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Statement of significance 

Human vocal folds are outstanding vibrating soft living tissues allowing 

phonation. Simple physical models that take into account the histological 

structure of the vocal fold and recapitulate its mechanical features are scarce. 

As a result, the relations between tissue components, organisation and vibro-

mechanical performances still remain an open question. We describe here the 

development and the characterization of fiber-reinforced hydrogels inspired 

from the vocal-fold microstructure. These systems are able to reproduce the 

mechanics of vocal-fold tissues upon realistic cyclic and large strains under 

various multi-axial loadings, thus providing a mimetic model to further 

understand the impact of the fibrous network microstructure in phonation. 
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Abstract 

Human vocal folds are remarkable soft laryngeal structures that enable phonation due to 

their unique vibro-mechanical performances. These properties are tied to their specific fibrous 

architecture, especially in the upper layers, which comprise a gel-like composite called lamina 

propria. The lamina propria can withstand large and reversible deformations under various 

multiaxial loadings. Despite their importance, the relationships between the microstructure of 

vocal folds and their resulting macroscopic properties remain poorly understood. There is a 

need for versatile models that encompass their structural complexity while mimicking their 

mechanical features. In this study, we present a candidate model inspired by histological 

measurements of the upper layers of human vocal folds. Bi-photonic observations were used 

to quantify the distribution, orientation, width, and volume fraction of collagen and elastin 

fibers between histological layers. Using established biomaterials, polymer fiber-reinforced 

hydrogels were developed to replicate the fibrillar network and ground substance of native 
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vocal fold tissue. To achieve this, jet-sprayed poly(ε-caprolactone) fibrillar mats were 

successfully impregnated with poly(L-lysine) dendrimers/polyethylene glycol hydrogels. The 

resulting composites exhibited versatile structural, physical and mechanical properties that 

could be customized through variations in the chemical formulation of their hydrogel matrix, 

the microstructural architecture of their fibrous networks (i.e., fiber diameter, orientation and 

volume fraction) and their assembly process. By mimicking the collagen network of the lamina 

propria with polymer fibers and the elastin/ground substance with the hydrogel composition, 

we successfully replicated the non-linear, anisotropic, and viscoelastic mechanical behavior of 

the vocal-fold upper layers, accounting for inter/intra-individual variations. The development 

of this mimetic model offers promising avenues for a better understanding of the complex 

mechanisms involved in voice production. 
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1. Introduction 

Human vocal folds are soft multi-layered laryngeal structures displaying remarkable 

mechanical performances [1,2]. These performances are primarily attributed to the unique 

properties of vocal-fold tissues, which allow them to endure large and reversible deformation 

under various multiaxial loading modes, including tension, compression and shear [3–5]. 

Furthermore, vocal folds exhibit the ability to adapt their vibro-mechanical behavior in 

response to environmental changes. These properties are related to the fibrous 

microstructures of the vocal folds and their surrounding gel-like matrices. In particular, the 

vocal-fold upper layers comprise a very thin epithelium surface and an underlying composite 

structure known as lamina propria (LP, thickness ≈ 1–2.5 mm; Fig. 1). The stratified squamous 

epithelium is secured to the LP through a basement membrane and serves as a protective 

covering [6]. The LP plays a crucial role in vocal-fold vibrations [7–9]. The LP is a loose 

connective tissue composed of cells and an extracellular matrix (ECM). This matrix includes an 

amorphous ground substance containing hyaluronic acid and is reinforced by entangled 

fibrous networks of collagen (mainly Type I and III) and elastin. As a whole, the LP significantly 

contributes to the mechanical properties of the upper layers, including non-linear 

viscoelasticity and anisotropy. More specifically, as schematized in Fig. 1, the mechanical 

strength and anisotropy of the LP are often ascribed to its collagen network, while its damping 

and elastic properties are more related to other tissue components (cells, elastic fibers, ground 

substances) [10,11]. 

Due to its physiological functions in voicing but also breathing and swallowing, the vocal-

fold tissue has to accommodate many traumas (e.g., vocal misuse or chemical aggression) 

[12,13]. Though characterized by an enhanced healing capacity of micro-lesions, the vocal-fold 

tissue can be damaged past a critical threshold of injury, resulting in benign lesions (e.g., 

polyps, nodules [14]), or cancerous lesions (carcinomas [15]). Whatever the lesion, the LP 

microstructure is quasi-systematically altered, which induces dysfunctions in the vocal-fold 

vibro-mechanical performances. Current surgical procedures involve excision of the lesion or 

resection of the damaged tissue. However, in some complex cases, operative interventions 

can result in scarring lesions with partial disappearance of the LP layers and/or undesirable 

fibrous rearrangement, which may lead to the loss of phonatory abilities [16,17]. 
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To treat these destructive lesions, several options are explored, including growth factor 

therapies, cell therapies and biomaterials, with the aim of rebuilding or replacing the layered 

structure of the lamina propria [13,16,18–24]. 

Among the relevant biomaterial candidates, hydrogels are attractive due to their tunable 

physical properties [25,26] and tissue-like water content [27–29], which provides cells with an 

environment comparable to the extracellular matrix of native tissues [30]. For instance, it has 

been shown that the implantation of hyaluronic acid (HA)-based hydrogels in the surgical 

wound maintains the superficial sublayer of the lamina propria and prevents the epithelium 

from adhering to the deeper sublayers during the healing process [31]. Similarly, injectable 

poly-ethylene glycol (PEG) polymers have also yielded positive vocal outcomes [32], albeit with 

limited effectiveness over time due to gradual material degradation. However, due to their 

isotropy and relatively low mechanical strength, homogeneous hydrogels may be limited in 

guiding tissue remodeling processes towards a native-like microstructure. The role of oriented 

fibrous microstructures and their anisotropic mechanics is increasingly recognized as a key 

factor influencing matrix synthesis, particularly in the case of elastin [33]. 

