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Chapter

Mechanical Methods of Producing 
Biomaterials with Aligned Collagen 
Fibrils
Shunji Yunoki, Eiji Kondo and Kazunori Yasuda

Abstract

Collagen has been used in various therapeutic medical devices, such as artificial 
dermis, bone, and cartilage, wherein the effectiveness of collagen mainly depends 
on its biological features of biocompatibility, biodegradability, bioresorbability, cell 
affinity, and weak antigenicity. Collagen is the main structural protein in the human 
body and is responsible for the mechanical properties of tissues and organs. The fun-
damental structural component of tendon tissue is uniaxially aligned collagen fibrils 
that run parallel to the geometrical axis. Thus, the fabrication of artificial tendons 
is an excellent example of developing biomaterials using collagen as a structural 
backbone. Previous attempts to construct aligned fibril-based biomaterials involved 
electrospinning, freeze drying, using a strong magnetic field, and mechanical meth-
ods, including shearing and tension during wet extrusion. Among these, mechanical 
methods have been extensively studied owing to their simplicity and effectiveness 
suitable for mass production. However, few review articles have focused on these 
mechanical methods. Thus, this article reviews the mechanical methods for creat-
ing biomaterials from aligned collagen fibril while discussing the other fabrication 
methods in brief.

Keywords: tendon, collagen, fibril, alignment, shearing

1. Introduction

Since the research and development of collagen-based artificial dermis began in 
the 1980s [1, 2], many biomaterials using collagen as the base have been developed 
and clinically applied [3, 4]. Currently, many advanced collagen-based biomaterials 
have been developed for cellular or acellular tissue engineering and cell therapies  
[5, 6], and collagen remains one of the most essential biomaterials. Collagen is 
useful as a base material for therapeutic biomaterials due to its excellent biochemical 
properties (biocompatibility, biodegradability, and bioabsorbability) [3, 4] and cell 
affinity [5]. These properties enable the resultant biomaterials to be decomposed 
through biological activity, absorbed and metabolized at the damaged sites, and 
eventually be replaced with normal tissues. The effectiveness of collagen in such 
biomaterials primarily depends on the abovementioned biological features as well as 
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its weak antigenicity. Its excellent moldability and low cost have further facilitated 
the development of sheet-shaped artificial dermis [7], porous artificial bones [8], and 
hydrogel-based artificial cartilages [9].

However, the mechanical properties of such collagen-based biomaterials and arti-
ficial tissues are significantly inferior to those of living tissues. Collagen is the main 

Figure 1. 
Structural hierarchy in the tendon. Diagram illustrating the relationship between collagen molecules, fibrils, 
fibers, fascicles, and tendon units (top). Although the diagram does not show the fibril subunits, the collagen 
fibrils appear to be self-assembled from intermediates that may be integrated within the fibril. Scanning electron 
micrograph of rat tail tendon showing fascicle units (asterisk) making up the tendon (bottom). Reproduced from 
Ref. [11] with permission from Elsevier.
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structural protein in the human body and is responsible for the mechanical features of 
tissues and organs [10]. Among all the various tissues and organs, tendons comprise 
collagen fibrils with unique hierarchical structures (Figure 1) that are responsible 
for human motor function [11]. Therefore, the fabrication of artificial tendons is a 
good example of biomaterials developed using aligned collagen fibrils as a structural 
backbone. As stated in this review, research on artificial tendons made using collagen 
has rapidly increased in the last decade to meet the clinical needs of replacing autolo-
gous tendon transplants.

Artificial tendons must have uniaxially aligned collagen fibrils running parallel to 
the geometrical axis; this characteristic collagen structure is responsible for the excel-
lent mechanical features of live tendons [12]. Collagen fibrils can be simply prepared 
by well-known in vitro fibrillogenesis. Collagen molecules are stable in acidic solu-
tions at low temperatures and are capable of self-assembling nanofibrils that respond 
to body temperature and neutral pH [13, 14]. The fibrils exhibit amorphous networks. 
Previous attempts to produce aligned fibril-based biomaterials used electrospinning, 
freeze drying, strong magnetic fields, and mechanical methods, such as shearing 
and tension during wet extrusion. Of these, only mechanical methods demonstrated 
the potential for use in the industrial production of artificial tendons by showing the 
ability to maintain and hierarchize collagen fibril structures.

Although many reviews on the fabrication of aligned collagen fibrils have been 
published in recent years [15–17], they do not focus on mechanical methods and the 
fabrication mechanisms therein. Here, we introduce the various mechanical methods 
of producing biomaterials with aligned collagen fibrils and discuss their mechanism 
and limitations in detail. This review will also act as a significant introduction for 
researchers willing to apply collagen-based artificial tendons in clinical practice.

