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ABSTRACT 

This study examines how strain-driven changes in volume fraction and geometry influence the mechanics of porous scaffolds, 
aiming to improve the accuracy of their stress–strain description. Single bundles and hierarchical structures (8 bundles surrounded 
by a membrane), made of poly(L-lactic) acid and collagen type I, were electrospun as tendon/ligament scaffolds and examined 
via In Situ tensile tests in micro-CT. This enabled the development of a framework to compare stress metrics with increasing 
complexity. Apparent and net stress were obtained from the initial samples’ cross-sections and material volume fractions. Micro- 
CT revealed strain-dependent morphological changes, allowing computation of actual stress–strain behavior. Scaffolds’ nanofibers 
orientation/cross-section were quantified via SEM. The mechanical interpretation changed significantly when using strain- 
dependent morphometry (actual stress–strain) rather than the initial, static geometry (apparent stress–strain). Bundles’ actual 
elastic modulus was statistically higher than hierarchical structures’ one due to membrane-bundle and inter-bundle interactions. 
The different stress definitions yield varying levels of accuracy depending on the experimental complexity. Stress models are 
provided, allowing a compromise between characterization reliability and experimental complexity. Morphological evolution 
during deformation strongly affects mechanical response: at the tissue scale, it improves comparison between scaffold and native 
tissue behavior; at the cellular scale, it predicts the substrate stiffness sensed by cells. 
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 Introduction 

he hierarchical structure of load-bearing tissues is optimized
or their specific biomechanical function and anatomical region
 1 ]. This is the case of tendons and ligaments (T/L), which
re constituted by a dense hierarchical fibrous extracellular
atrix (ECM), predominantly composed of fibrils of collagen
ype I (Coll), hierarchically organized from the nanoscale to the
acroscale [ 2 ]. 
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited. 
2026 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH 
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Ruptures of T/L are common, debilitating orthopedic injuries.
Damaged tendons (e.g., Achilles, patellar, and quadriceps) and
ligaments (e.g., anterior cruciate, posterior cruciate, and col-
lateral) may require reconstruction with biological grafts, such
as autografts or allografts. However, they often present many
criticalities, such as the need for revision after graft failure and the
risk of rejection with allografts. Therefore, synthetic grafts started
to be explored from the Eighties, but they showed quite soon poor
outcomes at medium follow-up and secondary inflammation.
its use, distribution and reproduction in any medium, provided the original work is properly 
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nnovative artificial grafts have provided a valid solution for
nterior cruciate ligament reconstruction in elderly patients
 3 ], for multi-ligamentous lesions, and for tissue reinforcement.
lthough several T/L synthetic grafts have demonstrated unsat-
sfactory outcomes [ 3 ], their market is constantly increasing
 4 ]. 

/L scaffolds should be customized to mimic the hierarchical
rganization and biomechanical performance of the target T/L
f interest. Several natural and synthetic biopolymers have been
xplored in the literature. Specifically, the semicrystalline Poly
L-lactic) acid (PLLA) was often employed for tissue engineering
pplications for its long-term mechanical stability, bioreabsorba-
ility, and biocompatibility [ 5 ]. Across the different biofabrication
echniques [ 6 ], electrospinning emerged as one of the most
romising ones to produce biomimetic T/L scaffolds [ 7–9 ], being
ble of replicating their structure from the fibrils, the fascicles
 10–15 ], up to the whole tissue level [ 16, 17 ], including their
nterfaces [ 18, 19 ]. These scaffolds have also been shown to modify
he morphology, orientation, and phenotype of human fibroblasts
nd stem cells, both in static and dynamic conditions [ 18, 20 ]. 

hen examining the mechanical characteristics of scaffolds, it
s important to focus on their definitions. Woo et al. [ 21 ] studied
he effects of donor age and specimen orientation on the tensile
roperties of the femur-ligament-tibia complex for the anterior
ruciate ligament (ACL) by reading load (N) and elongation (mm)
nd comparing stiffness (N/mm), ultimate load (N), and absorbed
nergy (Nm). These characteristics are named “extrinsic,” being
roper to the tested complex and not to the specific tissue. The
o-called “intrinsic” (i.e., constitutive) properties instead come
rom measuring the specimen’s initial cross-section (mm2 ) and
ength (mm) to transform force-displacement into apparent (i.e.,
ngineering) stress (N/mm2 = MPa)-strain (mm/mm). Apparent
roperties are often used in biomechanics, for example, to
ompare the mechanics of the patellar tendon and knee ligaments
 22, 23 ], to identify a metric for the optimal pre-tensioning of
CL grafts [ 24 ], and to show how a functional scaffold improves
he biomechanical properties of regenerated tendons [ 9, 25 ].
hey allow a direct comparison of the scaffolds’ mechanical
erformance with that of the target tissues. However, they lead to
 significant underestimation of the scaffolds’ actual mechanics
 26 ]. In fact, along with the presence of liquids (such as water)
ithin the T/L volume, tissues can be considered completely
illed with ECM (i.e., collagen fibrils, elastin, proteoglycans)
ith cells interspersed throughout [ 2 ]. Scaffolds, instead, are
esigned to be populated by the patient’s cells, which must
roduce fresh ECM within them, and often have porosities
bove 60%. Due to their high porosity, considering only their
ross-sectional area alone leads to a significant mismatch in the
stimation of scaffolds’ true properties, resulting in a substantial
nderestimation of their actual stress. 

pparent stress–strain characteristics are widely used because
hey require only simple measurements obtained before the test,
uch as with a calliper or scaled photographs. However, they
ay not describe the actual constitutive state of the material
ue to: (i) section changes during the mechanical test along
ith the increasing deformation; (ii) presence of voids, so the
pecimen density is not equal to the material density; (iii) non-
omogeneous strain that differs from the clamping regions to the
of 13
specimen’s centre. To consider points (i) and (ii), the evolution
of microstructure with deformation in the ACL was analyzed
[ 27 ]. Point (ii) was also considered for electrospun T/L scaffolds,
by calculating the initial material volumetric fraction [ 26 ] to
transform apparent stress into net stress [ 17, 28–30 ]. Point (iii)
was considered by applying digital volume correlation (DVC) on
electrospun scaffolds and materials in general [ 28 ]. 

The study aims to change the perspective in characterizing the
mechanical behavior of scaffolds, focusing on two aspects: (i)
investigating the hypothesis that strain-dependent morphology
significantly influences stress metrics through a non-standard,
complex, experimental testing approach; (ii) exploring ways to
enhance the standard metrics by incorporating morphological
strain-dependency into a standard testing setup using a few
simple solutions. Advancing the mechanical characterization of
T/L-inspired PLLA/Coll-based electrospun scaffolds serves as a
case study to validate the proposed method for testing innovative
hierarchical porous materials in tissue engineering. 

A micro-CT In Situ test was implemented to measure changes
in deformation (namely, the updated morphology) of the speci-
mens’ section and material volumetric fraction, and to quantify
the effects on stress–strain characteristics of net vs apparent
stress and of updated vs non-updated morphological quantities.
Moreover, the same tests contributed to linking the mechanical
response peculiarities and the morphological changes of scaffolds
during load application. Finally, this study provides practical
guidelines for achieving reliability in the mechanical charac-
terization of porous scaffolds without the need for time- and
money-consuming imaging. 

2 Materials and Methods 

This study is partially based on data collected from a previous
study [ 28 ]. The experimental campaign has been integrated with
additional tested specimens, one for each scaffold type. Above all,
this work analyzes the data with new metrics and models. The
experimental procedure is fully reported here for clarity. 

2.1 Materials 

For the scaffolds’ preparation, collagen type I (Coll) from
bovine skin (Kensey Nash Corporation DSM Biomedical, Exton,
USA) and PLLA (Lacea H.100-E, Mw = 8.4 × 104 g mol − 1,
PDI = 1.7, Mitsui Fine Chemicals, Dusseldorf, Germany)
were employed. The solvent system was composed of a mix-
ture of 2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (Sigma–Aldrich, St. Louis, USA) at 50:50 (v/v).
As cross-linkers for collagen, N-(3-Dimethylaminopropyl)-N ′ -
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and 95% ethanol (Sigma–Aldrich, St. Louis, USA) were
employed. 