The mechanical features of native tissues are linked to their complex architecture, where 

fibrous protein networks support the hydrated ground substance [34]. Mimicking such a 

composite architecture through the reinforcement of hydrogels with fibrillar structures, as 

shown for cartilage, therefore appears as a promising concept to match target mechanical 

properties [35]. Many different models of various complexities have been proposed to better 

understand the phonatory ability of the vocal folds by reproducing their shape and multi-

layered organization. However, these models are mostly made up of homogeneous 

elastomers with isotropic microstructures, resulting in quasi-linear stress-strain responses 

that differ significantly from those experienced by the vocal folds [36,37]. Over the last decade, 

a few promising in vitro developments have emerged to create composite elastomers aimed 

at mimicking the key microstructural features and anisotropic mechanical behavior of native 

vocal folds. For instance, Shaw et al. demonstrated that incorporating bundles of wavy 

polymeric fibers into isotropic self-oscillating silicone replicas could lead to a much more 

relevant fundamental frequency response, especially during anterior-posterior stretching 

[38]. Regarding biocompatible materials, a few examples able to mimic certain structural 

properties of the lamina propria have also been reported. Multi-layered hydrogels were 
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designed to promote cell viability and flow-induced vibrations [39], yet without taking into 

account the fibrous component of the native tissue. Other hydrogel scaffolds were developed 

from networks of collagen nanofibrils (Types I and III) in a glycol-chitosan matrix for vocal-fold 

tissue engineering [40]. However, their fibrous architecture, including diameter, orientation 

and density, was not tailored. Furthermore, the matching of their mechanical properties with 

those of the native tissue is rarely sought, which might render any potential mechanism of 

vibration difficult to translate to the native situation. Matching the mechanics of vocal fold 

models with those of native vocal folds has often been limited to a single loading mode, mainly 

shear, and to the linear regime at very small strains. These conditions are far from the cyclic 

and large-strain multiaxial loadings experienced by vocal folds during phonation [5]. The 

possibility of mimicking both the microstructural and quasi-static mechanical properties of the 

vocal fold under representative multi-axial loadings appears as a crucial first step towards a 

deeper investigation of the link between vocal-fold architecture and their mechanical 

vibration properties at higher strain rates.  

The general objective of this work is twofold: (i) to develop and characterize hydrogels 

reinforced with tunable fibrous microstructures, inspired by quantitative histological data, and 

exhibiting versatile mechanical properties under both cyclic and finite strains; (ii) to identify 

among the proposed hydrogels those capable of replicating the major structural and 

mechanical specificities of the human vocal-fold upper layers, including longitudinal tension 

and transverse compression. 

To achieve this, poly(ε-caprolactone) microfibers with adjustable densities and orientations 

[41,42] were embedded within a mimetic hydrogel. This hydrogel is composed of poly-lysine 

dendrimers and polyethylene glycol, offering highly modular mechanical properties [43]. This 

setup is schematically illustrated in Fig. 1. The structural and mechanical behavior of the 

resulting composites were characterized and compared to the histo-mechanical properties of 

native tissues.  

2. Materials and method 

2.1. Materials and sample preparation 

2.1.1. Vocal folds 

Histological experiments were carried out with one fresh healthy human larynx (no 

freezing step), excised from a donated body within 48 h post-mortem (male, 76-year-old). 
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Procedures were conducted following the French ethical and safety laws related to Body 

Donation. Right and left vocal folds were dissected along the longitudinal (anterior-posterior) 

direction 𝒆𝑎𝑝 (Fig. 1) using a dissection technique outlined by Bailly et al. [44]. The vocal folds 

were separated from their cartilaginous ends, resulting in four tissue samples, approximated 

as parallelepiped beams with dimensions of 10 mm × 3 mm × 3 mm. 

These samples represent sandwich lamellar structures, encompassing all vocal-fold sublayers 

from the epithelium to the vocalis muscle (see Fig. 1). When possible, markers were sewn onto 

the samples, using Samco® surgical nylon monofilaments (10/0) and suture knots, to aid in 

anatomical identification during imaging experiments at the anterior end and within sublayers. 

To enable high-resolution 3D imaging of their ECM fibers at the micrometer scale, a portion 

of the vocal-fold samples was immersed sequentially in ethanol (EtOH, Sigma-Aldrich) solutions 

with increasing alcohol concentration (30 %, 50 % and 70 %) for 24 h each. These samples were 

then stored in a 70 % EtOH solution at 4 °C until observation using two-photon microscopy. The 

other portion of the samples was fixed, embedded in paraffin and sectioned into 5 µm thick 

slices. These slices were either observed using two-photon microscopy or stained using 

conventional Hematoxylin-eosin-saffron (HES, in-house protocol) and Verhoeff Van Giesen 

(Labo Moderne, France). These stains were used to reveal both Type I and Type III collagen, as 

well as elastin fibers (see Supplementary Fig. S1). Stained sections were then imaged using an 

Aperio AT2 scanner (Leica, France). 

2.1.2. Synthetic samples 

PCL fibrous mats – In a first step, several mats made of poly(ε-caprolactone) (PCL, molecular 

weight 80,000 g/mol, Solvay Caprolactones, United Kingdom) microfibers with tunable 

orientation and volume fraction were prepared using a previously reported method, with 

modifications [41,42]. To make the PCL fibers hydrophilic, tween® 80 (245 mg, 187 mmol, Sigma-

Aldrich, France) was stirred in chloroform (140 mL, Sigma-Aldrich, France) at room temperature 

(approximately 25 °C) for 10 min. Subsequently, PCL (9.8 g, 0.122 mmol) was added to the 

solution, and it was stirred for 3 h until complete dissolution occurred. The resulting solution 

was placed in a reservoir and projected onto different targets through the spraying device 

(standard class, Revell, Germany). Due to a Venturi effect, an airflow drove the polymer solution 

from the reservoir to an adjustable nozzle, where it was diffracted on a needle and sprayed. 

Solid polymer fibers were formed during transit due to chloroform evaporation. Two types of 
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targets were selected to create optional preferred orientations within the fibrous network, 

thereby allowing control over their induced mechanical properties. These targets included a 

static grid, which was used to produce mats with a planar random fiber orientation, and a 

rotating cylinder for fabricating mats with a planar fiber orientation featuring a preferred in-

plane direction [41]. 

The thickness of the fibrous mats (was controlled by spraying time, and measured using a 

Keyence laser sensor. Typical values ranged within 0.5 to 3 mm. To increase the volume 

fraction of fibers, a compaction system was developed. Various levels of compaction were 

achieved by depositing one or multiple layers of fibrous mats of known thickness between 

layers of glass slats (each 0.14 mm thick). These layers were then covered by a glass plate and 

a 500 g weight was placed on top of the covering glass plate. Compaction was applied for 1 h 

at room temperature before release, new thickness measurement, and further use. Levels of 

compaction ranged from approximately 25 % up to 80 %, defined as the ratio of the relative 

change in thickness of the mat compared to its initial thickness. 

