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Water-content related alterations 
in macro and micro scale tendon 
biomechanics
Pamela F. Lozano1, Mario Scholze2, Carsten Babian3, Holger Scheidt4, Franziska Vielmuth5, 
Jens Waschke5, Benjamin Ondruschka3 & Niels Hammer1,6,7

Though it is known that the water content of biological soft tissues alters mechanical properties, little 
attempt has been made to adjust the tissue water content prior to biomechanical testing as part of 
standardization procedures. The objective of this study was to examine the effects of altered water 
content on the macro and micro scale mechanical tissues properties. Human iliotibial band samples 
were obtained during autopsies to osmotically adapt their water content. Macro mechanical tensile 
testing of the samples was conducted with digital image correlation, and micro mechanical tests using 
atomic force microscopy. Analyses were conducted for elastic moduli, tensile strength, and strain at 
maximum force, and correlations for water content, anthropometric data, and post-mortem interval. 
Different mechanical properties exist at different water concentrations. Correlations to anthropometric 
data are more likely to be found at water concentrations close to the native state. These data underline 
the need for adapting the water content of soft tissues for macro and micro biomechanical experiments 
to optimize their validity. The osmotic stress protocol provides a feasible and reliable standardization 
approach to adjust for water content-related differences induced by age at death, post-mortem interval 
and tissue processing time with known impact on the stress-strain properties.

Although it is widely present within soft biological tissues forming a major component, water is often overlooked 
as a factor affecting the biomechanical properties in most testing and standardization protocols. The water con-
tent of musculoskeletal tissues appears to be a major driver of stress-strain and failure properties in collagens 
forming the backbone of ligaments and tendons1. This cause-effect relationship, however, has to date only been 
studied to a minimal extent, and in particular understudied for human tissues, though changes may have vast 
impact on the validity of the results from mechanical experiments. Typical examples are if human tissues with a 
different post-mortem interval (PMI) are deployed or if the handling of the tissues causes partial drying of the 
tissues during storage or even testing. There is still a lack of understanding on the role and influence of water con-
tent in the mechanical properties of ligaments and tendons, especially since these can vary depending on external 
factors such as sex, age, body height and weight2 and the anatomical site of the tissue. Approximately two-thirds of 
a ligament’s composition is water bound in both the formed and unformed matrix3, and this may affect drastically 
tissue mechanics1,4. In tendons, it has been shown that a decrease in water content will shorten collagen fibrils 
within the tendon, which will increase the tensile stresses as a consequence1.

The water content of soft tissues, however, can be modified. Techniques such as the osmotic pressure adjust-
ment5 have been rendered usefully for macro and nano mechanical experiments. Previous work by our group 
used the osmotic stress technique, in which the iliotibial tissues had their water content adjusted to the original 
(native) water content tissue by submerging the sample in polyethylene-glycol solutions before mechanical testing 
for given times2,6,7. The human iliotibial band seems an ideal model for biomechanical experiments assessing the 
influence of factors such as water content or chemical alteration. It is composed of dense fibrous connective tissue, 
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mostly formed by parallel collagen type I fibers and proteoglycans and is easy to be obtained during forensic 
autopsies8,9.

Likewise, the osmotic stress technique can be used as an experimental model to alter the tissue water content, 
thereby quantifying the effects onto mechanical properties. This technique is used frequently for water adjustment 
for nanoscale biomechanics assessed by NMR spectroscopy5,10, and increasingly in macro scale biomechanics2,6,7. 
It may also be relevant for assessing the mechanical properties covering the scale of micro mechanics, represented 
by atomic force microscopy (AFM) investigations. AFM has a rapidly-growing importance in biological sciences 
due to its ability to characterize tissues both structurally and mechanically11–18. Again, the effects of water content 
on tissue mechanics derived from AFM appears to be largely understudied and water content related alterations 
may have implications for the validity of the results in post-mortem tissues or extracellular matrices. Figure 1 
summarizes the various hierarchical levels of collagen-rich tissues and a selection of methods used to assess tissue 
biomechanics.

This given study aimed at quantifying the effect of altered water content on tissue biomechanics at different 
scales, utilizing the human iliotibial band as a model for collagen-rich tissues and applying the osmotic stress 
technique. The study aimed at determining if an adaptation of soft tissue water content may form a necessary step 
for reliable biomechanical testing, and if this applies to both a macro mechanical and a micro mechanical scale.

It was hypothesized that, firstly, altered water content causes altered mechanical properties, implicating that 
soft tissues should be adjusted before testing (H1). A second hypothesis investigated that at an adjustment of the 
water content close to the native condition, correlations between anthropological data such as age, PMI, body 
height and weight become more evident (H2) than would be the case at less physiologic concentrations.

Materials and Methods
Sample acquisition.  Iliotibial band samples were obtained from twenty human cadavers (10 females, 10 
males) at the Department of Legal Medicine, University of Leipzig, Germany during forensic autopsies after 
post-mortem intervals between 11 and 127 hours. The Ethics Committee of the University of Leipzig approved the 
given study (protocol number 156-10-12072010). Informed consent was obtained from the donors’ next of kin 
in line with the approval of the ethics committee and in accordance to the Declaration of Helsinki. The cadavers’ 
mean age at death was 56.9 ± 29.7 years (age range 2–93 years), mean height at death 1.61 meters, mean weight 
at death 62.6 kg and mean body mass index of 22.8 kg/m2. The samples were handled as shown previously in 
Hammer et al.6 and the experimental steps are summarized in Fig. 2. Fourteen samples (5 females, 9 males) were 
used for the macro mechanical tests, and six samples (5 females, 1 male) for the micro mechanical experiments. 
The site and orientation of the samples were kept standardized between all cadavers as shown in Fig. 3 to rule out 
effects introduced by tissue heterogeneity.