2.2 Electrospun Scaffolds Preparation 

A polymeric blend of PLLA/Coll-75/25 (w/w) obtained
from an 18% (w/v) solution of PLLA and Coll dissolved
in TFE:HFIP = 50:50 (v/v) was employed to electrospun
nanofibers mimicking the T/L fibrils’ morphology [ 31–33 ].
Macromolecular Materials and Engineering, 2026
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lectrospun T/L bundles of axially aligned nanofibers were
btained following a consolidated method [ 13, 14, 34 ]. An
ndustrial electrospinning machine (Spinbow srl, Bologna,
taly) with a high-speed aluminum rotating drum collector
length = 405 mm, diameter = 150 mm; peripheral speed = 19.6
 s− 1 ; drum rotations = 2,500 rpm) was adopted. The following
lectrospinning parameters were used: applied voltage of 22 kV;
eed rate of 0.5 mL h− 1 (syringe pump KD Scientific 200 series,
L, United States); solution delivered by four metallic needles
internal diameter = 0.51 mm); needle-collector distance settled
t 200 mm; excursion of the sliding spinneret supporting the
eedles of 180 mm, with a continuous speed of 1500 mm min− 1 ;
lectrospinning session of 2 h; room temperature; relative
umidity of 20–30%. After the end of each electrospinning
ession, mats were cut into circumferential stripes of 45 mm,
olled up, and removed from the drum, obtaining single
undles (SB) of axially aligned nanofibers (Figure 1b,c ). To
imulate the whole hierarchical morphology of T/L [ 31 —
3 ] (Figure 1a ), electrospun hierarchical composite scaffolds
EHCS) (Figure 1d,e ) were obtained by adapting a consolidated
rocedure [ 20, 29 ]. A group of N = 8 SB per each EHCS was
ollected and covered with an electrospun membrane mimicking
he epitenon/epiligament-one, using a second electrospinning
pparatus. Each assembly was mounted in a custom-made
achine in front of an aluminum flat-plate collector, capable of
otating the bundle group during the electrospinning session.
or the production of the membrane, the group of bundles was
aintained in a static phase alternated by rotational sessions (5
essions of 10 rpm for 30 sec every 20 min of stasis) (Figure 1d ).
t the end of the process, to fix the collagen on the nanofibers,
B and EHCS were cross-linked with a solution of EDC and NHS
.02 m in 95% ethanol for 24 h followed by samples’ immersion for
0 min in PBS (pH = 7.4) and then, to remove the remaining salt
races, washed for 2 h in distilled water, following a consolidated
rotocol [ 14 ]. Previous studies demonstrated the ability of this
ross-linking protocol to maintain collagen within nanofibers,
oth with and without cells [ 14, 18 ]. After cross-linking, SB
nd EHCS were cut into segments of 20 mm for the following
haracterizations. 

.3 SEM 

o investigate the SB and EHCS morphology, a Scanning Electron
icroscope (SEM) (Phenom Pro-X, PhenomWorld, Eindhoven,
etherlands) was used. The scaffolds were sputtered with gold
nd imaged at 10 kV. The mean and standard deviation (SD) of
he nanofiber diameters of both SB and EHCS membranes (mag-
ification = 8,000x) were obtained by measuring 100 nanofibers
ith ImageJ [ 35 ]. The diameters of SB and EHCS were obtained
sing an optical microscope (Axioskop, Zeiss, Pleasanton, CA,
nited States) equipped with a camera (AxioCam MRc, Zeiss,
leasanton, CA, United States), and the mean and SD were com-
uted from 20 measurements. The orientation of the nanofibers
as quantified with the Directionality plugin of ImageJ [ 15, 36 ].
n brief, the Local Gradient Orientation method of Directionality
as used for both bundles and the EHCS membrane on four
ictures (magnification = 8,000x) along the axis of each scaffold.
he results were obtained as the mean ± SD of the four images,
ith 0◦ corresponding to an orientation of the nanofibers along
he axis. 
acromolecular Materials and Engineering, 2026

t

2.4 Micro-CT In Situ Test 

SB (n = 4) and EHCS (n = 4) samples were both mechanically
tested and scanned inside a micro-CT apparatus. First, initial
length ( L0 , mm) and section (diameter d0 , mm; area A0 = π 𝑑0 

2 

2 

,
mm2 ) of the dry samples were measured using ImageJ on
specimen photos (Figure 2a ). Their mass ( w ) was measured by a
microbalance. The initial volume fraction ( f0 ) was calculated as: 

𝑓0 =
𝑤 

𝐿0 𝐴0 𝜌
(1)

where blend density ρwas taken equal to 1.27 g/cm3 from previous
measures [ 28 ]. 

Samples were then immersed in a two-minute saline bath before
being clamped in the micro-CT testing system (Skyscan 1172,
Bruker, Belgium). Each sample’s gauge length ( L0g ) corresponded
to the starting clamp-clamp distance ( ≈ 10 mm for both SB and
EHCS, Figure 3 ) from a single micro-CT image at the minimum
load cell sensitivity (0.45 N, corresponding to 2% strain in SB and
0% strain in EHCS). The first micro-CT scan was acquired under
these conditions. Based on L0g , displacements were imposed to
reach defined ε strains (SB: 3%, 4%, 5%, 7%; EHCS: 1.5%, 3%, 5%,
7%); corresponding tensile forces ( F , N) were read by the load cell
(max 200 N). These specific strain levels were chosen as relevant
in the force-strain curves from previous reference tests [ 28 ]. Each
strain step included a fifteen-minute stress-relaxation period
to stabilize the sample microstructure, followed by subsequent
micro-CT scanning [ 37 ]. 

Samples were scanned using a micro-CT protocol described in
[ 28 ]. Briefly, SB were scanned adopting a voltage of 40 kV and
a current of 75 µA, on a 180◦ orbit with a rotation step of 0.8◦,
for a voxel size of 13 µm and a scan duration of ~ 17 min. The
scanning protocol for EHCS was similar except for the voxel size,
which was 9 µm, resulting in a better discrimination of bundles
and membranes. The image reconstruction was performed using
the SkyScanTM Nrecon software, with a level-5 ring artifact
correction applied. 

The identification of the Volume of Interest (VOI) and the related
morphometric analysis were carried out with the SkyScan CT-
Analyser software. The VOI was of 6 mm in the vertical direction
(i.e., gauge length of 10 mm minus 2 mm from each steel clamp
to remove artifacts) (Figure 2b and Figure S1 ), and the sample’s
cross-section was included inside the VOI (Figure 2c ). For the
EHCS, to separate membranes and bundles (Figure 2c and Figure
S2 ), a semi-automatic procedure was adopted (Figures S2 and
S3 ). Various parameters were obtained for each specimen at each
strain step: 

1. Micro-CT porosity ( Po , %), volumetric fraction ( f’ , %), and
section ( A’ , mm2 ): after binarization, Po is the percentage
of measurable void space inside the VOI (3D analysis in
CT-Analyser, Figure 2c and Figure S2 ) and f’ = 1 -Po . Since
part of the voids cannot be measured, f’ is significantly
higher than the actual volumetric fraction. It is assumed
that the percentage of unmeasured voids remains constant,
so the ratio k = f0 / f ′0 is defined for each specimen and
assumed constant at each strain test, where f0 is the volume
3 of 13
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FIGURE 1 Structure of natural tissues and scaffolds’ fabrication. (a) Hierarchical structure of T/L; (b) electrospun SB fabrication; (c) typical SB 
(scale bar = 5 mm); (d) EHCS production; (e) typical EHCS (scale bar = 5 mm). 
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fraction measured at Equation 1 , and f0 ’ is the volume
fraction obtained from Po at strain 0% (the first micro-
CT scan for EHCS, extrapolated from 2%-7% strain trend
for SB). A’ is the VOI cross-section area averaged on the
451 transversal sections along the VOI vertical length (2D
analysis in CT-Analyser, Figure 2c and Figure S2 ). In analogy
with volumetric fraction, y = A0 / A ′0 is defined for each
specimen and assumed constant at each strain step. 

2. Actual volumetric fraction ( f ), namely volumetric fraction
considering the unmeasured voids (Figure 3a–d ): 

𝑓 = 𝑘 ⋅ 𝑓′ (2)
of 13
3. Actual section ( A ): 

𝐴 = 𝑦 ⋅ 𝐴′ (3)

4. Apparent stress (MPa): 

𝜎𝐴0 =
𝐹 

𝐴0 

(4)

5. Apparent net stress (MPa): 

𝜎𝐴0 𝑓0 =
𝜎𝐴0 
𝑓0 

= 𝐿0 𝑔 𝜌
𝐹 

𝑤 

(5)
Macromolecular Materials and Engineering, 2026
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FIGURE 2 Sample length, cross-section, and porosity measures. (a) Photography of SB and EHCS sample with schematic measure of diameter 
(d0 ) and length (L0 ), where L0 was obtained by measuring on ImageJ sofware the sample centre-line (broken line in case of sample curvature, e.g. SB); 
(b) micro-CT radiography of SB and EHCS sample highlighting the vertical (z) length of the volume of interest (VOI, out-of-green), and a cross-section 
(x-y, red line); (c) gray-level (up) and binarized (down) micro-CT cross-section (x-y) of SB and EHCS sample highlighting VOI (out-of-green), relative 
actual section area (A’, contoured in blue) and porosity (Po, ratio between voids in black, and voids + material in white). 

