader, D. L. & Shelton, J. C. An investigation into the effects of the hierarchical structure of tendon
fascicles on micromechanical properties. Proc. Inst. Mech. Eng. [H] 218, 109-119 (2004).
7. Bruehlmann, S. B., Matyas, J. R. & Duncan, N. A. ISSLS prize winner: Collagen fibril sliding governs cell mechanics in the anulus
fibrosus: an in situ confocal microscopy study of bovine discs. Spine 29, 2612-2620 (2004).
8. Liao, J., Yang, L., Grashow, J. & Sacks, M. S. The relation between collagen fibril kinematics and mechanical properties in the
mitral valve anterior leaflet. J. Biomech. Eng. 129, 78-87 (2007).
9. Szczesny, S. E. & Elliott, D. M. Incorporating plasticity of the interfibrillar matrix in shear lag models is necessary to replicate
the multiscale mechanics of tendon fascicles. J. Mech. Behav. Biomed. Mater. 40, 325-338 (2014).
10. Svensson, R. B., Mulder, H., Kovanen, V. & Magnusson, S. P. Fracture mechanics of collagen fibrils: influence of natural cross-
links. Biophys. ]. 104, 2476-2484 (2013).
11. Taylor, D., O’'Mara, N., Ryan, E., Takaza, M. & Simms, C. The fracture toughness of soft tissues. J. Mech. Behav. Biomed. Mater.
6, 139-147 (2012).
12. Bonifasi-Lista, C., Lake, S. P, Small, M. S. & Weiss, J. A. Viscoelastic properties of the human medial collateral ligament under
longitudinal, transverse and shear loading. J. Orthop. Res. 23, 67-76 (2005).
13. Hang, E, Gupta, H. S. & Barber, A. H. Nanointerfacial strength between non-collagenous protein and collagen fibrils in antler
bone. J. R. Soc. Interface 11, 20130993 (2014).
14. Kastelic, J., Galeski, A. & Baer, E. The multicomposite structure of tendon. Connect. Tissue Res. 6, 11-23 (1978).
15. Szczesny, S. E., Edelstein, R. S. & Elliott, D. M. DTAF dye concentrations commonly used to measure microscale deformations
in biological tissues alter tissue mechanics. PloS One 9, 99588 (2014).
16. Lynch, H. A., Johannessen, W., Wu, J. P, Jawa, A. & Elliott, D. M. Effect of fiber orientation and strain rate on the nonlinear
uniaxial tensile material properties of tendon. J. Biomech. Eng. 125, 726-731 (2003).
17. Sacks, M. S. Incorporation of experimentally-derived fiber orientation into a structural constitutive model for planar collagenous
tissues. J. Biomech. Eng. 125, 280-287 (2003).
18. Starborg, T. et al. Using transmission electron microscopy and 3View to determine collagen fibril size and three-dimensional
organization. Nat. Protoc. 8, 1433-1448 (2013).
19. Kastelic, J. & Baer, E. Deformation in tendon collagen. Symp. Soc. Exp. Biol. 34, 397-435 (1980).
20. Hull, D. & Clyne, T. W. An introduction to composite materials. (Cambridge University Press, 1996).
21. Von Forell, G. A., Hyoung, P. S. & Bowden, A. E. Failure modes and fracture toughness in partially torn ligaments and tendons.
J. Mech. Behav. Biomed. Mater. 35, 77-84 (2014).
22. Ker, R. E Mechanics of tendon, from an engineering perspective. Int. J. Fatigue 29, 1001-1009 (2007).
23. Thorpe, C. T., Udeze, C. P, Birch, H. L., Clegg, P. D. & Screen, H. R. C. Specialization of tendon mechanical properties results
from interfascicular differences. J. R. Soc. Interface 9, 3108-3117 (2012).
24. Gao, H. Application of Fracture Mechanics Concepts to Hierarchical Biomechanics of Bone and Bone-like Materials. Int. J. Fract.
138, 101-137 (2006).
25. Szczesny, S. E. et al. Biaxial tensile testing and constitutive modeling of human supraspinatus tendon. J. Biomech. Eng. 134,
021004 (2012).
26. Bigi, A., Cojazzi, G., Panzavolta, S., Rubini, K. & Roveri, N. Mechanical and thermal properties of gelatin films at different
degrees of glutaraldehyde crosslinking. Biomaterials 22, 763-768 (2001).
27. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676-682 (2012).

Acknowledgements

This research was supported by an NIH grant (NIBIB RO1EB002425). We thank Shannon Modla for her
help with preparing the SEM samples and Kirk Czymmek for coordinating the SEM imaging. We are
also grateful to Prof. Louis J. Soslowsky at the University of Pennsylvania for providing the rat tails used
for our experiments.

Author Contributions

S.S. co-designed the study, performed all experimental procedures (except as noted below), and co-wrote
the manuscript. J.C. processed the SEM images and advised on the image analysis for tracking the fibrils.
PP. performed the SEM imaging. D.E. supervised the project, co-designed the study, and co-wrote the
manuscript. All authors discussed the results and edited the manuscript.

SCIENTIFIC REPORTS | 5:14649 | DOI: 10.1038/srep14649 8



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Szczesny, S. E. et al. Quantification of Interfibrillar Shear Stress in Aligned
Soft Collagenous Tissues via Notch Tension Testing. Sci. Rep. 5, 14649; doi: 10.1038/srep14649 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14649 | DOI: 10.1038/srep14649 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Quantification of Interfibrillar Shear Stress in Aligned Soft Collagenous Tissues via Notch Tension Testing

	Results

	Testing of Gelatin Gel. 
	Testing of Tendon Fascicles. 
	Tracking of Fibril Trajectories. 

	Discussion

	Methods

	Testing of gelatin gel. 
	Sample preparation. 
	Mechanical Testing. 
	Finite element analysis. 

	Testing of tendon fascicles. 
	Sample preparation. 
	Mechanical Testing. 

	Tracking of fibril trajectories. 

	Acknowledgements

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Demonstration of notch tension technique using a linear elastic isotropic gelatin gel.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Notch tension testing of tendon fascicles.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Axial strain and stress gradients produced in tendon fascicles.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Trajectories of individual collagen fibrils.



 
    
       
          application/pdf
          
             
                Quantification of Interfibrillar Shear Stress in Aligned Soft Collagenous Tissues via Notch Tension Testing
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14649
            
         
          
             
                Spencer E. Szczesny
                Jeffrey L. Caplan
                Pal Pedersen
                Dawn M. Elliott
            
         
          doi:10.1038/srep14649
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14649
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14649
            
         
      
       
          
          
          
             
                doi:10.1038/srep14649
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14649
            
         
          
          
      
       
       
          True
      
   