Water content and osmotic stress protocol.  Each sample was cleaned carefully to remove any 
unwanted fat and connective tissue. The water content of the native tissues was obtained by weighing subsamples 

Figure 1.  Structural-hierarchical levels of collagen species and a selection of methods to assess tissue 
biomechanics. Image on collagens adapted from50.
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(n = 14, 14 cadavers control group) before and after vacuum-drying for 72 hours. Using an osmotic stress protocol 
proposed by Schleifenbaum et al.7, prior to sample preparation and mechanical testing, the subsamples (n = 57, 
13 cadavers) were placed in 64-mm dialysis membranes (Spectra/Por®, Spectrum Laboratories Inc, California, 

Figure 2.  Diagram overview of methods for the iliotibial band samples mechanical testing after osmotic 
pressure adaptation.

Figure 3.  Site of removal of the iliotibial band samples for both macro mechanical and micro mechanical 
testing.
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United States; molecular weight cut off 6,000–8,000 Da) and submerged in 20 mM tris-buffered (TBS) polyethyl-
ene glycol (PEG) solutions for 24 hours, generating osmotic pressures of 25%, 50%, 100%, and 250% of the 
osmotic pressure the native tissues are usually exerted to, corresponding to PEG concentrations of 1.25% 
(0.47 MPa), 2.5% (0.94 MPa), 5.0% (1.88 MPa), and 12.5% (4.70 MPa), respectively (Fig. 4). Small subsamples 
were obtained from the modified samples and were weighed before W( )wet  and after W( )dry  vacuum-drying for 
72 hours to obtain the water content. For both steps, the water content was calculated using the following 
formula:

ϕ =
−W W

W (1)
wet dry

wet

Sample preparation and mechanical testing.  After being submerged for 24 hours in the TBS-PEG 
solutions at the four given concentrations, each sample was tapered into a dog-bone shape using a 3D-printed 
template, which gave a parallel testing length of approximately 8 mm. Each end of the sample was clamped with 
customized 3D printed clamps. The cross-sectional area of each sample was measured using vinyl polysiloxane 
(Exahiflex, GC Australia, Sydney, Australia), acting as a cast for the testing area. Each cast was scanned at 1,200 
dpi, and the cross-sectional area was obtained with the measuring software (DatInf GmbH, Tübingen, Germany). 
Prior to placing the sample in the uniaxial testing machine, a stochastic pattern was speckled onto the tissues with 
standard charcoal pens (Natural Charcoal, Faber-Castell, Stein, Germany).

A Z020 uniaxial testing machine (Zwick GmbH & Co. KG, Ulm, Germany) equipped with a 2.5-kN load cell 
(Xforce P) along with testControl II measurement electronics was used to test the stress-deformation behavior 
of the 57 samples from 14 cadavers (5 females, 9 males). Using a crosshead displacement rate of 20 mm/min, and 
a sampling rate of 100 Hz for force-displacement recording, each sample was preconditioned for 20 cycles in a 
force range between 2 N and 20 N. Following this, the samples were again unloaded to an initial load of 2 N and 
in a final cycle stretched until failure. A synchronized digital image correlation system Limess Q400 (LIMESS 
Messtechnik & Software GmbH, Krefeld, Germany) and ISTRA4D software (Dantec Dynamics A/S, Skovlunde, 
Denmark) was used to record the optical deformation data during testing.

Atomic force microscopy.  Further, eight iliotibial band samples 1 cm2 in size were retrieved (6 cadavers; 5 
females, 1 male) of the central part of the samples, washed with PBS after removing the loose connective tissues 
and embedded in tissue freezing medium. Samples were cryo-sectioned using a Cryostar NX70 Cryostat (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) and 8-µm thin sections were incubated with the PEG concen-
trations described above.

AFM measurements were conducted following 24 h of PEG incubation using a NanoWizard® 3 AFM 
(JPK-Instruments, Berlin, Germany) with an inverted optical microscope (Carl Zeiss, Jena, Germany). Iliotibial 
band sections were mounted on microscopy slides. Pyramidal-shaped F tips of Si3N4 cantilevers were applied 
(Bio-MLCT, Bruker, Mannheim, Germany) with a nominal spring constant of 0.6 N/m. The spring constant k 
was determined using the thermal noise method19. For topographical imaging, AFM contact mode was used. 
50 × 50 µm images were acquired using a setpoint of 1 nN and a scanning frequency of 0.3 Hz. For the mechani-
cal measurements, the AFM was operated in a force mapping mode using a set point of 1 nN, z-length of 1.5 µm 
and an extending/retracting velocity of 10 µm/s for mechanical measurements. 10 × 10-µm wide scanning areas 
(4 different areas/probe) were chosen from the microscopy image. The resolution was set to 10 × 10 pixels. For 
each pixel, an individual force-distance curve was acquired. The JPK analysis software was applied to calculate 

Figure 4.  Box plot showing the water content data resulting from osmotic adaption of the human iliotibial band 
in macro mechanical experiments. Asterisks indicate significantly different (p ≤ 0.05) values between osmotic 
pressures. The boxes indicate the 25-, 50- and 75-percentile, the whiskers the minima and maxima.
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the elastic modulus (here referred as to Young’s modulus of elasticity), using the Bilodeau formula for pyramidal 
indenter of the Hertz model20,21.