FIGURE 3 Sample porosity, tortuosity, and orientation. Frontal view cut of SB at 2% strain (a) and 7% strain (b), of EHCS at 0% strain (c) and 7% 

strain (d), highlighting changes in porosity (arrows), bundle’s tortuosity (dotted lines) and orientation (full lines). 
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6. Actual stress (MPa): 

𝜎𝐴 =
𝐹 

𝐴 

(6)

7. Net stress (MPa): 

𝜎𝐴𝑓0 =
𝜎𝐴 
𝑓0 

(7)

8. Actual net stress (MPa): 

𝜎𝐴𝑓 =
𝜎𝐴 
𝑓 

(8)

9. Estimated net stress (MPa): to predict cross-section area
change, the first- and second-order volume ( V ) change
acromolecular Materials and Engineering, 2026
of the specimen was considered using Poisson’s ratio, ν,
obtained from changes in SB and EHCS diameter and
length, measured from micro-CT images, for each sample
and strain, and then averaged: 

𝑉 = 𝑉0 ( 1 + ( 1 − 2 𝜈) 𝜀 ) ⇒ 𝐴 = 𝐴0 

( 1 + 𝜀 − 2 𝜈𝜀 ) 

1 + 𝜀 

= 𝐴0 

( 

1 − 2 𝜈𝜀 

1 + 𝜀 

) 

⇒ 𝜎𝐴𝑒1 𝑓0 = 𝜎𝐴0 𝑓0 ∕

( 

1 − 2 𝜈𝜀 

1 + 𝜀 

) 

(9)

𝑉 = 𝑉0 ( 1 + 𝜀 ) 
( 1 − 2 𝜈) 

⇒ 𝐴 = 𝐴0 ( 1 + 𝜀 ) 
( − 2 𝜈) 

⇒ 𝜎𝐴𝑒2 𝑓0 = 𝜎𝐴0 𝑓0 ∕( 1 + 𝜀 ) 
( − 2 𝜈) (10)
5 of 13
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FIGURE 4 SEM investigation of scaffolds: (a) overview of EHCS with its 8 SB inside (scale bar = 300 µm; magnification = 250x); (b) detail of internal 
SB and membrane (scale bar = 100 µm; magnification = 680x); (c) SB preferentially axially aligned nanofibers (scale bar = 10 µm; magnification = 8000x); 
(d) randomly arranged nanofibers with a slightly circumferential orientation of EHCS membranes (scale bar = 10 µm; magnification = 8000x); (e) 
electrospun nanofibers’ diameter distribution; (f) orientation analysis of SB and EHCS membrane nanofibers. 
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10. Bundle orientation ( θ, ◦): bundle average angle with respect
to the loading axis, i.e., the angle between the loading axis
and the line connecting the top and bottom centroids of the
bundle (0◦ = parallel, details in [ 28 ]). It is a single value
for SB, whereas in EHCS it is the mean of the 8 bundles
(Figure 3c,d ). 

11. Bundle tortuosity ( τ): bundle length divided by the VOI ver-
tical length, where bundle length is automatically calculated
by the CT-Analyser software as the length of a rod equivalent
to the bundle in terms of volume and diameter. Briefly,
the software calculates the average diameter of an object
(i.e., bundle) and its volume, considers a rod with those
geometrical values, and derives its length; τ is 1 when the
bundle is perfectly aligned with the loading axis and without
crimps (details in [ 28 ]). It is a single value for SB, whereas in
EHCS it is the mean of the 8 bundles (Figure 3c,d ). 

12. Stress–strain gradient: d( ⋅)/d ε, where ε is the strain absolute
value and ( ⋅) is 𝜎𝐴0 , 𝜎𝐴0 𝑓0 , σA , 𝜎𝐴𝑓0 or σAf , in MPa. 

 Results 

.1 Morphology of Scaffolds as Fabricated 

rtificial single bundles (SB) and hierarchical composite struc-
ures (EHCS), fabricated by electrospinning, showed an initial ( ex
itu ) cross-sectional diameter of 0.6 ± 0.1 and 2.1 ± 0.1 mm, weight
f 2.0 ± 0.3 and 29.0 ± 4.4 mg, volumetric fraction f0 of 0.30 ± 0.05
nd 0.33 ± 0.05, respectively. The SEM investigation (Figure 4 )
of 13
showed that nanofibers in bundles and membranes were contin-
uous and bead-free, with diameters of 230 ± 60 nm for bundles
(Figure 4c,e ) and 262 ± 80 nm for membranes (Figure 4d,e ). The
orientation analysis confirmed a preferential axial distribution
for bundles’ nanofibers and a circumferential orientation for
membranes, though with a more random distribution (Figure 4f ).

3.2 Micro-CT In Situ Test 

The specific stress metric strongly affected computed stress
(Figure 5a–e ) and resistance to deformation (Figure 5f–l ), both
for SB and EHCS. The first- or second-order stress models
(Equations 9 and 10 ) accurately replicated both the average
and the specimen-specific net stress (Figure 6 ), considering
equivalent Poisson’s ratios of 0.3 for SB and of 1.2 for EHCS,
values close to those computed from micro-CT scans. It must
be noted that Poisson’s ratio is here referred to as “equivalent”
because it is based on the whole SB and EHCS structures, not the
single fibre. This also explains the high value obtained for EHCS:
its hierarchical structure is largely anisotropic and nonlinear;
under tension, when ν> 0.5, the volume decreases as the tissue
is strained [ 38 ], as observed for EHCS but not for SB (Figure 3 ):
this behavior was largely the result of fibre rearrangement during
tension. Values of ν> 0.5 have been measured for many collagen
fibrous materials [ 38 ], up to 4 in tendon fascicles [ 39 ], and in a
0.52–5.5 range for polymeric nanofibrous structures [ 40, 41 ]. 

In EHCS, bundles showed a strain-dependent arrangement,
which appeared exhausted in SB, as indicated by orientation and
tortuosity in Figure 7 (decreasing in EHCS, stable in SB). 
Macromolecular Materials and Engineering, 2026
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FIGURE 5 Curves of stress–strain (a-e; mean ± SD, n = 4 for each scaffold type) and of stress–strain gradients (g-m; mean) comparing the various 
samples (SB vs. EHCS) for the various stress metrics ( 𝝈𝑨0 , 𝝈𝑨0 𝒇0 , σA , 𝝈𝑨𝒇0 , σAf ); curves of stress–strain (mean ± SD, n = 4 for each scaffold type) 
comparing the various stress metrics for SB (f) and EHCS (n). The choice of stress metric changes the interpretation of scaffold stiffness by up to 300% 

(see Table 1 and Figure S4 ). 
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FIGURE 6 Experimental vs. estimated stress. Curves of experimental ( 𝝈𝑨𝒇0 ) vs estimated ( 𝝈𝑨𝒆 1 𝒇0 , 𝝈𝑨𝒆 2 𝒇0 ) stress–strain (a, b: mean ± SD on SB 
and EHCS, n = 4; c, d: specific samples SB #2, EHCS #3). 

FIGURE 7 Bundles morphology. Bundles’ tortuosity-strain (a,b) and orientation-strain (c) graphs (mean ± SD, n = 4 for each scaffold type). 
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 Discussion 

he overall results on the biomimicry of fabricated scaffolds
onfirmed the previous analyses by some of the present authors
 28 ]. Specifically, electrospun bundles and hierarchical structures
isplayed morphology and thickness of T/L as reported in the
iterature [ 2, 31–33 ]. The SEM investigation showed nanofibers
f scaffolds’ bundles and membranes in the same order of
agnitude as T/L collagen fibrils [ 25 ]. Differences between
undle and membrane nanofibers were similar to our previous
tudies [ 20, 28 ]: the diameters were comparable, but there were
ignificant differences in orientation, with bundle nanofibers
howing a preferential axial distribution and membranes show-
ng a circumferential distribution. Even if the nanofibers in
undles and membranes were identical in composition, the
ifferent electrospinning strategies modified their orientation
of 13
and diameter distribution while remaining closely similar to their
biological counterparts. The stress–strain differences between SB
and EHCS thus depend on the membrane’s nanostructure, and
on the inter-bundle and membrane-bundle interaction in EHCS. 