DGL/PEG hydrogels – In a second step, hydrogels were obtained by mixing poly(L-lysine) 

dendrigrafts (DGL®, Colcom, France) and O,O′-Bis[2-(N-succinimidyl-succinylamino)ethyl] 

poly-ethylene glycol (PEG–NHS, Sigma-Aldrich, France) in aqueous solutions with various 

DGL/PEG ratios (1/1, 1/2, 1/2.5 or 1/3 w/w) and PEG molecular weights, referred to as PEGMW 

(2 or 10 kDa). In a typical experiment, PEG–NHS in anhydrous dimethylformamide (DMF, 

Sigma-Aldrich, France) solution at different concentrations, noted CPEG (5, 8, 10, 12 or 16 w/v 

%) was added to DGL in phosphate buffer saline (1x PBS, Euromedex, France) in eppendorf 

tubes at 4 °C. This mixture was swiftly vortexed and transferred to 3D-printed molds, where it 

cross-linked between 15 to 30 min at room temperature. After cross-linking, the hydrogels 

were removed from the mold and stocked in PBS solution at 4 °C until use. The resulting 

samples were typically 22 mm in length, 5 mm in width, and from 1 to 5 mm in thickness. In 

the following, for the sake of clarity, the DGL/PEG hydrogels characterized by the triplet of 

manufacturing parameters (CPEG in %, PEGMW in kDa, DGL/PEG ratio) will be denoted as 

Hyd(CPEG %, PEGMWk, DGL/PEG ratio). 
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Fiber-reinforced hydrogels – PCL fibrous mats, which had planar random or aligned 

orientations and were either compacted or not, were used along with DGL/PEG hydrogels to 

produce fiber-reinforced hydrogels. Each processed PCL mat was placed on a hydrophobic 

glass slide, and a fresh mix of PEG-NHS and DGL was rapidly poured onto it, allowing 

impregnation through the fibrous mats before the cross-linking reaction. Once the cross-

linking was complete, the resulting composite samples were cut into parallelepiped beams 

measuring 22 mm in length, 5 mm in width and 0.5–2 mm in thickness.  

These composite materials were labelled FHC(CPEG %, PEGMWk, DGL/PEG ratio, fibrous 

orientation) and stored in PBS solution at 4 °C until use. 

2.2. Structural, physical and mechanical characterization 

2.2.1. Histological analyses of biological samples 

The fibrous microstructure of the lamina propria samples was analyzed using two-photon 

excitation microscopy (Zeiss LSM 780) at the Cell Imaging Platform of the Cancer Research 

Center of Lyon (CRCL, UMR Inserm 1052 CNRS 5286 – Centre Léon Bérard, France). Samples 

conserved in a 70 %-ethanol solution were placed on a microscopy glass slide, moistened with 

PBS and covered by a glass coverslip, which was then sealed with patafix (UHU, Bühl, Germany) 

to prevent sample drying during observation. Collagen fibers were visualized using second 

harmony generation with an excitation at 900 nm and emission at 412–464 nm. For elastin, 

auto-fluorescence was utilized with an excitation at 900 nm and emission at 499–534 nm. 

When working with paraffin-embedded and sectioned samples, collagen fibers were observed 

via second harmony generation with an excitation at 900 nm and emission between 412 and 

456 nm, while elastin autofluorescence was captured using an excitation at 700 nm and 

emission at 473–674 nm. Combining optics with CCD sensor features, regions of interest were 

sequentially scanned at multiple resolutions with effective voxel sizes of (0.69 µm × 0.69 µm 

× 6.17 µm), (0.35 µm × 0.35 µm × 0.91 µm) and (0.17 µm × 0.17 µm × 0.75 µm) in reference 

to the anatomical frame defined as (𝐞𝑎𝑝 , 𝐞𝑚𝑙, 𝐞𝑖𝑠), where 𝐞𝑎𝑝  coincides with the anterior-

posterior direction, 𝐞𝑚𝑙, with the medial-lateral direction, and 𝐞𝑖𝑠  with the inferior-superior 

direction (see Fig. 1). The entire vocal-fold sample was examined in the (𝐞𝑎𝑝, 𝐞𝑚𝑙) plane, with 

a maximum depth of 377 µm along the 𝐞𝑖𝑠 direction. Stacks of images with distances of 6.17 

µm, 0.91 µm and 0.75 µm were acquired along 𝐞𝑖𝑠, resulting in thicknesses of 58.8 µm, 46.2 

µm and 30.75 µm, respectively. 
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Distributions of diameter and 2D orientation of collagen and elastin fibers (parallel to the 

sample midplane) were calculated using the DiameterJ and OrientationJ plug-ins available in 

Fiji® [45,46]. For a acquisition stack, one 𝐞𝑖𝑠-position was randomly selected at a depth of 22 

µm, and six close-up areas of interest were analyzed to determine diameter and orientation 

populations, resulting in more than 6,000 values for each image. Additionally, to determine 

the diameter distribution of fiber bundles, manual quantification was performed at three 

random 𝐞𝑖𝑠-positions within a given stack (depths of 15.3, 22 and 29.5 µm). Along the primary 

axis of each fiber bundle, a minimum of 10 orthogonal thickness measurements were 

recorded, resulting in more than 100 values for each image. Finally, to determine the volume 

fraction of collagen and elastin fibers in the tissue, the BoneJ plug-in available in Fiji® was 

utilized [47]. This involved manually thresholding three areas of interest from an acquisition 

stack for collagen and elastin signals, followed by the calculation of the volume ratio using the 

area/volume fraction algorithm. 

2.2.2. Structural and physical characterization of synthetic samples 

PCL fibrous mats – Jet-sprayed networks were observed by scanning electron microscopy 

(SEM, FEI XL30 ESEM-FEG, Philips, CLYM-INSA-Lyon, France) operated at a 2 kV accelerating 

voltage. Prior to observation, the fibers were coated with gold using a sputter coater (BAL-TEC 

SCD 005). For each sample, six SEM images were captured at random positions and different 

magnifications (×250, ×500 and ×2,000). Quantification of fiber diameters (more than 25,000 

values for a given image) and orientations (more than 1,000 values for a given image) was 

performed in a manner similar to that employed for native tissue. 

The porosity of the fibrillar mats (Φ𝑃𝐶𝐿𝑚𝑎𝑡𝑠
) was determined, using a liquid displacement 

method with a pycnometer [48]. Ethanol served as the non-solvent working liquid, with a 

known density (𝜌𝐸𝑡𝑂𝐻  = 0.7892 g/cm3) [49]. The measurements involved weighing the fibrillary 

matrices (𝑚𝑠) of 0.035 cm3 (𝑉𝑠), weighing the pycnometer filled with ethanol (𝑚𝑝𝑦−𝐸𝑡𝑂𝐻) and 

the pycnometer containing both ethanol and the fibrillar sample (𝑚𝑇 ). The porosity was 

calculated as follows: 

Φ𝑃𝐶𝐿𝑚𝑎𝑡𝑠
=  1 – 

(𝑚𝑠  +  𝑚𝑝𝑦−𝐸𝑡𝑂𝐻) – 𝑚𝑇

𝜌𝐸𝑡𝑂𝐻 𝑉𝑠
                     (1) 

All measurements were conducted in quintuplicate at 25 °C. 
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Hydrogels and fiber-reinforced composites – The morphology and structure of hydrogels 

and fiber-reinforced composites (FHC) were examined using a binocular microscope (Olympus, 

France). 