Data analyses.  Data processing and statistical comparisons were carried out using MATLAB R2017b 
(Mathworks, Natick, MA, USA), Microsoft Excel version 16.12 (Redmond, WA, USA) and Prism version 7 
(GraphPad Software, Inc., La Jolla, CA, USA). A MATLAB routine was used to process the machine readings 
and digital image correlation data from macroscopic mechanical testing. Maximum force was evaluated from the 
machine force-displacement curves and linear stiffness calculated from the initial linear part of these curves by 
regression analysis. Furthermore, the DIC-data was used to process synchronized load-deformation curves. A 
nominal strain (virtual point to point line strain) was evaluated in the parallel measurement length of each sample 
and under inclusion of cross-sectional areas the nominal stress was calculated from synchronized force-readings. 
The resulting nominal stress-strain curves were further processed for elastic modulus, tensile strength and strain 
at maximum force. The elastic modulus was calculated by regression analysis in the initial linear part of the 
stress-strain curve. Tensile strength was defined as maximum of these curves respectively maximum force divided 
by cross-sectional area. The corresponding elongation at this point was defined as strain at maximum force. Data 
in the 10% to 90 percentile range were included to minimize the effects caused by data outliers and to achieve 
comparability between the results. Data were then compared between the four groups with different osmotic 
pressure using the Kruskal-Wallis test with post-hoc Dunn testing. Specimen data such as age, PMI, body weight 
and height, cross-sectional area and water content were correlated with the mechanical properties using linear or 
non-linear correlations. For the AFM data, a one-way ANOVA was used for the normally-distributed data. AFM 
data were further filtered based on the range of the elastic modulus values in the 10–90 percentile. Here, those 
single measurements were excluded with elastic moduli variations more than 1,000×, indicating partial volume 
effects caused by measurements on the underlying glass. P values ≤ 0.05 were considered statistically significant.

Results
Osmotic stress adaptation led to significantly different water content values compared to the 
native and the reference condition.  The 1.88-MPa (100%) osmotic pressure PEG solution resulted in a 
water content of 57.2 ± 5.0%, which was the closest to the native water content of 54.4%. Smaller osmotic pres-
sures led to consistently higher water concentrations in the tissues, and larger pressures led to consistently lower 
water concentrations. The water content values varied significantly between the 0.47 vs. 1.88 MPa (p < 0.001), 0.47 
vs. 4.70 MPa (p < 0.001), 0.94 vs. 1.88 MPa (p < 0.001), 0.94 vs. 4.70 MPa (p < 0.001), and the 1.88 vs. 4.70 MPa 
(p < 0.001) groups, respectively (see Fig. 4). The cross-sectional areas averaged 4.9 ± 1.3 mm2, 4.3 ± 1.2 mm2, 
4.2 ± 0.8 mm2 and 4.1 ± 1.2 mm2 for the 0.47-, 0.94-, 1.88- and 4.70-MPa groups, respectively, without significant 
difference (p = 0.366).

Macro mechanical properties of human iliotibial band were largely water-dependent; lower 
water content increased elastic modulus and ultimate tensile strength values.  Elastic modulus, 
tensile strength, and maximum force showed significantly different mechanical values between the groups with 
the different water osmotic pressures. Typical image correlation data including displacement and strain are given 
in Fig. 5. Regarding the mode and site of failure, no differences were observed for the four groups. Figure 6 sum-
marizes the osmotic pressure-dependent stress-strain data. Decreased water content led to higher elastic moduli. 
The mean elastic modulus was significantly lower at lower osmotic pressures (p = 0.011 for 0.47 vs. 1.88 MPa; 
p = 0.005 for 0.47 vs. 4.70 MPa; p = 0.034 for 0.94 vs. 1.88 MPa; p = 0.020 for 0.94 vs. 4.70 MPa). Similar obser-
vations were made for tensile strength. Here, higher osmotic pressures with resulting lower water content of the 
tissues gave increasing values, respectively.

Comparison of tensile strengths at 0.47 and 0.94 MPa and of 1.88 and 4.70 MPa yielded similar and 
non-significantly different results. However, tensile strength was significantly lower in the 0.47 vs. 1.88 MPa 
(p = 0.040), the 0.47 vs. 4.70 MPa (p = 0.016), the 0.94 vs. 1.88 MPa (p = 0.028) and the 0.94 vs. 4.70 MPa 
(p = 0.011) group.

Correlations exist between elastic modulus and age at water contents close to the native con-
dition only.  Of the data found between anthropological data and mechanical properties, an important and 
significant correlation exists for the 1.88-MPa group between elastic modulus and age with R2 = 0.56 (Fig. 7). The 
best non-linear fit found for this information was given in form of a quadratic formula, in which y represents 
elastic modulus and x corresponds to the donor’s age of the tissue:

= + . + .y 254 2 58x 0 002x (2)2

Regarding further correlations between further anthropological and death related parameters, the follow-
ing statistically significant correlations were observed for the 0.47-MPa group: body height vs. elastic modu-
lus (r = 0.54, p = 0.026) and body weight vs. maximum force (r = 0.52, p = 0.031). For the 0.94-MPa group, the 
following correlations were found: body weight vs. maximum force (r = 0.63, p = 0.014), body height vs. ten-
sile strength (r = 0.67, p = 0.009), body height vs. maximum force (r = 0.65, p = 0.011), PMI vs. elastic modulus 
(r = 0.64, p = 0.013) and PMI vs. tensile strength (r = 0.51, p = 0.004). No other significant correlations were 
found for these and the other osmotic pressures. Moreover, in particular the correlations of PMI and mechanical 
values have shown particularly low values of determination (R2), ranging between 0.26 and 0.41. In all other 
groups, PMI in the range of this study seemed less decisive for any of the mechanical parameters. Related scatter 
plots are given in Figs S1–S4.
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Micro mechanical properties of the human iliotibial band were largely water-dependent; lower 
water content increased elastic modulus in atomic force microscopy.  In line with the macro 
mechanical tensile experiments, the measurements from AFM confirmed that the water content significantly 
influences tissue mechanics on a micro structural and -mechanical level. Figure 8 shows topography-based data 
obtained in contact mode and the resulting mechanical values after osmotic adaptation. The elastic modulus 
averaged 1.04 ± 0.81, 1.65 ± 1.40, 1.57 ± 1.05 and 3.58 ± 2.08 MPa, for the 0.47, 0.94, 1.88 and 4.70-MPa osmotic 
stress groups, respectively. The values varied significantly between the 0.47 vs. 4.70 MPa (p = 0.006), the 0.94 vs. 
4.70 MPa (p = 0.028) and the 1.88 vs. 4.70 MPa (p = 0.027) osmotic stress groups, respectively (Fig. 9).