Regarding the scaffold stress–strain description, the material
volume fraction ( f ) had the greatest impact, with this effect
amplified by its dependence on the imposed strain, as measured
by micro-CT. This dependence with strain appears realistic: in
SB, the volume fraction slightly increased with strain because
of bundle transversal contraption due to traction (Figure 3 ); in
EHCS it decreased with strain because bundles-membrane spaces
increased (Figure 3 ). The effect of strain is clear also comparing
the differences between apparent net stress ( 𝜎𝐴0 𝑓0 , obtained using
the initial, out of micro-CT section, and volumetric fraction) and
actual net stress ( σAf , obtained considering the strain-dependence
Macromolecular Materials and Engineering, 2026
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f A and f as measured in micro-CT). If σAf is taken as the
ost accurate metric, the first improvement toward reliable stress
valuation comes from including the initial volume fraction ( f0 )
s defined in Equation ( 1 ). This metric does not require complex
rocedures and facilities. A better estimate can be achieved
y also considering the change in cross-sectional area with
train, which leads to net stress ( 𝜎𝐴𝑓0 ). Though this change was
valuated through micro-CT scan in this study, a similar measure
ould be performed through macro-photos or videos during a
tandard mono-axial test, and repeating the area evaluation at
ifferent strains using the same procedure shown in Figure 2a .
therwise, a simplification of the experimental procedure is
btained by predicting the cross-sectional area change with strain
ith the first- or second-order models (Equations 9 and 10 ). In
act, the use of estimated metrics, 𝜎𝐴𝑒1 𝑓0 and 𝜎𝐴𝑒2 𝑓0 , does not
equire photos or videos during the test, and the subsequent
mage analyses. Models in Equations ( 9 ) and ( 10 ) are defined as
redictive, since they actually predict changes in cross-sectional
rea with strain. However, a rough estimate for the Poisson’s
atio of the structure to be analysed is required, since this is
lso a parameter that depends on the structure’s mechanical
haracteristics. It is worth noting that in this work, given the
mall dimension of the population (n = 4), a full cross-validation
ould not be performed, but the authors limited to verifying that
hanging the Poisson’s ratio between average values obtained by
xcluding a single sample at a time (thus computed on all groups
 = 3), still allows to predict the results in all samples, which was
he case for both SB and EHCS. 

ifferences between SB and EHCS stress–strain behavior were
bserved. The gap was also affected by the different metrics, with
olume fraction still having the greatest impact, further widening
he difference between the two (Figure 5a–e ). Regardless of
he stress metric, SB showed higher stress values than EHCS.
enerally, stress gradients were also higher for SB at each strain
evel, though differences decreased at the highest strains with
xhausted uncrimping. Conversely, the gross shape of stress–
train curves, including their first derivatives, was not strongly
ffected by the chosen stress metric, both for SB and EHCS
Figure 5 ). Whatever the metric, indeed, (i) at 2–3% strain, EHCS
till appeared in the toe-region, showing higher non-linearity also
ecause of the evolving geometry (Figure 7 ); (ii) non-linearity
ear yielding occurred around 3% strain for SB and around 5% for
HCS, though some EHCS samples reached higher values; (iii)
tress derivative at 7% strain for EHCS reached values comparable
o those in the toe-region (except for σAf , where it is higher), while
or SB the same derivative is almost constant in the 5–7% strain
ange and always lower than the linear region; (iv) both SB and
HCS do not show failure until 7% strain. 

ince SB and EHCS share the same material and nanofibers
eometry, differences can be ascribed to two factors, one at the
icro-geometry and the other at the nano-geometry: (i) in EHCS,
undles showed a strain-dependent arrangement which appeared
xhausted for SB, as described by orientation and tortuosity
n Figure 7 (decreasing for EHCS, stable for SB); (ii) the bio-
nspired membrane enveloping the bundles of EHCS presents a
andom arrangement of nanofibers, while they are preferentially
riented along the loading axis in SB (Figure 4f ), therefore the
embrane stress-shields the bundles but offers less resistance to
eformation. The membrane cross-sectional area was considered,
acromolecular Materials and Engineering, 2026

t

though its contribution to strain resistance is lower than that of
bundles. This also has an impact on elastic modulus (Figure 5g–m
and Table 1 ): its value at the end of the linear region (strain = 3%
for SB, 5% for EHCS) was computed using σAf is 583 ± 97 MPa
for SB and 163 ± 107 MPa for EHCS on average. These values are
in the range of the elastic moduli of both human tendon fascicles
(e.g., Iliopsoas tendon fascicles = 39.9–232.6 MPa; Achilles tendon
fascicles = 138.2–426.8 MPa) [ 42 ] and whole tendons/ligaments,
with similar cross-sections (e.g., anterior cruciate ligament = 65–
541 MPa, posterior cruciate ligament = 109–248 MPa, patellar
tendon = 143–660 MPa) reported in literature [ 2, 9, 43 ]. 

In addition, the load of fibers in EHCS is less uniform than in SB,
due to the higher tortuosity and the composite nature of EHCS:
while some fibers are just entering their linear region, others
are in their non-linear or yielding region, so the actual resisting
section is lower than the measured one. In a previous study [ 28 ],
Digital Volume Correlation (DVC) revealed an inhomogeneous
and biomimetic strain pattern of these scaffolds under similar
loading conditions. As for SB, their strain pattern suggested an
increase in nanofiber ruptures, sliding, contraction, yielding,
and waving with increasing strain. Because of the hierarchi-
cal structure, strain-related phenomena were more complex in
EHCS: sliding, contraction, and yielding of both nanofibers and
bundles; these latter also showed realignment and reduction in
tortuosity; membranes further showed sliding and tightening.
These observations explain the differences in Poisson’s ratio
between SB and EHCS. Moreover, when the Poisson’s ratio is
greater than 0.5 under tension, the volume decreases as the tissue
is strained [ 38 ], and it was the case for EHCS, while not for
SB, as revealed in this experimental campaign. Moreover, inside
EHCS, also the effect of cross-linking may contribute to the delay
in the reorganization and alignment of bundles to reach their
linear region. In fact, in EHCS, the cross-linking of collagen can
happen not only between the collagen molecules inside the single
nanofiber, but also between nanofibers of different bundles or
of bundles and membranes. This increases friction and delays
the alignment of nanofibers/bundles. Furthermore, similar full-
field and superficial strain patterns were also detected in previous
studies of DVC [ 44 ] and Digital Image Correlation (DIC) [ 45–50 ]
on natural tendons/ligaments. The full-field strain distribution
produced by scaffolds is one of the main responsible of an effective
stem cell differentiation in a tenogenic/ligamentogenic lineage
and a direct consequence of the scaffolds’ stiffness. In fact, cells
directly interact/attach with the scaffolds’ surface and inter-
nal volume, experiencing their deformations and consequently
producing tendon/ligament-specific ECM [ 51, 52 ]. 

This study presents some limitations. Firstly, the stress–strain
behavior of the scaffolds can be considered reliable mainly in
the elastic range, whereas yielding was strongly influenced by
the clamping method and may not have occurred within the
analyzed VOI (a critical aspect for fatigue testing in future studies
simulating in vivo conditions). However, the considerations on
the impact of net vs apparent stress and of strain-dependent
vs strain-independent physical quantities hold already at small
strain (Figure S3 ). Secondly, micro-CT measures were affected by
the low spatial resolution, in relation to the dimensional scale
of the scaffolds’ architecture: nanoscale, e.g., nano-porosity, was
lost, but also some micro-porosity due to partial volume effect
(PVE) and the voxel size adopted (i.e., a voxel was considered
9 of 13
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TABLE 1 Stress–strain gradients (mean ± SD, n = 4 for each scaffold type) in the linear region ( ε 3% for SB, 5% for EHCS) are assumed as elastic 
moduli of the tested samples and are statistically compared between sample types for each stress calculation method (SB vs. EHCS, ranksum test; * 
of different colours indicates significant difference between different pairs, p-value < 0.05) and between stress calculation methods for each sample 
type ( 𝝈𝑨0 vs. 𝝈𝑨0 𝒇0 vs. σA vs. 𝝈𝑨𝒇0 vs. σAf , Kruskal-Wallis test; couple of letters indicates significant difference between pairs—Small letters for SB, 
capital letters for EHCS –, p-value < 0.05). Using the sample’s micro-CT measured section (A’) instead of the actual section (A) (i.e., using stress metrics 
𝝈𝑨′ , 𝝈𝑨′𝒇0 , σA ′ f ) does not change the statistics. 