Swelling ratio assays were performed to assess the water uptake and swelling properties of 

both materials. For hydrogels, the desired concentrations of DGL/PEG were mixed and the 

mixture promptly deposited between a hydrophobic glass slide and a hydrophobic round 

coverslip (10 mm in diameter) to create hydrogel disks after cross-linking. For FHC, the desired 

mixture of DGL/PEG was directly poured over fibrous mats cut as 10 mm-diameter disks. After 

cross-linking, the samples were immersed in PBS solution for 24 h at room temperature. Prior 

to freezing in liquid nitrogen, samples were washed with deionized water multiple times (8 × 

1 h) and then freeze-dried, to measure their dry weight (𝑤𝑑). Subsequently, the samples were 

immersed in PBS solution, and their swollen weight (𝑤𝑠 ) was measured at various time 

intervals (ranging from 10 min to 48 h) after removing excess surface water. The swelling ratio 

(𝑄) was calculated for each sample using the formula: 

𝑄 = (𝑤𝑠 – 𝑤𝑑) 𝑤𝑑⁄                    (2) 

The volume fraction of fibers in FHC samples (𝜑𝑃𝐶𝐿) was determined using a pycnometer [48], 

with PBS as working liquid. Composites were prepared with aligned or planar random fibrous 

mats of controlled volumes (𝑉𝑠  = 3.17 and 9.06 mm3, respectively). The volume of the FHC 

samples, 𝑉𝐹𝐻𝐶, was calculated based on the weight of the composites (𝑚𝐹𝐻𝐶), the weight of 

the pycnometer filled with both PBS and FHC samples (𝑚𝑡), the PBS density (ρPBS = 1.002938 

g/cm3) and the known properties of the empty pycnometer (volume 𝑉𝑝𝑦, mass 𝑚𝑝𝑦) using the 

equation: 

𝜑𝑃𝐶𝐿  =  
𝑉𝑠

𝑉𝐹𝐻𝐶
=  

𝑉𝑠 𝜌𝑃𝐵𝑆

𝑉𝑝𝑦  𝜌𝑃𝐵𝑆  − (𝑚𝑡  −  𝑚𝐹𝐻𝐶  − 𝑚𝑝𝑦)
             (3) 

For each of these data, four measurements were carried at 25 ◦C. 

To determine the hydrogel mesh size (𝜁), the rubber elastic theory was employed [50], 

where 𝜁 = (𝐺′/𝑘𝑏𝑇)−1/3 , with 𝐺′  as the shear storage modulus of the gel, 𝑘𝑏  as the 

Boltzmann constant, and 𝑇  as the temperature. Given the isotropic homogeneous cross-

linking of PEG hydrogels, we set 𝐺’ = 𝐸/2(1 + 𝜈), where 𝐸 is the tensile elastic modulus, and 

𝜈 the Poisson ratio [51,52]. Assuming quasi-incompressibility of the gel (𝜈 ≈ 0.5), the mesh size 
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𝜁 was deduced from the tensile tests described below. Three measurements were used for 

mesh size determination. 

2.2.3. Mechanical characterization 

The mechanical response of PCL fibrous mats, DGL/PEG hydrogels and fiber-reinforced 

hydrogels was investigated using an electromechanical tension-compression testing machine 

(Instron® 5944) equipped with a load cell of ± 10 N (measurement accuracy ± 0.5 % of reading), 

following a protocol similar to that developed in Yousefi-Mashouf et al. [53] to characterize the 

mechanics of gelatin-based hydrogels. In particular, all tests were conducted in a thermo-

regulated atmosphere (T ≈ 25 °C) and at proper hygrometric conditions to prevent samples from 

air drying: a dedicated hygro-mechanical set-up was used to maintain hydration of the gels in a 

saturated air atmosphere (≈ 98–100 % RH) throughout testing. Tests were repeated at least 5 

times for each condition (Supplementary Fig. S2A showing the typical level of scatter in the 

measurements). 

All materials were first characterized in tension along their main fiber orientation, which is the 

standard loading mode used to characterize the mechanical behavior of native tissues [54–57]. 

To do so, materials were cut in parallelepiped beams for an effective gauge length (ℓ0) of 10 

mm and width (𝑤0) of 5 mm. The initial thickness (𝑡0) of the samples could vary from 0.5 to 5 

mm, depending on the sample nature and processing route. The maximum relative error 

obtained on the initial cross-section of the samples was estimated optically from their width 

and thickness profiles before loading using a high-resolution CCD camera (JAI® BM-500GE, 15 

Hz), yielding to an error of ±0.02%. The cell force signal (𝑓) and displacement of the machine 

cross-head (𝛿) were used to calculate the nominal stress (𝑃 = 𝑓/𝑤0𝑡0) and the natural tensile 

strain (𝜀 =  ln(1 + 𝛿/ℓ0)). Each sample was subjected to successive load/unload cycles with an 

increasing strain amplitude (𝜀𝑚𝑎𝑥) and a very low force at each unload phase for the inversion 

condition (𝑓 > 5.10−3 N), with an initial strain rate |𝛿̇/ℓ0| ≈  10−3 s−1.  

To quantify the influence of cyclic loading, various mechanical descriptors were derived from 

the stress-strain curves [53], including the peak stress (𝑃𝑚𝑎𝑥 ) achieved at every peak strain 

(𝜀𝑚𝑎𝑥); the residual strain (𝜀𝑟) recorded at the end of each cycle; the volumetric energy stored 

during the load of each cycle (𝑊𝑎𝑏𝑠) and the one dissipated after the unloading phase (𝑊𝑑𝑖𝑠𝑠); 

the corresponding energy dissipation coefficient (𝜂 ≈ 𝑊𝑑𝑖𝑠𝑠 𝑊𝑎𝑏𝑠⁄ ) at the end of each cycle 
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[58]; and the tangent modulus (𝐸𝑡 =  𝑑𝑃 𝑑𝜀⁄ ) assessed at the early stage of each unloading 

phase to capture the instantaneous stiffness of the material (with 𝐸= 𝐸𝑡  at small strains). 

 

In a second step, after comparison with the reference mechanical database on native tissues 

[5], a suitable biomimetic fiber-reinforced hydrogel candidate was selected from the previous 

campaign. It was further tested in compression transversely to the planar fiber orientation, such 

a loading being representative of vocal-fold loading during in vivo periodic collision [59,60]. 

Briefly, following the procedure developed in Yousefi-Mashouf et al. [53] in such a case, samples 

were cut for an effective gauge length ℓ0 = 2 mm, a width and thickness 𝑤0 = 𝑡0 = 10 mm at rest. 

They were then subjected to successive load/unload cycles down to various strain levels (𝜀𝑚𝑖𝑛), 

with a strain rate (|𝜀̇|) of approximately 10−3 s−1 as applied in the reference database. Compression 

stress (P) and strain (ε) were recorded during the test, as previously mentioned. 