Discussion
Using a highly standardized protocol for biomechanical testing, this study gives experimental evidence that the 
water content of soft tissues should be adjusted to minimize unpredictable effects on tissue biomechanics and 
finally to give reliable results close to the living state.

Water content plays a crucial role in the biomechanics of soft tissues1,6,22. The purpose of this experiment was 
to determine if an adaption of tissue water content is necessary prior to biomechanical testing, both on a macro 
and a micro mechanical scale. By using the osmotic stress technique, the water content of human iliotibial band 
specimens was altered in a standardized manner to understand its influence on the mechanical properties and to 
assess if the water content should be standardized for mechanical tests. Following the steps proposed elsewhere6, 
to reduce a spread of the results, all samples were obtained from the cadavers at the same anatomical site were 
loaded uniaxially, and material slippage during testing was reduced by using 3D-printed clamps, designed by our 
laboratory23.

Mechanical tests of human soft tissues are carried out frequently in a range of hierarchical levels, as exem-
plified in Fig. 1. A number of AFM studies can be found in recent literature, assessing individual collagen  
fibrils11,13,14,24–29 or composite soft tissues involving a significant collagen backbone12,16,25,30,31. Structural 
changes25,32,33 of collagens or collagen remodeling34 are assessed on the level of collagen fibrils.

Svensson and coworkers18, in their study on human patellar tendon, found that collagen fibril and fascicle 
mechanics are insensitive to environmental salts at different concentrations when individual collagen fibrils are 
strained 4% longitudinally along the collagen fiber axis. Our results contrast these previous findings, showing 
different mechanical properties when tissues are exerted to different osmotically active substances, effectively 
changing the tissue water content. No study to date has shown this direct impact of different concentrations of 
osmotically active substances on tissue hydration. Further, it remains unclear if using isotonic saline is effective 
at restoring and maintain soft tissue water content though this is the most common approach in mechanical 

Figure 5.  Example of a displacement and strain evaluation by digital image correlation at different steps of 
the nominal stress-strain curve in a uniaxial tensile test. The corresponding engineering strain curves for data 
evaluations were calculated by a point-point / line strain in the parallel length of each sample during tensile 
loading.

https://doi.org/10.1038/s41598-019-44306-z


7Scientific Reports |          (2019) 9:7887  | https://doi.org/10.1038/s41598-019-44306-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

testing. Consequently, it is difficult to determine if Svensson et al.18 have effectively altered the water content in 
their tendon model following the mounting of the tissues which involved denaturation caused by the chemicals.

Our mechanical data presented here indicate that both cross-section dependent and non-cross-section 
dependent mechanical properties are altered as a consequence of altered water content. For the cross-section 
dependent values such as elastic modulus and tensile strength one may well explain increasing values as the 
consequence of drying-related shrinkage of the tissues, to the end that more collagen fibers are situated in an area 
with a given similar cross-sectional area. It needs to be emphasized here that with the given dog bone shape tem-
plates only two of the three dimensions of the tissues were altered, length and width, whereas the sample thickness 
was left unaltered. Thickness would consequently decrease in line with the other dimensions and not be compen-
sated for. This finding in itself would already form a rationale for considering and adjusting the water content 
for standardization procedures. However, it could be shown that also those values which were not cross-section 
dependent such as maximum force and linear stiffness yielded significantly different values comparing the various 
osmotic pressures and related water content. These findings may be interpreted that beyond potential alterations 
in the cross-section, the state of hydration directly influences the load-deformation behavior of collagen-rich 
tissues. Similar findings have been reported by Safa, et al.35, who found significant alterations in modulus and 
equilibrium stress of rat tail tendon fascicles following an 8-hour submersion in 0.9% saline solution. Their study 
consequently recommended against using saline buffer solutions in favor of PEG-based solutions35.

Water content is a driver for altered mechanics in collagen-rich soft tissue.  A comparison 
between the tissues adapted osmotically revealed that mechanical properties were affected by the amount of 

Figure 6.  Boxplot presentation of the data obtained from the mechanical testing resulting from osmotic 
adaptation of the iliotibial band. Asterisks indicate significantly different (p ≤ 0.05) values between osmotic 
pressures. The boxes indicate the 25-, 50- and 75-percentile, the whiskers the minima and maxima.
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Figure 7.  Non-linear representation of age vs. elastic modulus. R2 and an equation given for the correlation 
found in the 1.88-MPa osmotic pressure group.

Figure 8.  Images from atomic force microscopy of human iliotibial band samples. (A) The images show the 
height and error signal of sample sections in contact mode. (B) Pictures are representatives of elasticity maps 
under the respective osmotic pressure. Elastic modulus does at least in part follow topography of the respective 
samples.
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water in the tissue, in both macro mechanical testing and AFM. It was observed that lower water contents induced 
higher elastic moduli, and tensile strength in line with Adeeb, et al.36 and Safa, et al.35. Nevertheless, there was no 
significant change in strain at maximum force at the various water contents investigated in the macro mechanical 
tests carried out here. The water-dependent change of the mechanical properties can be explained by the high 
attraction of water molecules to the negatively-charged proteoglycans and the triple-helix collagen fibers found 
in the matrix of the iliotibial band. Lower water contents will cause less movement of the collagen fibrils and 
fibers, causing friction and energy loss in the form of heat, resulting in a stiffer tissue and more loss of water37. 
Contributing with the previous, a change in the water content will also influence the thickness of the collagen 
fibers35,38,39, making them more prone to stiffening and changes in their viscoelastic behavior at the hierarchical 
levels presented here. This functional relationship of the iliotibial band is in line with the tissue acting as a stabi-
lizer for both the hip and knee joint, given effective two-leg propulsion requires a significant amount of energy 
storage and force regain capacity40,41. The interfascicular matrix of this tendon oversees its stretching and recoiling 
properties. In this space, non-collagenous proteins such as elastin and lubricin are found42. These proteins aid in 
tendon development by controlling fiber and fascicle gliding and promoting elasticity42. If water content is not 
controlled in situ, the tendon could be in risk of injury due to an unexpected change in its mechanical properties.