𝒅 (𝝈𝑨𝟎 )∕ 𝒅𝜺 𝒅 (𝝈𝑨𝟎 𝒇𝟎 )∕ 𝒅𝜺 d ( σA )/ d ε 𝒅 (𝝈𝑨𝒇𝟎 )∕ 𝒅𝜺 d ( σAf )/ d ε d ( σA ′ )/ d ε 𝒅 (𝝈𝑨′𝒇𝟎 )∕ 𝒅𝜺 d ( σA ′ f )/ d ε

SB 

ε 3% 

173 ± 44 MPa 
ad ae * 

565 ± 93 MPa 
* 

196 ± 32 MPa 
* 

594 ± 97 MPa 
ad * 

583 ± 97 MPa 
ae * 

272 ± 74 MPa 
* 

829 ± 241 MPa 
ad * 

820 ± 240 MPa 
ae * 

EHCS 
ε 5% 

39 ± 26 MPa 
AE * 

117 ± 77 MPa 
* 

47 ± 30 MPa 
* 

138 ± 86 MPa 
* 

163 ± 107 MPa 
AE * 

56 ± 42 MPa 
* 

165 ± 122 MPa 
* 

195 ± 152 MPa 
AE * 
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aterial when its signal was a combination of material and
oid contributions). The contribution of PVE inaccuracy was
uantified at the pixel level, i.e., 13 µm for SB and 9 µm for
HCS. It was not mitigated, but it was taken into consideration.
hat is: i) regarding porosity, pores with diameter under 13 µm
n SB (sample diameter ~ 500 µm) and 9 µm in EHCS (sample
iameter ~ 2000 µm) could not be revealed; for this reason, as
xplained above, the micro-CT porosity measure was not used by
tself, but rather to update the porosity calculated through weight
easurement and density with strain; ii) regarding the Poisson’s
atio ν, which was derived from sample diameter and length
icro-CT measures, the PVE impacted on its quantification for
bout 3% for SB and 0.5% for EHCS, respectively, far lower than
he ν oscillations with strain and specimen (max coefficient of
ariation 39% for SB and 88% for EHCS). Nevertheless, the use
f an average ν has proven effective for estimating net stress,
emonstrating its practicality and robustness. A more accurate
uantification of PVE is a goal for future studies (e.g., by increas-
ng image acquisition spatial resolution or using deconvolution
ilters in image reconstruction). For these reasons, micro-CT
orosity was used to update the material volume fraction with
volving strain, but not to directly calculate it. In fact, while
he reference volume fraction—calculated from mass and density
efore testing—was about 0.3, the micro-CT volume fraction at
he minimum applied load resulted in 0.8, which is unreliably
igh. However, as previously noted, its trend with strain was
onsidered realistic. This does not change the fact that the loss
f nanoscale phenomena could affect the actual description of
tress: future work will focus on this point, e.g., by exploring
igher-resolution nano-CTs. Third, load-cell sensitivity does not
ecessarily ensure an accurate initial no-strain starting point:
he initial state may have an inherent strain that is less accurate
ompared to other measurements. This is why the initial section
 A0 ), which was updated for strain dependency as evaluated by
icro-CT, was used as the actual section ( A ) rather than the
ection measured by micro-CT ( A’ ). Using A0 as base parameter
as also a practical reason: in presence of a valid model estimating
ection strain-dependency, as shown in this study, only loads
ust be read from a traction test to obtain an estimate ( 𝜎𝐴𝑒1 𝑓0 or
𝐴𝑒2 𝑓0 

) of reliable stress ( 𝜎𝐴𝑓0 ) , close to the actual one ( σAf ) (no
ignificant differences between the two metrics, e.g. see Table 1 ).
oreover, the choice of A’ instead of A , even if more accurate from
he “actual” point of view, did not seem to significantly change the
cenario (see Table 1 ). Finally, in future works the number of test
amples will be increased to further consolidate the results; stem
ell cultures on scaffolds, both in static and dynamic conditions,
0 of 13
will be carried out to verify the scaffolds’ capability to drive their
fate toward the tenogenic/ligamentogenic lineage. 

The results of this study are both statistically and practically sig-
nificant, having a potential functional/biological impact. Pereira
et al. [ 53 ] also tested hybrid polymeric T/L scaffolds in tension
by considering their solid cross-section to calculate net stress.
However, no previous study explicitly accounted for the evolution
of the scaffold’s morphology to reveal the actual stress–strain
behavior. In the present study, statistical differences came out
from the comparison between the elastic response of the differ-
ent types of samples and between the different stress metrics
(Table 1 ). As previously discussed, EHCS showed a different
stress–strain behavior with respect to SB, being progressively
and nonuniformly stretched, resulting in extended non-linear
region at low (toe region) and high (yielding region) strain.
This has a functional impact: when implanted in substitution
or support of a T/L, EHCS resist deformation in a biomimetic
way. Moreover, there is a potential biological impact: thanks to
the membrane, cells experience lower substrate stiffness in EHCS
than in SB [ 14, 20 ]. The general importance of this factor on
cellular mechano-transduction is well known [ 54 ]. Specifically
for the tested scaffolds, in terms of stiffness, SB and EHCS
showed stress–strain gradients that were respectively close to
the first and second substrate groups reported in the study by
Islam et al. [ 55 ] (100 and 10 MPa stiffness, respectively), which
found that the higher substrate stiffness increased tenogenic
differentiation. In addition, only considering net material and
geometry dependence on strain, the stress calculation actually
differed from the standard apparent stress (Table 1 ). This has a
functional impact: the composite structures tested here show an
apparent stress distant from the native T/L mechanical response,
while the actual stress falls in the range of tissues with similar
dimensions, making the studied scaffolds quite promising [ 2, 22 ].
Moreover, there is a potential biological impact: σAf provides a
measure of the actual substrate stiffness and geometry that cells
will face in vivo. Our measures indicate for EHCS a σAf stress–
strain gradient of 163 MPa (Table 1 ), close to the stiffest—and most
effective in terms of tenogenic differentiation—substrate studied
by Islam et al. [ 55 ]. 

In previous work on these scaffolds [ 28 ], the metrics were evolved
to the apparent net stress to better approximate the actual
material stress. However, the overall strain-dependency of the
stress metrics had not been accounted for, nor had their sensitivity
and impact, which were the objectives of this study. It has been
Macromolecular Materials and Engineering, 2026
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ighlighted here that strain effect has an important impact on
caffold morphology, and thus on stress; quantitatively—though
ot statistically significant because of the small sample size and of
ariability in electrospun products—elastic modulus varied by a
aximum of 40% by considering actual net stress with respect to
pparent net stress (see EHCS, Table 1 , 𝜎𝐴0 𝑓0 vs. σAf ). Moreover,
his work provides a practical solution for predicting actual
tress using a standard experimental setup and Poisson’s ratio.
efinitely, this work provides practical guidelines for scaffold
esign that help better guide cell mechanoresponse. The use of
tandard apparent stress, besides being common, is reliable for
escribing the true mechanical behavior of non-porous scaffolds
t small strains. The use of strain-dependent net stress is more
ccurate and reliable for characterizing porous scaffolds that
perate at finite strains and for predicting their substrate stiffness.
he models (Equations 9 and 10 ) are used to estimate net stress
ithout imaging, allowing the use of a standard testing setup for
orous scaffolds. 

pecifically, the distinction between apparent and actual stress is
ot a minor correction but a fundamental requirement for scaf-
old design and mechanobiology. Conventional characterization,
ased on apparent stress, can underestimate the true mechanical
nvironment. For example, EHCS exhibited an actual elastic
odulus of 163 MPa, a value within the range that has been shown
o promote tenogenic differentiation of mesenchymal stem cells
 55 ], whereas its apparent modulus was about 40 MPa. This
iscrepancy is critical because mechanotransduction, the process
y which cells convert mechanical cues into biochemical signals,
s highly sensitive to substrate stiffness. By determining actual
tress ( σAf ), we reveal the stiffness that cells experience at the
anofiber level, providing a more reliable predictor of cellular
ate. Therefore, morphology-aware stress metrics are essential for
tructurally sound, biologically instructive scaffolds. 

ased on our findings, we propose a framework to select stress
etrics according to accuracy and experimental complexity:
) Apparent Stress ( σA0 ) : suitable for non-porous materials or
reliminary screening where only relative differences matter;
t is simple but underestimates true stress in porous scaffolds;
i) Actual Stress ( σAf ) : the most accurate metric, accounting
or porosity and strain-dependent geometry; it is recommended
or mechanobiology studies and model validation but requires
dvanced imaging such as In Situ micro-CT ; iii) Estimated
et Stress : for standard setups without imaging, we suggest
sing predictive models (Equation 9–10 ) combined with initial
olume fraction ( f0 ). This approach offers a practical compromise
etween simplicity and accuracy, as confirmed by our results
Figures 5 and 6 ). 