2.2.4. Statistical analysis 

Statistical analyses were performed with OriginPro (OriginLab). After a Kolmogorov-Smirnov 

or Shapiro-Wilk normality test, parametric t-tests, variance analysis (ANOVA) or non-parametric 

Mann-Whitney U-tests were performed. P-values of 0.05 and below were considered significant. 

3. Results and discussion 

3.1. Structure of human vocal folds and lamina propria 

Using two-photon microscopy, significant variations of collagen and elastin distributions 

across different histological layers of the human vocal folds were observed (Supplementary 

Fig. S1). Few collagen and elastin fibers were apparent in the vocalis muscle layer and 

arytenoid cartilage, while the lamina propria was rich in both types of fibers. In the lamina 

propria, both elastin and collagen fibers formed wavy structures, entangled in a network. As 

anticipated, the covering epithelium lacked these fibers (Fig. 2A). The predominant 2D 

orientation of the fibrillar proteins was parallel to the anterior-posterior direction (𝐞𝑎𝑝), with 

density and orientation variations from the superficial to deep layers along the medial-lateral 

direction (𝐞𝑚𝑙) (Fig. 2B and Supplementary Video S3). 

Fig. 3 displays typical in-plane fiber orientation distributions and the width of ECM fibers 

measured at various depths of the lamina propria. In these in-plane analyses, both elastin and 
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collagen fibers intertwined networks showed a similar preferred orientation parallel to the 

anterior-posterior direction ( 𝐞𝑎𝑝 ) (Fig. 3A). Close to the vocal fold’s edge, beneath the 

epithelium, the angular distribution of fibers appeared broad, with the majority aligned 

parallel to the epithelial layer (𝜃 = 0°). At deeper focal points within the lamina propria, the 

distribution of fibrillar orientation was narrower and predominantly followed the epithelial 

surface. When quantified through image analysis (Fig. 3B), collagen fibers were found to be 

significantly thicker, with broader dispersions (mean 2.1 ± 1.1 µm, median 1.7 µm, values 

ranging from 0.4 to 7.3 µm) compared to elastin ones (mean 1.4 ± 0.5 µm, median 1.4 µm and 

values ranging from 0.4 to 3.1 µm). Both fiber types formed bundles, which exhibited a similar 

pattern and reached widths of up to 94.1 and 62.9 µm. The mean values were 12.9 ± 12.1 µm 

(median 8.8 µm) for collagen and 9.9 ± 7.7 µm (median 7.8 µm) for elastin. Concerning the 

volume fractions of collagen and elastin fibers within the lamina propria, no significant 

different values were observed (9.7 ± 3.7 % and 10.9 ± 3.5 %, respectively; t-test p = 0.67). 

These findings are in good agreement with and complement the limited quantitative 

microstructural analyses of the human vocal fold reported in the existing literature [43,62,63]. 

Furthermore, our study indicated that using a larynx from a 76-year-old male did not result in 

significant differences in collagen and elastin fiber diameters and orientations when compared 

to those obtained from a 50-year-old female vocal fold using two-photon microscopy [62]. 

3.2. Tunable fiber-reinforced hydrogels 

3.2.1. Structural and physical versatility 

To approximate the observed microstructure of the native vocal-fold upper layers, several 

fiber-reinforced hydrogels (FHC) were developed. In this initial approach, the complex multi-

layered structure of the upper layers was simplified into a one-layered composite structure.  

The fibrillar component of the lamina propria can readily be emulated by polymeric 

materials, such as PCL, as they can be formulated in fibrous mats with controlled diameters, 

densities and orientations through various methods, including jet-spraying or electrospinning 

[42,63]). However, since the width of lamina propria ECM fibers is polydisperse, jet-spraying 

appeared to be a more suitable option to mimic this feature. Furthermore, this fiber 

production method results in highly porous structures, with a typical porosity around 97 %, 

which is a requisite to allow for the impregnation of a hydrogel phase for the creation of a 

composite. 
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By selecting jet-spraying parameters carefully, it was possible to emulate some of the target 

microstructural features of the lamina propria at the scale of fibers and fiber bundles. As 

presented in Fig. 4A, the in-plane orientation of the PCL fibers within the processed fibrous 

mats could be modulated to mimic the orientations of the fibrillar component observed in the 

lamina propria (Fig. 3). The resulting fibers diameters were in the micron range and 

significantly thicker when aligned, with averages of 2.9 ± 2.9 µm and 1.6 ± 1.4 µm, and 

medians of 1.9 µm and 1.2 µm for aligned and random mats, respectively. Similarly, the mean 

and median width of the fiber bundles produced during spraying were significantly increased, 

with means of 6 ± 5.6 µm compared to 3.2 ± 2.4 µm, and medians of 3.9 µm against 2.3 µm. 

In comparison to the measured collagen fibers of the lamina propria, mean diameters of both 

random and aligned fibrillar PCL mats were similar, but with a wider distribution. PCL fiber 

bundles diameters were also in the same order of magnitude as bundles of native fibrillar 

proteins, albeit with a lower mean and distribution range. It is worth noting that the polymer 

fibers obtained by jet-spraying did not reproduce the wavy pattern of collagen fibers of the 

lamina propria at the microscopic scale; instead, they appeared rather straight (see Fig. 4). 

To replicate the remaining tissue components of the vocal-fold upper layers (lamina 

propria and epithelium), and to allow for control over the overall mechanical properties of the 

synthetic composites, a hydrogel of versatile properties was evaluated. In recent studies, we 

have demonstrated that poly(L-lysine) dendrigrafts/polyethylene glycol (DGL/PEG) hydrogels 

offer several advantages. These hydrogels can be easily prepared by mixing two aqueous 

solutions, and their elastic properties can be adjusted extensively by varying the component 

ratios and concentrations [43,64,65]. Importantly, unlike other PEG-based hydrogels, they 

exhibit inherent cytocompatibility, allowing for attachment and proliferation of multiple cell 

types in vitro, through the presence of DGL [43,65]. When implanted in vivo, these hydrogels 

are biocompatible, biodegradable and induce a mild inflammatory response, accompanied by 

extensive cellularization, tissue formation and vascularization [43]. The aqueous nature and 

low viscosity of PEG/DGL mixtures before cross-linking, along with the hydrophilicity imparted 

by the addition of tween® 80 to the PCL fibers, facilitated the impregnation of the hydrogel 

within the fibrous polymer mats through a simple pouring process. This resulted in a 

homogeneous impregnation throughout the thickness of the mats (see Fig. 5A). Moreover, 

due to the extremely high initial porosity of the mats (Φ𝑃𝐶𝐿𝑚𝑎𝑡𝑠  of 97 and 96 % for 2D aligned 

and 2D random mats, respectively), neither the orientation of the PCL fibers nor the 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

15 

composition of the DGL/PEG hydrogel posed any obstacles to the preparation of the 

composites (FHC), as summarized in Table 1. 