In addition, a decrease in water content in ligaments increases the release of collagenase43. This decreases the 
quantity and density of collagens, as well as weakens the tensile properties of the ligament due to the induced 
disorganization of the collagen fibers44.

The importance of the osmotic stress technique on a macro and micro mechanical level is underpinned since 
its application helps to avoid changes in mechanical properties of the tissue and can help in mimic the properties 
of native tissue.

The submersion time of the tissue may also affect the resulting water content. In our experiment, a constant 
submersion time of 24 hours in TBS-PEG solution was applied according to own experiences. PEG itself as the 
osmotically-active substance appears to be well suited, as shown macro2,6,7 and nano mechanically10,45. Zhang, et al.46,  
preserved cortical bone in saline solution for 3, 10, 36, and 60 days. The results of this study45 showed a loss in tissue 
elasticity and ultimate strength, likely as a consequence of deteriorated organic matrix in the bone, consisting of 
collagens, during longer storage. This effect was seen as early as 3 days after submersion, thus, a shorter preservation 
time in solutions could give more accurate results regarding native tissues without additional errors introduced 
by the duration of the tissues for the purpose of osmotic adaptation or storage. In another experiment conducted 
by Gratz, living human fascia lata tissues from a similar site had a preservation time between two and eighteen 
hours in saline solution8. In the biomechanical experiments, tensile strengths of 43 to 54 MPa were obtained8, which 
agrees with the previous native tissues from our study. According to Hammer, et al.47, native iliotibial tract tissue 
has an elastic modulus of 369 ± 192 MPa. In this experiment, an osmotic pressure of 1.88 MPa resembled the tissue 
at the native condition and resulted in an elastic modulus of 398 ± 99 MPa. Thus, in line with our first hypothesis, 
alterations in water content change the mechanical properties of soft tissues. Consequently, the water content of 
collagen-rich tissues such as the iliotibial band or other ligaments or tendons should be implemented to modify 
soft tissues before testing to improve the repeatability of the data and to account for potential shifts in water content 
post-mortem. To our surprise, changes induced by the PMI up to five days have not induced significant alterations 
in the here observed mechanics, likely also due to our attempt to standardize water content of the samples.

Correlations between anthropological data, mechanical properties, and water content exist 
at water concentrations close to the native condition.  Once determined that an osmotic pressure of 
1.88 MPa yielded a water content similar to the native tissue, the samples of this group were tested for correlations 
between anthropological data and mechanical properties. A correlation between age and elastic modulus was 
found, but not for the other groups of osmotic pressure. With an age range of 2–98 years, it was observed that 

Figure 9.  Boxplot representation of the data obtained from micro mechanical testing in AFM following the 
osmotic adaptation of the human iliotibial band. Asterisks indicate significantly different (p ≤ 0.05) values 
between osmotic pressures. The boxes indicate the 25-, 50- and 75-percentile, the whiskers the minima and 
maxima.
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a higher elastic modulus was obtained for older donors, indicative of a stiffening of the tissues with higher age. 
A loss of proteoglycans is observed in elder people; thus, water content will also decrease since water molecules 
bind to proteoglycans, making tendons stiffer48. Osakabe, et al.49 explained that extracellular components such as 
elastin, fibrillin, and collagen decrease with age. Using lumbar yellow ligaments, a relationship between age and 
stiffness was observed: the older the person, the stiffer the tissue. In addition to the loss of proteins that provide 
elasticity, it was found that mineral contents increased with age, promoting stiffness even more. Hammer, et al.47 
agree with the previous by showing that elastic modulus is lower in younger tissues. Iliotibial tracts from donors 
younger than 44 years old were used in this former experiment. Due to the large variation in age at death in our 
given experiment, a mean age at death corresponded to 57 years, which is close to the age group investigated in 
our previous works47.

Thus, in support of our second hypothesis, water content influences mechanical properties at a different 
extent. Other correlations were found for higher water contents and mechanical properties, nevertheless, these 
were inconclusive.

Correlations for other anthropological characteristics could not be obtained for the 1.88-MPa group due to 
the limited sample size, possible alteration of the biochemical composition of the tissues due to their PMI, and 
potentially differences between male and female’s metabolism. Moreover, given only a limited number of samples 
was available in particular for the AFM experiments, this study could not assess sex-specific difference on altered 
water content in particular for the micro mechanical properties. If a standardized procedure is applied in future 
testing, more concrete data could be obtained to understand the influence of water content, anthropological data, 
and mechanical properties in more detail.

Conclusions
This study showed that there are water-content related alterations in tendon biomechanics on a macro and micro 
mechanical level. The results obtained in this study underline the importance of measuring and adjusting the 
water content of biological tissues, with implications on the accuracy and repeatability of tensile biomechanical 
testing of collagen-rich soft tissues such as the iliotibial band. Utilizing the osmotic stress technique to adjust the 
tissues’ water content as an integral part of biomechanical testing is highly encouraged. Correlations between age 
and elastic modulus were found for water content close to the native condition; nevertheless, more research is 
needed in order to understand the effect of water content in other mechanical properties.