 Conclusion 

ccounting for strain-dependent morphology is essential to
ccurately describe the mechanical behavior of micro- and
anoporous scaffolds, including their stress–strain relationships.
his study demonstrated this using a micro-CT In Situ test
n novel hierarchical composite tendon/ligament scaffolds. An
pproximation can be obtained using a model of the cross-
ectional area contraption to yield results similar to those from
tandard monoaxial tests. As a final result, this study provides
acromolecular Materials and Engineering, 2026
a framework and predictive models to replace complex imaging
with simple tests, enabling broader adoption of morphology-
aware stress metrics in scaffold design. 

Author Contributions 

Gregorio Marchiori: Writing – review & editing, Writing – origi-
nal draft, Methodology, Investigation, Formal analysis, Data curation,
Visualization, Conceptualization. Nicola Sancisi: Writing – review
& editing, Writing – original draft, Methodology, Investigation, For-
mal analysis, Conceptualization. Gianluca Tozzi: Writing – review
& editing, Writing – original draft, Methodology, Conceptualization.
Massimiliano Zingales: Formal analysis, Writing – review & editing.
Gaia Prezioso: Formal analysis, Writing – review & editing. Andrea
Visani: Writing – review & editing, Supervision, Funding acquisition.
Andrea Zucchelli: Writing – review & editing, Writing – original draft,
Supervision, Methodology, Funding acquisition, Formal analysis, Project
administration, Conceptualization. Alberto Sensini: Writing – review
& editing, Writing – original draft, Supervision, Visualization, Project
administration, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation, Conceptualization. 

Acknowledgements 

The Proof of Concept Grant of the University of Bologna and the Horizon
Europe Marie Sk ł odowska Curie Postdoctoral Fellowship 3NTHESES
(Grant No. 101061826) are greatly acknowledged. This work was done
while A. Sensini was within the Department of Industrial Engineering,
University of Bologna, Italy. Type I collagen was kindly provided by
Kensey Nash Corporation d/b/a DSM Biomedical (Exton, USA). 

Open access publishing facilitated by Universita degli Studi di Bologna,
as part of the Wiley - CRUI-CARE agreement. 

Funding 

This work was supported by the Italian Ministry of Health 5 ×1000 year
2022 (incomes 2021) [grant number 5 ×1000 2022-23685320] to IRCCS
Istituto Ortopedico Rizzoli. 

Conflicts of Interest 

The authors declare no conflicts of interest. 

Data Availability Statement 

The data that support the findings of this study are available from the
corresponding author upon reasonable request. 

References 

1 . Z. Zhang, Y. W. Zhang, and H. Gao, “On Optimal Hierarchy of Load-
bearing Biological Materials,” Proceedings of the Royal Society B: Biological
Sciences 278 (2011): 519–525, https://doi.org/10.1098/rspb.2010.1093 . 

2 . K. L. Goh, A. Listrat, and D. Béchet, “Hierarchical Mechanics of
Connective Tissues: Integrating Insights from Nano to Macroscopic
Studies,” Journal of Biomedical Nanotechnology 10 (2014): 2464–2507,
https://doi.org/10.1166/jbn.2014.1960 . 

3 . J. Chen, J. Xu, A. Wang, and M. Zheng, “Scaffolds for Tendon and
Ligament Repair: Review of the Efficacy of Commercial Products,”
Expert Review of Medical Devices 6 (2014): 61–73, https://doi.org/10.1586/
17434440.6.1.61 . 

4 . A. Bascones and E. Figuero Artificial Tendons and Ligaments
Market Size | 1 (2004): 147–156, http://scielo.isciii.es/pdf/peri/v17n3/
147enfermedades.pdf. 

5 . B. S. Heidari, R. Ruan, E. Vahabli, et al., “Natural, Synthetic and
Commercially-available Biopolymers Used to Regenerate Tendons and
11 of 13

ive C
om

m
ons L

icense

https://doi.org/10.1098/rspb.2010.1093
https://doi.org/10.1166/jbn.2014.1960
https://doi.org/10.1586/17434440.6.1.61
http://scielo.isciii.es/pdf/peri/v17n3/147enfermedades.pdf


L  

1

6  

R  

T

7  

f  

M

8  

N  

T  

1

9  

e
A  

a

1  

f  

h

1  

“  

a  

B  

3

1  

i
A  

1

1  

B  

t  

o

1  

N  

S  

h

1  

R  

b
J  

1

1  

a  

d  

T  

0

1  

H  

a  

P  

1  

B  

F  

C
A  

a

1  

E  

I  

j

2  

t  

F  

o

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

001369 . 

1

 14392054, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202500447 by U

niversity D
egli Studi D

i Pale, W
iley O

nline L
ibrary on [01/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
igaments,” Bioactive Materials 19 (2023): 179–197, https://doi.org/10.
016/j.bioactmat.2022.04.003 . 

 . S. Cheng, J. Wei, S. Liu, et al., “Precision and Customization in
egenerative Medicine: the Role of Coaxial 3D Printing,” Biomedical
echnology 12 (2025): 100115, https://doi.org/10.1016/j.bmt.2025.100115 . 

 . Y. Xu, Q. Saiding, X. Zhou, J. Wang, W. Cui, and X. Chen, “Electrospun
iber-Based Immune Engineering in Regenerative Medicine,” Smart
edicine 3 (2024), https://doi.org/10.1002/smmd.20230034 . 

 . H. M. Ibrahim and A. Klingner, “A Review on Electrospun Polymeric
anofibers: Production Parameters and Potential Applications,” Polymer
esting 90 (2020): 106647, https://doi.org/10.1016/j.polymertesting.2020.
06647 . 

 . D. A. Brennan, A. A. Conte, G. Kanski, et al., “Mechanical Consid-
rations for Electrospun Nanofibers in Tendon and Ligament Repair,”
dvanced Healthcare Materials 7 (2018): 1701277, https://doi.org/10.1002/
dhm.201701277 . 

0 . A. Sensini and L. Cristofolini, “Biofabrication of Electrospun Scaffolds
or the Regeneration of Tendons and Ligaments,”Materials 11 (2018): 1963,
ttps://doi.org/10.3390/ma11101963 . 

1 . A. Sensini, G. Massafra, C. Gotti, A. Zucchelli, and L. Cristofolini,
Tissue Engineering for the Insertions of Tendons and Ligaments:
n Overview of Electrospun Biomaterials and Structures,” Frontiers in
ioengineering and Biotechnology 9 (2021): 645544, https://doi.org/10.
389/fbioe.2021.645544 . 

2 . S. Camarero-Espinosa, H. Yuan, P. J. Emans, and L. Moroni, “Mim-
cking the Graded Wavy Structure of the Anterior Cruciate Ligament,”
dvanced Healthcare Materials 12 (2023): 2203023, https://doi.org/10.
002/adhm.202203023 . 

3 . A. Sensini, C. Gualandi, L. Cristofolini, et al., “Biofabrication of
undles of Poly(lactic acid)-collagen Blends Mimicking the Fascicles of
he human Achille Tendon,” Biofabrication 9 (2017): 015025, https://doi.
rg/10.1088/1758-5090/aa6204 . 

4 . A. Sensini, C. Gualandi, A. Zucchelli, et al., “Tendon Fascicle-Inspired
anofibrous Scaffold of Polylactic Acid/Collagen with Enhanced 3D-
tructure and Biomechanical Properties,” Scientific Reports 8 (2018): 17167,
ttps://doi.org/10.1038/s41598- 018- 35536-8 . 

5 . A. Sensini, L. Cristofolini, M. L. Focarete, et al., “High-Resolution X-
ay Tomographic Morphological Characterisation of Electrospun Nanofi-
rous Bundles for Tendon and Ligament Regeneration and Replacement,”
ournal of Microscopy 272 (2018): 196–206, https://doi.org/10.1111/jmi.
2720 . 

6 . R. E. Abhari, P. A. Mouthuy, A. Vernet, J. E. Schneider, C. P. Brown,
nd A. J. Carr, “Using an Industrial Braiding Machine to Upscale the Pro-
uction and Modulate the Design of Electrospun Medical Yarns,” Polymer
esting 69 (2018): 188–198, https://doi.org/10.1016/j.polymertesting.2018.
5.014 . 