The efficient incorporation and embedding of fibrous mats within the hydrogels were 

evidenced in the modulation of their swelling properties. As presented in Fig. 5B, the increased 

swelling of DGL/PEG hydrogels under physiological conditions aligns with previously reported 

findings [43,65]. Increasing the PEG molecular weight (PEGMW) from 2 to 10 kDa led to an 

increase in the swelling ratio from 15 to 22, whereas higher PEG concentration resulted in 

reduced water uptake by the hydrogels. Similarly to other PEG-based hydrogels, these effects 

can be attributed to the increased proximity of the amine (DGL) and NHS (PEG) reactive groups 

at higher reactants concentrations, leading to increased cross-linking, smaller mesh sizes and 

restricted network expansion [66]. In contrast, longer PEG chains resulted in larger mesh sizes 

and higher swelling, as indicated by the estimation of hydrogel mesh sizes (Table 1). However, 

for any given DGL/PEG composition and PEG molecular weight, the presence of PCL fibers 

significantly decreased the resulting FHC water uptake up to 3 times. This restriction in swelling 

can be attributed to the non-swelling nature of PCL fibers, as reported in previous studies on 

PEG-diglycidylether/polyoxyalkyleneamines hydrogels composites with polyurethanes fibers 

[67]. Additionally, this effect is influenced by the entangled organization of fibers in the non-

woven jet-sprayed mats [42]. Accordingly, the swelling decrease was largely dependent on PCL 

fibers orientations and volume fractions in the final composite. In particular, the lower volume 

of hydrogel in the composites with random fibrous mats (≈ 91 %, compared to ≈ 96 % for 

aligned ones) induced a lower swelling ratio (Table 1). 

Aside from the variation of fibers orientations and hydrogel composition, it was also 

possible to control the fiber content in the formed composites in a straightforward fashion. 

The elevated porosity of the fibrous mats permitted their relative compaction up to 80 % 

trough compression, while not hampering further impregnation with the hydrogel. As a result, 

the volume fraction of fibers 𝜑𝑃𝐶𝐿  within the resulting composites could be readily adjusted, 

as demonstrated in Fig. 5C for FHC(5%, 2k, 1/1, Aligned), where it increased from 

approximately 4 % up to about 16 %. 

3.2.2. Tunable mechanical properties  

Typical stress-strain responses – The cyclic tensile responses of the various elaborated 

materials are reported in Fig. 6, highlighting the differences in mechanical behavior between 
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each isolated component (DGL/PEG hydrogels and PCL fibrous mats) and the fiber-reinforced 

hydrogels, in the illustrative case of aligned fibers (see the case of 2D random fibers in 

Supplementary Fig. S2B). 

In Fig. 6A, stress-strain curves for DGL/PEG hydrogels display quasilinear reversible 

behavior with minimal residual stress hysteresis. As anticipated [68,69], an increase in the 

PEG/DGL ratio led to higher stiffness (e.g., tangent modulus 𝐸𝑡  varying from 10 to 75 kPa for 

hydrogels with PEGMW = 2 kDa at 5 % strain), while an increase in PEGMW resulted in greater 

strains at break (from approximately 30 % to over 65 %). Accordingly, the softer hydrogel (i.e., 

Hyd(10%, 10k, 1/2.5)) could hardly be manipulated and tested with the present protocol. In 

contrast, as shown in Fig. 6B, the processed fibrous mats exhibit elasto-plastic behavior, 

consistent with findings for raw PCL polymer and single PCL electrospun microfibers, which 

show irreversible deformation and necking past 5 % strain [70–72]. 

In the case of the composites (Fig. 6C–D and Supplementary Fig. S2), the incorporation of 

PCL fibers into the hydrogels consistently produced non-linear stress-strain responses 

characterized by J-shaped curves, likely resulting from the gradual reorientation of fibers along 

the tensile direction [70,73]. However, this strain hardening remains far less pronounced than 

that observed on isolated fibrous mats, due to the presence of the matrix, which constrains 

their kinematics to isochoric ones. Compared to non-reinforced hydrogels, stress levels 

achieved in the composites could be enhanced by up to two orders of magnitude in finite 

strains, in line with previous works on fiber-reinforced hydrogels [67,74] or other fiber-

reinforced gel-like systems [75]. A typical stress hysteresis was also observed after each 

unloading sequence, resulting in non-zero residual strains. However, these residual strains 

were much less pronounced than those observed with fibers alone (see Fig. 6B and 

Supplementary Fig. S2B). This is ascribed to the elastic properties of the DGL/PEG matrix, 

which presumably limit the microstructural rearrangements (e.g., fibers rotations and 

interactions) [11] and the large plastic deformation of the stretched PCL fibers. Finally, as 

anticipated, the strong anisotropy of the aligned fibrous mats was also reflected in the 

behavior of the composite (see Supplementary Fig. S2C). 

Therefore, these global trends point out that the overall response of fibrous composites 

combines the high tensile strength, non-linear and anisotropic behavior of the fibrous mat 

upon finite strains (as ensured by collagen networks in native tissues), together with the elastic 
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recovery due to the cured homogeneous hydrogels (as induced by surrounding elastin and 

ground substance in vivo; Fig. 1). 

Influence of the composite’s formulation – Fig. 7 presents the strain-induced evolution of 

𝐸𝑡, 𝑃𝑚𝑎𝑥, 𝑊𝑑𝑖𝑠𝑠and 𝜀𝑟 related to FHC composites listed in Table 1. 

Firstly, figures 6 and 7 highlights the effect of PEG molecular weight. Throughout the entire 

strain range studied (up to 40 %), composites with the lowest PEGMW = 2 kDa showed higher 

tensile stiffness and peak strength (Fig. 7 A–B), in agreement with observations made for 

matrices alone (see Fig. 6A). These results align with the anticipated trends for hydrogels with 

shorter chains between chemical cross-links, as indicated by the corresponding shorter mesh 

sizes in Table 1. This suggests a higher cross-linker concentration [69]. Furthermore, beyond 

the early stage of deformation (for 𝜀𝑚𝑎𝑥 > 5 %), cyclic events with successive strain increments 

resulted in higher dissipated energy and lower residual strains in composites with the lowest 

PEGMW (Fig. 7 C–D). Notably, this trend was not observed with neat hydrogels alone (see Fig. 

6A). Hence, the observed changes in 𝜀𝑟 and 𝑊𝑑𝑖𝑠𝑠  with varying PEGMW may be linked to 

structural rearrangements of PCL fibers within the composite (e.g., rotations) and/or 

variations in fiber interfaces decohesion, likely influenced by matrix properties. 