References
	 1.	 Masic, A. et al. Osmotic pressure induced tensile forces in tendon collagen. Nat Commun 6, 5942, https://doi.org/10.1038/

ncomms6942 (2015).
	 2.	 Schleifenbaum, S. et al. Tensile properties of the hip joint ligaments are largely variable and age-dependent - An in-vitro analysis in 

an age range of 14–93 years. J Biomech 49, 3437–3443, https://doi.org/10.1016/j.jbiomech.2016.09.001 (2016).
	 3.	 Frank, C. B. Ligament structure, physiology and function. J Musculoskelet Neuronal Interact 4, 199–201 (2004).
	 4.	 Bertinetti, L. et al. Osmotically driven tensile stress in collagen-based mineralized tissues. J Mech Behav Biomed Mater 52, 14–21, 

https://doi.org/10.1016/j.jmbbm.2015.03.010 (2015).
	 5.	 Parsegian, V. A., Rand, R. P. & Rau, D. C. Macromolecules and water: probing with osmotic stress. IMethods Enzymol 259, 43–94 

(1995).
	 6.	 Hammer, N. et al. Do cells contribute to tendon and ligament biomechanics? PLoS One 9, e105037, https://doi.org/10.1371/journal.

pone.0105037 (2014).
	 7.	 Schleifenbaum, S. et al. Acellularization-Induced Changes in Tensile Properties Are Organ Specific - An In-Vitro Mechanical and 

Structural Analysis of Porcine Soft Tissues. PLoS One 11, e0151223, https://doi.org/10.1371/journal.pone.0151223 (2016).
	 8.	 Gratz, C. M. Tensile strength and elasticity test on human fascia lata. Journal of Bone and Joint Surgery 13, 334–340 (1931).
	 9.	 Steinke, H. et al. Deformation behavior of the iliotibial tract under different states of fixation. Med Eng Phys 34, 1221–1227, https://

doi.org/10.1016/j.medengphy.2011.12.009 (2012).
	10.	 Zernia, G. & Huster, D. Collagen dynamics in articular cartilage under osmotic pressure. NMR Biomed 19, 1010–1019, https://doi.

org/10.1002/nbm.1061 (2006).
	11.	 Baldwin, S. J., Kreplak, L. & Lee, J. M. Characterization via atomic force microscopy of discrete plasticity in collagen fibrils from 

mechanically overloaded tendons: Nano-scale structural changes mimic rope failure. J Mech Behav Biomed Mater 60, 356–366, 
https://doi.org/10.1016/j.jmbbm.2016.02.004 (2016).

	12.	 Connizzo, B. K. & Grodzinsky, A. J. Tendon exhibits complex poroelastic behavior at the nanoscale as revealed by high-frequency 
AFM-based rheology. J Biomech 54, 11–18, https://doi.org/10.1016/j.jbiomech.2017.01.029 (2017).

	13.	 Deymier, A. C. et al. Micro-mechanical properties of the tendon-to-bone attachment. Acta Biomater 56, 25–35, https://doi.
org/10.1016/j.actbio.2017.01.037 (2017).

	14.	 Dutov, P., Antipova, O., Varma, S., Orgel, J. P. & Schieber, J. D. Measurement of Elastic Modulus of Collagen Type I Single Fiber. PLoS 
One 11, e0145711, https://doi.org/10.1371/journal.pone.0145711 (2016).

	15.	 Graham, J. S., Vomund, A. N., Phillips, C. L. & Grandbois, M. Structural changes in human type I collagen fibrils investigated by 
force spectroscopy. Exp Cell Res 299, 335–342, https://doi.org/10.1016/j.yexcr.2004.05.022 (2004).

	16.	 Kahn, C. J. et al. Structural and mechanical multi-scale characterization of white New-Zealand rabbit Achilles tendon. J Mech Behav 
Biomed Mater 26, 81–89, https://doi.org/10.1016/j.jmbbm.2013.05.028 (2013).

	17.	 Li, M., Dang, D., Liu, L., Xi, N. & Wang, Y. Atomic Force Microscopy in Characterizing Cell Mechanics for Biomedical Applications: 
A Review. IEEE Trans Nanobioscience 16, 523–540, https://doi.org/10.1109/TNB.2017.2714462 (2017).

	18.	 Svensson, R. B., Hassenkam, T., Grant, C. A. & Magnusson, S. P. Tensile properties of human collagen fibrils and fascicles are 
insensitive to environmental salts. Biophys J 99, 4020–4027, https://doi.org/10.1016/j.bpj.2010.11.018 (2010).

	19.	 Slattery, A. D., Blanch, A. J., Quinton, J. S. & Gibson, C. T. Accurate measurement of Atomic Force Microscope cantilever deflection 
excluding tip-surface contact with application to force calibration. Ultramicroscopy 131, 46–55, https://doi.org/10.1016/j.
ultramic.2013.03.009 (2013).

	20.	 Bilodeau, G. G. Regular Pyramid Punch Problem. J App Mech 59, 519–523, https://doi.org/10.1115/1.2893754 (1992).
	21.	 Hertz, H. Über die Berührung fester elastischer Körper. Journal für reine und angewandte Mathematik 92, 156–171 (1881).
	22.	 Shahmirzadi, D., Bruck, H. A. & Hsieh, A. H. Quantifying the interfibrillar spacing and fibrillar orientation of the aortic extracellular 

matrix using histology image processing: toward multiscale modeling. IEEE Trans Biomed Eng 60, 1171–1180, https://doi.
org/10.1109/TBME.2012.2229708 (2013).

https://doi.org/10.1038/s41598-019-44306-z
https://doi.org/10.1038/ncomms6942
https://doi.org/10.1038/ncomms6942
https://doi.org/10.1016/j.jbiomech.2016.09.001
https://doi.org/10.1016/j.jmbbm.2015.03.010
https://doi.org/10.1371/journal.pone.0105037
https://doi.org/10.1371/journal.pone.0105037
https://doi.org/10.1371/journal.pone.0151223
https://doi.org/10.1016/j.medengphy.2011.12.009
https://doi.org/10.1016/j.medengphy.2011.12.009
https://doi.org/10.1002/nbm.1061
https://doi.org/10.1002/nbm.1061
https://doi.org/10.1016/j.jmbbm.2016.02.004
https://doi.org/10.1016/j.jbiomech.2017.01.029
https://doi.org/10.1016/j.actbio.2017.01.037
https://doi.org/10.1016/j.actbio.2017.01.037
https://doi.org/10.1371/journal.pone.0145711
https://doi.org/10.1016/j.yexcr.2004.05.022
https://doi.org/10.1016/j.jmbbm.2013.05.028
https://doi.org/10.1109/TNB.2017.2714462
https://doi.org/10.1016/j.bpj.2010.11.018
https://doi.org/10.1016/j.ultramic.2013.03.009
https://doi.org/10.1016/j.ultramic.2013.03.009
https://doi.org/10.1115/1.2893754
https://doi.org/10.1109/TBME.2012.2229708
https://doi.org/10.1109/TBME.2012.2229708


1 1Scientific Reports |          (2019) 9:7887  | https://doi.org/10.1038/s41598-019-44306-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

	23.	 Scholze, M. et al. Utilization of 3D printing technology to facilitate and standardize soft tissue testing. Sci Rep 8, 11340, https://doi.
org/10.1038/s41598-018-29583-4 (2018).