7 . A. Sensini, C. Gotti, J. Belcari, et al., “Morphologically Bioinspired
ierarchical Nylon 6,6 Electrospun Assembly Recreating the Structure
nd Performance of Tendons and Ligaments,” Medical Engineering &
hysics 71 (2019): 79–90, https://doi.org/10.1016/j.medengphy.2019.06.019 .

8 . A. Sensini, F. Giacomini, O. Stamati, et al., “Revealing the Auxetic
ehavior of Biomimetic Multimaterial and Region-Specific Nanofibrous
ascicle-Inspired Scaffolds via Synchrotron Multiscale Digital Volume
orrelation: Innovative Building Blocks for the Enthesis Regeneration,”
dvanced Functional Materials 36 (2024): 1–19, https://doi.org/10.1002/
dfm.202511660 . 

9 . A. Sensini, R. D’Anniballe, C. Gotti, et al., “Bi-material Nanofibrous
lectrospun Junctions: a Versatile Tool to Mimic the Muscle–tendon
nterface,”Materials & Design 242 (2024): 113015, https://doi.org/10.1016/
.matdes.2024.113015 . 

0 . A. Sensini, L. Cristofolini, A. Zucchelli, et al., “Hierarchical Elec-
rospun Tendon-Ligament Bioinspired Scaffolds Induce Changes in
ibroblasts Morphology under Static and Dynamic Conditions,” Journal
f Microscopy 277 (2020): 160–169, https://doi.org/10.1111/jmi.12827 . 
2 of 13
21 . S. L. Y. Woo, J. M. Hollis, D. J. Adams, R. M. Lyon, and S. Takai,
“Tensile Properties of the human Femur-anterior Cruciate Ligament-tibia
Complex,” The American Journal of Sports Medicine 19 (1991): 217–225,
https://doi.org/10.1177/036354659101900303 . 

22 . D. L. Butler, M. D. Kay, and D. C. Stouffer, “Comparison of Material
Properties in Fascicle-bone Units from human Patellar Tendon and Knee
Ligaments,” Journal of Biomechanics 19 (1986): 425–432, https://doi.org/
10.1016/0021-9290(86)90019-9 . 

23 . N. Chandrashekar, J. Hashemi, J. Slauterbeck, and B. D. Beynnon,
“Low-load behavior of the Patellar Tendon Graft and Its Relevance
to the Biomechanics of the Reconstructed Knee,” Clinical Biome-
chanics 23 (2008): 918–925, https://doi.org/10.1016/j.clinbiomech.2008.03.
070 . 

24 . G. Marchiori, N. F. Lopomo, E. Bologna, et al., “How Precondi-
tioning and Pretensioning of Grafts Used in ACLigaments Surgical
Reconstruction Are Influenced by Their Mechanical Time-dependent
Characteristics: Can We Optimize Their Initial Loading state?,” Clinical
Biomechanics 83 (2021): 105294, https://doi.org/10.1016/j.clinbiomech.
2021.105294 . 

25 . J. Cui, L. J. Ning, F. P. Wu, et al., “Biomechanically and Biochemi-
cally Functional Scaffold for Recruitment of Endogenous Stem Cells to
Promote Tendon Regeneration,” npj Regenerative Medicine 7 (2022): 26,
https://doi.org/10.1038/s41536-022-00220-z . 

26 . X. Xie, J. Xu, J. Lin, et al., “A Regeneration Process-matching
Scaffold with Appropriate Dynamic Mechanical Properties and Spatial
Adaptability for Ligament Reconstruction,” Bioactive Materials 13 (2022):
82–95, https://doi.org/10.1016/j.bioactmat.2021.11.001 . 

27 . G. Marchiori, A. Parrilli, N. Sancisi, et al., “Integration of Micro-CT
and Uniaxial Loading to Analyse the Evolution of 3D Microstructure
under Increasing Strain: Application to the Anterior Cruciate Ligament,”
Materials Today: Proceedings 7 (2019): 501–507, https://doi.org/10.1016/j.
matpr.2018.11.116 . 

28 . A. Sensini, O. Stamati, G. Marchiori, et al., “Full-field Strain
Distribution in Hierarchical Electrospun Nanofibrous Poly-L(lactic)
Acid/Collagen Scaffolds for Tendon and Ligament Regeneration: a Multi-
scale Study,” Heliyon 10 (2024): e26796, https://doi.org/10.1016/j.heliyon.
2024.e26796 . 

29 . A. Sensini, C. Gualandi, M. L. Focarete, et al., “Multiscale Hier-
archical Bioresorbable Scaffolds for the Regeneration of Tendons and
Ligaments,” Biofabrication 11 (2019): 035026, https://doi.org/10.1088/1758- 
5090/ab20ad . 

30 . C. Gotti, A. Sensini, G. Fornaia, C. Gualandi, A. Zucchelli, and M. L.
Focarete, “Biomimetic Hierarchically Arranged Nanofibrous Structures
Resembling the Architecture and the Passive Mechanical Properties of
Skeletal Muscles: a Step Forward toward Artificial Muscle,” Frontiers in
Bioengineering and Biotechnology 8 (2020): 767, https://doi.org/10.3389/
fbioe.2020.00767 . 

31 . J. Kastelic, A. Galeski, and E. Baer, “The Multicomposite Structure
of Tendon,” Connective Tissue Research 6 (1978): 11–23, https://doi.org/10.
3109/03008207809152283 . 

32 . P. Kannus, “Structure of the Tendon Connective Tissue,” Scandina-
vian Journal of Medicine & Science in Sports 10 (2000): 312–320, https://
doi.org/10.1034/j.1600-0838.2000.010006312.x. 

33 . N. A. Peppas, “Handbook of Biomaterial Properties,” Journal of
Controlled Release 65 (2000): 439, https://doi.org/10.1016/s0168-3659(99)
00208-4 . 

34 . A. Sensini, M. H. Santare, E. Eichenlaub, et al., “Tuning the
Structure of Nylon 6,6 Electrospun Bundles to Mimic the Mechan-
ical Performance of Tendon Fascicles,” Frontiers in Bioengineering
and Biotechnology 9 (2021): 626433, https://doi.org/10.3389/fbioe.2021.
626433 . 

35 . Z.-Q. Liu, “Scale Space Approach to Directional Analysis of Images,”
Applied Optics 30 (1991): 1369–1373, https://doi.org/10.1364/ao.30.
Macromolecular Materials and Engineering, 2026

tive C
om

m
ons L

icense

https://doi.org/10.1016/j.bioactmat.2022.04.003
https://doi.org/10.1016/j.bmt.2025.100115
https://doi.org/10.1002/smmd.20230034
https://doi.org/10.1016/j.polymertesting.2020.106647
https://doi.org/10.1002/adhm.201701277
https://doi.org/10.3390/ma11101963
https://doi.org/10.3389/fbioe.2021.645544
https://doi.org/10.1002/adhm.202203023
https://doi.org/10.1088/1758-5090/aa6204
https://doi.org/10.1038/s41598-018-35536-8
https://doi.org/10.1111/jmi.12720
https://doi.org/10.1016/j.polymertesting.2018.05.014
https://doi.org/10.1016/j.medengphy.2019.06.019
https://doi.org/10.1002/adfm.202511660
https://doi.org/10.1016/j.matdes.2024.113015
https://doi.org/10.1111/jmi.12827
https://doi.org/10.1177/036354659101900303
https://doi.org/10.1016/0021-9290(86)90019-9
https://doi.org/10.1016/j.clinbiomech.2008.03.070
https://doi.org/10.1016/j.clinbiomech.2021.105294
https://doi.org/10.1038/s41536-022-00220-z
https://doi.org/10.1016/j.bioactmat.2021.11.001
https://doi.org/10.1016/j.matpr.2018.11.116
https://doi.org/10.1016/j.heliyon.2024.e26796
https://doi.org/10.1088/1758-5090/ab20ad
https://doi.org/10.3389/fbioe.2020.00767
https://doi.org/10.3109/03008207809152283
https://doi.org/10.1034/j.1600-0838.2000.010006312.x
https://doi.org/10.1016/s0168-3659(99)00208-4
https://doi.org/10.3389/fbioe.2021.626433
https://doi.org/10.1364/ao.30.001369


3  

s  

6

3  

f  

c  

M  

3  

C  

B  

o

3  

C  

R  

o

4  

D  

a  

6

4  

R  

C  

0

4  

t  

A  

A

4  

B  

a  

1

4  

“  

M  

a

4  

V  

A  

1

4  

U  

F  

2

4  

A  

R

4  

B  

F  

1

4  

M  

C  

E  

5  

T  

t  

M  

(

5  

M  

B  

2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M

 14392054, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202500447 by U

niversity D
egli Studi D

i Pale, W
iley O

nline L
ibrary on [01/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable
6 . J. Schindelin, I. Arganda-Carreras, E. Frise, et al., “Fiji: an Open-
ource Platform for Biological-image Analysis,” Nature Methods 9 (2012):
76–682, https://doi.org/10.1038/nmeth.2019 . 