Secondly, Figures 6 and 7 also highlight the influence of the fiber content, a well-known 

key factor in the mechanics of fibrous materials [76,77]. This is particularly evidenced in the 

stress-strain responses of composites reported in Fig. 6D, the volume fraction of fibers 𝜑𝑃𝐶𝐿  

of which from 0 % (neat gel) to 11 %, while keeping constant all other parameters (data shown 

here only for 𝜀𝑚𝑎𝑥  = 10 % for the sake of clarity). Furthermore, Fig. 8 clearly demonstrates that 

all the derived mechanical descriptors (𝐸𝑡, 𝑃𝑚𝑎𝑥, 𝜂, 𝜀𝑟) increased with 𝜑𝑃𝐶𝐿, except for the 

residual strain 𝜀𝑟  which remained nearly constant for a given peak strain 𝜀𝑚𝑎𝑥. 

3.3. Towards the mechanical biomimetism of the vocal-fold upper layers 

The structural properties of jet-sprayed PCL mats can be tuned to partially mimic collagen 

networks in the lamina propria. Additionally, the elastic moduli of PCL and collagen single 

fibrils fall within the same range (approximately from 500 MPa to 1 GPa [11,71,78]). These 

factors enabled us to propose a mechanical biomimicry of the human vocal-fold upper layers. 

However, it is important to note that, in this initial approach, fiber-reinforced hydrogels were 

developed to replicate the overall bulk mechanical properties of the vocal-fold upper layers, 

without distinguishing between the epithelium and the lamina propria. The mechanical 
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contribution of the micrometer-thick epithelium in the native sandwich composite structure 

was deemed negligible compared to the millimeter-thick, fiber-reinforced lamina propria.  

Initially, from the various prepared composites, we selected a series of suitable candidates 

to replicate the visco-hyperelastic response of native tissues in longitudinal tension, aligning 

with the primary orientation of their collagen fibers. Specifically, in Fig. 9A, we illustrate the 

relevance of four composite hydrogels tuned to replicate samples of human vocal-fold upper 

layers (noted LP1, LP2, LP3 to simplify labelling), which were subjected to comparable large-

strains and cyclic uniaxial loads up to 𝜀𝑚𝑎𝑥  ≈ 10% [5]. Such reference targets were extracted 

to define the typical range of mechanical responses observed ex vivo and to demonstrate the 

variability related to intra/inter-individual. Notably, LP1 and LP2 were obtained from left and 

right vocal folds of the same larynx. Previous studies have assessed the mechanical 

characteristics of human vocal fold tissue using various measurement techniques [79–81]. 

Here, our study endeavors to harmonize with data acquired from the same excised upper 

layers of human vocal fold subjected to a spectrum of physiological loading conditions [5]. This 

deliberate approach aimed at mitigating inherent variability arising from both inter/intra-

individual differences and disparate measurement techniques. The mechanical descriptors 

(𝐸𝑡, 𝑃𝑚𝑎𝑥, 𝜂, 𝜀𝑟) relative to these target stress-strain behaviors are reported in Fig. 8. 

This first selection was made among FHC composites with 2D preferred orientation. This 

choice aimed to induce structural and mechanical anisotropy close to those observed in living 

tissues. It also allowed for a wide distribution of orientations, allowing fiber rotation toward the 

load direction during tension. This micro-mechanism enable us to replicate the gradual 

recruitment of wavy collagen fibers during stretching of the lamina propria in the anterior-

posterior direction [11]. Furthermore, composites with the lowest PEGMW (2 kDa) were selected 

due to their increased stiffness and dissipative properties from small to finite strains, along with 

minimal residual strains after cycling. Specifically, as demonstrated in Fig. 8, the candidate 

FHC(5%, 2k, 1/1, Aligned) proved suitable for approximating the desired range represented by 

targets LPi. This was achieved by adjusting 𝜑𝑃𝐶𝐿  values within the range of 3 % to 11 %, 

corresponding to the measured volume fraction of collagen fibers in the superficial lamina 

propria in our study (9.7 ± 3.7 %). Nonetheless, to match the softest target mechanical response 

(LP1), a higher PEGMW was necessary. For this specific case, the candidate FHC(12%, 10k, 1/3, 

Aligned) composed of the softest elaborated matrix (see Fig. 6A) was chosen. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

19 

In a second step, we evaluated the candidate FHC(5%, 2k, 1/1, Aligned) for suitability in 

transverse compression, i.e., perpendicularly to the main fiber orientation. This loading mode 

is also very important during phonation, keeping in mind that the quality of contact between 

vocal folds is a key factor in voice quality, and that high contact pressure are observed in 

common lesions of the lamina propria [14,82]. In the end, as shown in Figs. 9A–B, the choice 

of 𝜑𝑃𝐶𝐿  ≈ 3 % (in green) allowed the macroscale mechanics of the upper layers to be 

reproduced fairly well both in longitudinal tension and in transverse compression. In contrast 

to the trends observed in longitudinal tension, it is noteworthy that the response of the fibrous 

FHC composite under compression closely resembled that of that of the sole hydrogel matrix 

at low strains (see Fig. 9B), aligning with the characteristics of native vocal-fold tissue [11]. 

Additionally, it was observed that the mechanical contribution of the matrix in this mode 

decreased significantly for ε < -0.05, in line with predictions for biological tissue due to steric 

interactions likely occurring at the fiber scale [11]. 

 

4. Conclusion 

In this study, we propose a set of versatile biocompatible fiber-reinforced hydrogels with 

tunable mechanical properties when subjected to cyclic and large-strains tensile and 

compressive loadings, such as those experienced by the lamina propria during human voice 

production. These composite hydrogels consist of jet-sprayed PCL fibrous mats embedded in 

a DGL/PEG matrix. The chemical formulation of their hydrogel matrix (i.e., PEG molecular 

weight, concentration and DGL/PEG ratio), the microstructural architecture of their fibrous 

networks (i.e., diameter, orientation and volume fraction of fibers) and their assembly process 

were tailored to ensure that the composites mimicked the anisotropic structure of the human 

upper layers (i.e., the lamina propria, together with the very thin superficial epithelium), and 

its non-linear viscoelastic mechanical behavior. To do so, collagen and elastin fibrillar networks 

of deceased patients were characterized by two-photon excitation microscopy to quantify 

fiber and bundles diameters, preferential orientations and volume fractions, which, aside from 

providing concrete targets to match, completed the rare histological descriptors of the vocal 

fold. Using a recent mechanical database on native vocal-fold tissues subjected to longitudinal 

tension and transverse compression, the processed biomimetic composites were validated 

with respect to their non-linear strain hardening, mechanical strength, residual strain and 
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strain energy density dissipated during cycling. The versatility of the selected architectured 

materials was also highlighted, showing their ability to capture the dispersion of stress-strain 

responses related to inter or intra-individual variability. Overall, together with their potential 

to support cellularization and tissue formation in vitro and in vivo, the produced model 

materials allow to envision a better understanding of the role of the lamina propria’s structural 

characteristics in phonation under physiological aero-mechanical and acoustical loadings. 
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Figure 1: Synthetic approach followed to mimic the major structural and mechanical specificities of 

human vocal-fold lamina propria through the design of poly-lysine dendrimers and polyethylene glycol 

(DGL/PEG) hydrogels reinforced with tunable jet-sprayed polymer fibrous architectures. Top center 

illustration adapted from Murthy et al. and Kumar et al. [43, 44]. 