	24.	 Baldwin, S. J., Quigley, A. S., Clegg, C. & Kreplak, L. Nanomechanical mapping of hydrated rat tail tendon collagen I fibrils. Biophys 
J 107, 1794–1801, https://doi.org/10.1016/j.bpj.2014.09.003 (2014).

	25.	 Connizzo, B. K., Sarver, J. J., Han, L. & Soslowsky, L. J. In situ fibril stretch and sliding is location-dependent in mouse supraspinatus 
tendons. J Biomech 47, 3794–3798, https://doi.org/10.1016/j.jbiomech.2014.10.029 (2014).

	26.	 Dex, S. et al. Tenomodulin is Required for Tendon Endurance Running and Collagen I Fibril Adaptation to Mechanical Load. 
EBioMedicine 20, 240–254, https://doi.org/10.1016/j.ebiom.2017.05.003 (2017).

	27.	 Grant, C. A., Phillips, M. A. & Thomson, N. H. Dynamic mechanical analysis of collagen fibrils at the nanoscale. J Mech Behav 
Biomed Mater 5, 165–170, https://doi.org/10.1016/j.jmbbm.2011.08.020 (2012).

	28.	 Heim, A. J., Koob, T. J. & Matthews, W. G. Low strain nanomechanics of collagen fibrils. Biomacromolecules 8, 3298–3301, https://
doi.org/10.1021/bm061162b (2007).

	29.	 Rigozzi, S., Stemmer, A., Muller, R. & Snedeker, J. G. Mechanical response of individual collagen fibrils in loaded tendon as measured 
by atomic force microscopy. J Struct Biol 176, 9–15, https://doi.org/10.1016/j.jsb.2011.07.002 (2011).

	30.	 Hammond, M. A., Gallant, M. A., Burr, D. B. & Wallace, J. M. Nanoscale changes in collagen are reflected in physical and mechanical 
properties of bone at the microscale in diabetic rats. Bone 60, 26–32, https://doi.org/10.1016/j.bone.2013.11.015 (2014).

	31.	 Tilley, J. M., Carr, A. J. & Czernuszka, J. T. Atomic Force Microscopy of bulk tendon samples: affect of location and fixation on tissue 
ultrastructure. Micron 42, 531–535, https://doi.org/10.1016/j.micron.2011.01.001 (2011).

	32.	 Raspanti, M., Congiu, T. & Guizzardi, S. Structural aspects of the extracellular matrix of the tendon: an atomic force and scanning 
electron microscopy study. Arch Histol Cytol 65, 37–43 (2002).

	33.	 Raspanti, M., Manelli, A., Franchi, M. & Ruggeri, A. The 3D structure of crimps in the rat Achilles tendon. Matrix Biol 24, 503–507, 
https://doi.org/10.1016/j.matbio.2005.07.006 (2005).

	34.	 Friedrichs, J., Taubenberger, A., Franz, C. M. & Muller, D. J. Cellular remodelling of individual collagen fibrils visualized by time-
lapse AFM. J Mol Biol 372, 594–607, https://doi.org/10.1016/j.jmb.2007.06.078 (2007).

	35.	 Safa, B. N., Meadows, K. D., Szczesny, S. E. & Elliott, D. M. Exposure to buffer solution alters tendon hydration and mechanics. J 
Biomech 61, 18–25, https://doi.org/10.1016/j.jbiomech.2017.06.045 (2017).

	36.	 Adeeb, S., Ali, A., Shrive, N., Frank, C. & Smith, D. Modelling the behaviour of ligaments: a technical note. Comput Methods Biomech 
Biomed Engin 7, 33–42, https://doi.org/10.1080/10255840310001637266 (2004).

	37.	 Paxton, J. Z. & Baar, K. Tendon mechanics: the argument heats up. J Appl Physiol (1985) 103, 423–424, https://doi.org/10.1152/
japplphysiol.00426.2007 (2007).

	38.	 Chimich, D., Shrive, N., Frank, C., Marchuk, L. & Bray, R. Water content alters viscoelastic behaviour of the normal adolescent rabbit 
medial collateral ligament. J Biomech 25, 831–837 (1992).

	39.	 Haut, T. L. & Haut, R. C. The state of tissue hydration determines the strain-rate-sensitive stiffness of human patellar tendon. J 
Biomech 30, 79–81 (1997).

	40.	 Eng, C. M., Arnold, A. S., Biewener, A. A. & Lieberman, D. E. The human iliotibial band is specialized for elastic energy storage 
compared with the chimp fascia lata. J Exp Biol 218, 2382–2393, https://doi.org/10.1242/jeb.117952 (2015).

	41.	 Pancheri, F. Q., Eng, C. M., Lieberman, D. E., Biewener, A. A. & Dorfmann, L. A constitutive description of the anisotropic response 
of the fascia lata. J Mech Behav Biomed Mater 30, 306–323, https://doi.org/10.1016/j.jmbbm.2013.12.002 (2014).

	42.	 Thorpe, C. T., Birch, H. L., Clegg, P. D. & Screen, H. R. The role of the non-collagenous matrix in tendon function. Int J Exp Pathol 
94, 248–259, https://doi.org/10.1111/iep.12027 (2013).