7 . E. Dall’Ara, A. J. Bodey, H. Isaksson, and G. Tozzi, “A Practical Guide
or in Situ Mechanical Testing of Musculoskeletal Tissues Using Syn-
hrotron Tomography,” Journal of the Mechanical Behavior of Biomedical
aterials 133 (2022): 105297, https://doi.org/10.1016/j.jmbbm.2022.105297 .

8 . H. C. Wells, K. H. Sizeland, H. R. Kayed, et al., “Poisson’s Ratio of
ollagen Fibrils Measured by Small Angle X-ray Scattering of Strained
ovine Pericardium,” Journal of Applied Physics 117 (2015), https://doi.
rg/10.1063/1.4906325 . 

9 . S. P. Reese and J. A. Weiss, “Tendon Fascicles Exhibit a Linear
orrelation between Poisson’s Ratio and Force during Uniaxial Stress
elaxation,” Journal of Biomechanical Engineering 135 (2013), https://doi.
rg/10.1115/1.4023134 . 

0 . J. Němeček and I. Jandejsek, “Mechanical Properties of Nanotextiles
etermined with Digital Image Correlation,” Key Engineering Materi-
ls 606 (2014): 201–204, https://doi.org/10.4028/www.scientific.net/KEM.
06.201 . 

1 . D. Wong, “Experimental Investigation on the Poisson’s Ratio of
andomly Oriented Electrospun PVDF Nanofibrous Structures,” AIP
onference Proceedings 3324 (2025): 020004, https://doi.org/10.1063/5.
290215 . 

2 . P. Hanson, P. Aagaard, and S. P. Magnusson, “Biomechanical Proper-
ies of Isolated Fascicles of the Iliopsoas and Achilles Tendons in African
merican and Caucasian Men,” Annals of Anatomy—Anatomischer
nzeiger 194 (2012): 457–460, https://doi.org/10.1016/j.aanat.2012.03.007 . 

3 . Y. J. No, M. Castilho, Y. Ramaswamy, and H. Zreiqat, “Role of
iomaterials and Controlled Architecture on Tendon/Ligament Repair
nd Regeneration,” Advanced Materials 32 (2020), https://doi.org/10.
002/adma.201904511 . 

4 . J. Sartori, S. Köhring, S. Bruns, J. Moosmann, and J. U. Hammel,
Gaining Insight into the Deformation of Achilles Tendon Entheses in
ice,”Advanced Engineering Materials 23 (2021), https://doi.org/10.1002/
dem.202100085 . 

5 . T. Luyckx, M. Verstraete, K. De Roo, W. De Waele, J. Bellemans, and J.
ictor, “Digital Image Correlation as a Tool for Three-Dimensional Strain
nalysis in human Tendon Tissue,” Journal of Experimental Orthopaedics
 (2014): 7, https://doi.org/10.1186/s40634- 014- 0007- 8 . 

6 . K. Holak, P. Kohut, M. Ekiert, K. Tomaszewski, and T. Uhl, “The
se of Digital Image Correlation in THE Study of Achilles Tendon Strain
ield,”Mechanics and Control 34 (2015): 19, https://doi.org/10.7494/mech.
015.34.1.19 . 

7 . P. F. Lozano, M. Scholze, C. Babian, et al., “Water-content Related
lterations in Macro and Micro Scale Tendon Biomechanics,” Scientific
eports 9 (2019): 7887, https://doi.org/10.1038/s41598- 019- 44306- z . 

8 . C. V. Nagelli, A. Hooke, N. Quirk, et al., “Mechanical and Strain
EHAVIOR of Human Achilles Tendon During in Vitro Testing to
ailure,” European Cells and Materials 43 (2022): 153–161, https://doi.org/
0.22203/eCM.v043a12 . 

9 . G. Prusa, L. Bauer, I. Santos, C. Thorwächter, M. Woiczinski, and
. Kistler, “Strain Evaluation of Axially Loaded Collateral Ligaments: a
omparison of Digital Image Correlation and Strain Gauges,” BioMedical
ngineering OnLine 22 (2023), https://doi.org/10.1186/s12938-023-01077-z .

0 . P. Kohut, K. Holak, M. Ekiert, A. M ł yniec, K. A. Tomaszewski, and
. Uhl, “The Application of Digital Image Correlation to Investigate
he Heterogeneity of Achilles Tendon Deformation and Determine Its
aterial Parameters,” Journal of Theoretical and Applied Mechanics
2021): 43–52, https://doi.org/10.15632/jtam-pl/127903 . 

1 . S. Y. Wu, W. Kim, and T. J. Kremen, “In Vitro Cellular Strain
odels of Tendon Biology and Tenogenic Differentiation,” Frontiers in
ioengineering and Biotechnology 10 (2022), https://doi.org/10.3389/fbioe.

022.826748 . 

acromolecular Materials and Engineering, 2026
52 . I. Donderwinkel, R. S. Tuan, N. R. Cameron, and J. E. Frith, “Tendon
Tissue Engineering: Current Progress towards an Optimized Tenogenic
Differentiation Protocol for human Stem Cells,” Acta Biomaterialia 145
(2022): 25–42, https://doi.org/10.1016/j.actbio.2022.04.028 . 

53 . C. Pereira-Lobato, M. Echeverry-Rendón, J. P. Fernández-Blázquez, C.
González, and J. LLorca, “Mechanical Properties, in Vitro Degradation
and Cytocompatibility of Woven Textiles Manufactured from PLA/PCL
Commingled Yarns,” Journal of the Mechanical Behavior of Biomedi-
cal Materials 150 (2024): 106340, https://doi.org/10.1016/j.jmbbm.2023.
106340 . 

54 . B. Yi, Q. Xu, and W. Liu, “An Overview of Substrate Stiffness Guided
Cellular Response and Its Applications in Tissue Regeneration,” Bioactive
Materials 15 (2022): 82–102, https://doi.org/10.1016/j.bioactmat.2021.12.
005 . 

55 . A. Islam, T. Mbimba, M. Younesi, and O. Akkus, “Effects of Substrate
Stiffness on the Tenoinduction of human Mesenchymal Stem Cells,”Acta
Biomaterialia 58 (2017): 244–253, https://doi.org/10.1016/j.actbio.2017.05.
058 . 

Supporting Information 

Additional supporting information can be found online in the Supporting
Information section. 
Supporting File: mame70207-sup-0001-SuppMat.docx. 
Supporting File: mame70207-sup-0002-VideoS1.mp4. 
Supporting File: mame70207-sup-0003-VideoS2.mp4. 
13 of 13

 C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1016/j.jmbbm.2022.105297
https://doi.org/10.1063/1.4906325
https://doi.org/10.1115/1.4023134
https://doi.org/10.4028/www.scientific.net/KEM.606.201
https://doi.org/10.1063/5.0290215
https://doi.org/10.1016/j.aanat.2012.03.007
https://doi.org/10.1002/adma.201904511
https://doi.org/10.1002/adem.202100085
https://doi.org/10.1186/s40634-014-0007-8
https://doi.org/10.7494/mech.2015.34.1.19
https://doi.org/10.1038/s41598-019-44306-z
https://doi.org/10.22203/eCM.v043a12
https://doi.org/10.1186/s12938-023-01077-z
https://doi.org/10.15632/jtam-pl/127903
https://doi.org/10.3389/fbioe.2022.826748
https://doi.org/10.1016/j.actbio.2022.04.028
https://doi.org/10.1016/j.jmbbm.2023.106340
https://doi.org/10.1016/j.bioactmat.2021.12.005
https://doi.org/10.1016/j.actbio.2017.05.058

	Revealing The True Mechanical Behavior Of Porous Tendon Scaffolds Via In Situ Morphometry
	1 | Introduction
	2 | Materials and Methods
	2.1 | Materials
	2.2 | Electrospun Scaffolds Preparation
	2.3 | SEM
	2.4 | Micro-CT In Situ Test

	3 | Results
	3.1 | Morphology of Scaffolds as Fabricated
	3.2 | Micro-CT In Situ Test

	4 | Discussion
	5 | Conclusion
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