 

Figure 2: Structural analysis of human lamina propria. (A) Close view of the epithelium and lamina 

propria layers of a human vocal-fold cross-section where collagen (blue) and elastin (yellow) are 

visualized through second harmonic generation and autofluorescence, respectively (pixel size 0.17 

µm × 0.17 µm). (B) Examples of the organization of collagen at various depths of the same lamina 

propria sample (top panel: voxel size 0.69 µm × 0.69 µm × 6.17 µm, thickness 58.8 µm; bottom panel: 

voxel size 0.17 µm × 0.17 µm × 0.75 µm, thickness 30.8 µm). 

Figure 3: Quantitative analysis of the fibrous architecture in the human lamina propria. (A) 

Representative 2D micrograph at several depths of the lamina propria (collagen appears blue and 

elastin yellow, voxel size 0.17 µm × 0.17 µm × 0.75 µm) and in-plane angular distribution of the 

collagen and elastin fibers, defined relative to the epithelium. (B) Quantification of the diameters of 

collagen and elastin fibers and fiber bundles. Mann-Whitney U-test for fibers: U = 308, n1 = 6047, n2 

= 1496, **** p < 0.0001 two-tailed. Mann-Whitney U-test for bundles: U = 80951, n1 = 461, n2 = 

308, **** p < 0.0001 two-tailed. 

Figure/Table Caption (s)
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Figure 4: Mats of random and aligned PCL fibers. (A) Representative SEM pictures and quantification 

of their 2D orientations. (B) Quantification of the diameters of random and aligned fibers and fiber 

bundles. Mann-Whitney U-test for fibers: U = 3.1E10, n1 = 165168, n2 = 168364, **** p < 0.0001 

two-tailed. Mann-Whitney U-test for bundles: U = 3.6E10, n1 = 165168, n2 = 221722, **** p < 0.0001 

two-tailed. 

Figure 5: Characterization of 2D random and 2D aligned fiber-reinforced hydrogels (FHC). (A) 

Representative pictures of both composite types. (B) Swelling ratios of hydrogels prepared with 2 

(top) and 10 kDa PEG (bottom) at different concentrations (CPEG = 5 and 10 %) and their homogeneous 

composites obtained with 2D random and 2D aligned fibrous PCL mats. (C) Modulation of FHC 

volume fraction through pre-compaction of aligned fibrous mats. Data are mean ± SD (n=5). 

Figure 6: Mechanical characterization of hydrogels, PCL mats and FHC samples. Typical cyclic tensile 

stress-strain response of (A) various DGL/PEG homogeneous hydrogels, (B) aligned PCL fibrous mats 

under longitudinal loading, and (C-D) FHC composites reinforced by aligned fibers: illustrative cases 

of (C) FHC(10%, 2k, 1/2, Aligned) as listed in Table 1, and (D) FHC (5%, 2k, 1/1, Aligned) with a volume 

fraction of fibers φPCL varying from 0 % to 11 %. Error bars represent the measurement uncertainty, 

including the dispersion of the data over 5 repeated tests (min-max values) and the inherent 

accuracy errors. Grey areas illustrate hysteresis loops leading to a dissipation of mechanical energy. 

 

Figure 7: Evolution of the mechanical descriptors of the composite hydrogels in function of the 

applied peak strains εmax: (A) tangent modulus, Et; (B) peak stress level, Pmax; (C) dissipated energy 

density per cycle, Wdiss; (D) residual strain, εr. 

 

Figure 8: Modulation of fiber volume fraction 𝜑𝑃𝐶𝐿  in aligned FHC through pre-compaction of fibrous 

mats to mimic human vocal-fold upper layers (lamina propria + epithelium). Tensile mechanical 

descriptors as a function of the applied peak strain, εmax, set at 10, 20 or 30 % (from smallest to 

largest symbol): (A) tangent modulus, Et; (B) peak stress level, Pmax; (C) energy dissipation coefficient, 

η; (D) residual strain, εr. Data acquired on composites FHC(5%, 2k, 1/1, Aligned). Colored areas (in 

orange) represent the range of target values as derived from Fig. 9, owning identical matrix and 

fibrous orientation, but tailored values of 𝜑𝑃𝐶𝐿. 

 

Figure 9: Comparison with reference data acquired on human vocal folds. (A) Stress-strain responses 

of tailored FHC composite candidates and upper layers samples (lamina propria + epithelium) 

subjected to cyclic and finite-strains in longitudinal tension [5]. (B) Typical stress-strain response of 
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the composite FHC(5%, 2k, 1/1, Aligned) under transverse compression, as previously selected from 

the tension curves in (A) (curve in green). Comparison with the corresponding homogenous hydrogel 

without fibers, and reference data on vocal-fold upper layers (lamina propria + epithelium) [5]. 

 

Table 1. Average mesh size (ζ) of PEG hydrogels and volume fraction of fibers (φPCL) in the fiber-

reinforced hydrogels. One-way Anova with Tukey’s multiple comparison test Hyd(x%, 2k, x/x) versus 

(x%, 10k, x/x): ****: p < 0.0001, n = 3 per condition. T-test random versus aligned FHC composites: 

**: p < 0.01, ***: p < 0.001, n = 4 per condition. 
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Table 1 

DGL/PEG hydrogels ζ ± SD (nm) FHC composites φPCL ± SD (%) 

Hyd(5%, 2k, 1/1) 6.1 ± 0.2 **** 
FHC(5%, 2k, 1/1, Random) 10.3 ± 0.7 

FHC(5%, 2k, 1/1, Aligned) 4.6 ± 0.1 *** 

Hyd(10%, 2k, 1/2) 5.6 ± 0.3 **** 
FHC(10%, 2k, 1/2, Random) 11.3 ± 0.5 

FHC(10%, 2k, 1/2, Aligned) 5.2 ± 0.5 *** 

Hyd(10%, 10k, 1/2.5) 10.1 ± 0.4 
FHC(10%, 10k, 1/2.5, Random) 7.4 ± 0.9 

FHC(10%, 10k, 1/2.5, Aligned) 3.4 ± 0.2 ** 

Hyd(12%, 10k, 1/3) 9.5 ± 0.6 
FHC(12%, 10k, 1/3, Random) 8.1 ± 1 

FHC(12%, 10k, 1/3, Aligned) 3.7 ± 0.6 *** 
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