	43.	 Nabeshima, Y., Grood, E. S., Sakurai, A. & Herman, J. H. Uniaxial tension inhibits tendon collagen degradation by collagenase in 
vitro. J Orthop Res 14, 123–130, https://doi.org/10.1002/jor.1100140120 (1996).

	44.	 Kawada, J. & Komatsu, K. In vitro effects of collagenase on biomechanical properties and morphological features of the rat molar 
periodontal ligament. Japanese Journal of Oral Biology 42, 193–205 (2000).

	45.	 Hammer, N. et al. A preliminary technical study on sodium dodecyl sulfate-induced changes of the nano-structural and macro-
mechanical properties in human iliotibial tract specimens. J Mech Behav Biomed Mater 61, 164–173, https://doi.org/10.1016/j.
jmbbm.2016.01.018 (2016).

	46.	 Zhang, G. et al. The effect of storage time in saline solution on the material properties of cortical bone tissue. Clinical biomechanics 
57, 56–66, https://doi.org/10.1016/j.clinbiomech.2018.06.003 (2018).

	47.	 Hammer, N. et al. Ultimate stress and age-dependent deformation characteristics of the iliotibial tract. J Mech Behav Biomed Mater 
16, 81–86, https://doi.org/10.1016/j.jmbbm.2012.04.025 (2012).

	48.	 Tuite, D. J., Renstrom, P. A. & O’Brien, M. The aging tendon. Scand J Med Sci Sports 7, 72–77 (1997).
	49.	 Osakabe, T. et al. Age- and gender-related changes in ligament components. Annals of clinical biochemistry 38, 527–532 (2001).
	50.	 Kannus, P. Structure of the tendon connective tissue. Scand J Med Sci Sports 10, 312–320 (2000).

Acknowledgements
Robbie McPhee kindly provided the image of figure 1. Christine Hammer helped formatting and typesetting the 
paper and figures. We acknowledge support from the German Research Foundation (DFG) and the University 
Leipzig within the program of Open Access Publishing.

Author Contributions
M.S., F.V., J.W., B.O. and N.H. designed the study. C.B., B.O. and F.V. retrieved the tissues. P.F.L., M.S. and F.V. 
obtained the data. P.F.L., M.S., F.V., B.O. and N.H. evaluated the experiments. P.F.L., M.S. and F.V. wrote the 
manuscript. All authors critically revised the paper prior to the submission.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-44306-z.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-44306-z
https://doi.org/10.1038/s41598-018-29583-4
https://doi.org/10.1038/s41598-018-29583-4
https://doi.org/10.1016/j.bpj.2014.09.003
https://doi.org/10.1016/j.jbiomech.2014.10.029
https://doi.org/10.1016/j.ebiom.2017.05.003
https://doi.org/10.1016/j.jmbbm.2011.08.020
https://doi.org/10.1021/bm061162b
https://doi.org/10.1021/bm061162b
https://doi.org/10.1016/j.jsb.2011.07.002
https://doi.org/10.1016/j.bone.2013.11.015
https://doi.org/10.1016/j.micron.2011.01.001
https://doi.org/10.1016/j.matbio.2005.07.006
https://doi.org/10.1016/j.jmb.2007.06.078
https://doi.org/10.1016/j.jbiomech.2017.06.045
https://doi.org/10.1080/10255840310001637266
https://doi.org/10.1152/japplphysiol.00426.2007
https://doi.org/10.1152/japplphysiol.00426.2007
https://doi.org/10.1242/jeb.117952
https://doi.org/10.1016/j.jmbbm.2013.12.002
https://doi.org/10.1111/iep.12027
https://doi.org/10.1002/jor.1100140120
https://doi.org/10.1016/j.jmbbm.2016.01.018
https://doi.org/10.1016/j.jmbbm.2016.01.018
https://doi.org/10.1016/j.clinbiomech.2018.06.003
https://doi.org/10.1016/j.jmbbm.2012.04.025
https://doi.org/10.1038/s41598-019-44306-z


1 2Scientific Reports |          (2019) 9:7887  | https://doi.org/10.1038/s41598-019-44306-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-44306-z
http://creativecommons.org/licenses/by/4.0/

	Water-content related alterations in macro and micro scale tendon biomechanics

	Materials and Methods

	Sample acquisition. 
	Water content and osmotic stress protocol. 
	Sample preparation and mechanical testing. 
	Atomic force microscopy. 
	Data analyses. 

	Results

	Osmotic stress adaptation led to significantly different water content values compared to the native and the reference cond ...
	Macro mechanical properties of human iliotibial band were largely water-dependent lower water content increased elastic mod ...
	Correlations exist between elastic modulus and age at water contents close to the native condition only. 
	Micro mechanical properties of the human iliotibial band were largely water-dependent lower water content increased elastic ...

	Discussion

	Water content is a driver for altered mechanics in collagen-rich soft tissue. 
	Correlations between anthropological data, mechanical properties, and water content exist at water concentrations close to  ...

	Conclusions

	Acknowledgements

	Figure 1 Structural-hierarchical levels of collagen species and a selection of methods to assess tissue biomechanics.
	Figure 2 Diagram overview of methods for the iliotibial band samples mechanical testing after osmotic pressure adaptation.
	Figure 3 Site of removal of the iliotibial band samples for both macro mechanical and micro mechanical testing.
	Figure 4 Box plot showing the water content data resulting from osmotic adaption of the human iliotibial band in macro mechanical experiments.
	Figure 5 Example of a displacement and strain evaluation by digital image correlation at different steps of the nominal stress-strain curve in a uniaxial tensile test.
	﻿Figure 6 Boxplot presentation of the data obtained from the mechanical testing resulting from osmotic adaptation of the iliotibial band.
	Figure 7 Non-linear representation of age vs.
	Figure 8 Images from atomic force microscopy of human iliotibial band samples.
	Figure 9 Boxplot representation of the data obtained from micro mechanical testing in AFM following the osmotic adaptation of the human iliotibial band.