2. Requirements of collagen-based artificial tendons

Tendon tissues connect muscles to bones and influence the transmission of 
mechanical loads between them [12, 18]. Ligament tissues connect bone to bone and 
stabilize joints [12, 18]. These two types of tissues are similar in structure and com-
prise uniaxially aligned collagen fibrils [19]. The characteristic structure of tendons 
and ligaments is a multi-unit hierarchical structure comprising longitudinally aligned 
collagen molecules (approximately 1 nm in diameter), fibrils (approximately 100 nm 
in diameter), fibers (1–20 μm in diameter), and fascicles (20–200 μm in diameter) 
[11]. This hierarchical organization of collagen fibrils is crucial to the nonlinear 
and viscoelastic mechanical properties of collagen-based organs [20]. Tendons 
and ligaments are remarkable for their superior tensile strength and stiffness; the 
tensile strengths of the Achilles’ tendon and anterior cruciate ligament (ACL) are 
54 ± 20 MPa [21] and 24 ± 9 MPa [22], respectively, and their tensile moduli are 
212 ± 109 MPa [21] and 113 ± 45 MPa [22], respectively.

Tendons and ligaments are tough tissues; however, ruptures of these tissues are 
common traumas among athletes [23]. The ACL is a part of a pair of cruciate liga-
ments (the other being the posterior cruciate ligament) in the human knee that 
connects the femur to the tibia to stabilize knee joint movements. ACL is the most 
frequently injured knee ligament [24]. Once the ACL ruptures, it can rarely connect 
end-to-end through conservative treatments. The poor healing capacity of ACL, 
particularly after rupture, is clinically common, although the underlying reasons 
for this remain unclear [25]. ACL reconstruction surgeries are required for such 
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traumas; ACL injuries are among the most common among the athletic populations, 
with nearly 130,000 ACL reconstructions performed in 2006 in the USA alone [26]. 
Although there are no published survey results, ACL construction surgeries in Japan 
are estimated to exceed 17,000 per year.

In recent years, autogenous tendon tissues have been frequently used as substitutes 
for human tendon grafts (allografts) to reconstruct torn ligaments [27]. One notable 
advantage of this reconstruction surgery is the remodeling property of the autog-
enous tendon [28, 29], called ligamentization. Although the process of biological 
remodeling remains incompletely understood, clinicians agree that the strength of an 
autogenous tendon graft reduces soon after reconstruction and gradually increases 
with time, accompanied by structural changes in the collagen fibers [30]. Intrinsic 
fibroblasts in the tendon graft undergo ischemic necrosis followed by extrinsic cell 
infiltration with graft revascularization [31]. After remodeling implanted autog-
enous tendon tissues, patients can return to their daily activities as before. However, 
autogenous tendon grafting inevitably results in damage and consequent morbidity 
at the donor site, necessitating a second invasive procedure [32]. Although allogenous 
tendons are considered an alternative graft material, they have their disadvantages, 
including disease transmission risk and slow graft remodeling [33]. Currently, tendon 
xenografts cannot be used in a clinical setting; accordingly, synthetic tendons have 
been studied to avoid these disadvantages [16]. Various synthetic materials, such as 
polyethylene and polytetrafluoroethylene, have been used previously to create artifi-
cial tendons. However, they have not been clinically used as they fail after implanta-
tion because they undergo biodegradation without any remodeling [34]. Therefore, 
the fabrication of artificial tendons showing hierarchical structures of uniaxially 
aligned collagen fibrils seems to be the most promising approach as they are expected 
to undergo remodeling in the human body after implantation in a manner similar to 
that of autogenous tendon tissues [16, 19].

3. Overview of the fabrication methods used for aligned collagen fibrils

3.1 Electrospinning

Before focusing on the mechanical methods, we present an overview of the  
fabrication methods used for aligning collagen fibrils. Electrospinning has been 
widely considered an efficient method for fabricating polymer nanofibers, and 
several studies have described this fabrication technique [35, 36]. Briefly, the system 
comprises three elements—polymer solutions dissolved in volatile solvents, a high 
voltage supplier, and a metal target. The high voltage supplier provides electric 
potential differences in many kV between the polymer solutions and the target. The 
polymer solutions are then gradually extruded through a needle, and the electrically 
charged polymer solution is ejected from the tip of the needle which then reaches 
the target while being spun into thin threads (in the order of nm to μm in diameter). 
The volatile solvents evaporate during the interim, resulting in the collection of the 
polymer nanofiber mesh.

When the target is rotated during collagen electrospinning, each nanofiber tends 
to be aligned uniaxially [37]. Such materials can be helpful in in vitro experiments that 
evaluate the effects of scaffold alignments on the biological behaviors of cultured cells 
[37–39]. However, electrospinning appears to be an ineffective option as a fabrication 
method for artificial tendons due to the inevitable collagen denaturation. Fluoroalcohols 
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are used as solvents to dissolve the collagen as this hydrophilic polymer shows little or no 
solubility in conventional volatile solvents for electrospinning, such as dichloromethane 
and chloroform. Zeugolis et al. demonstrated that collagen in electrospun nanofibers 
was denatured to gelatin almost completely using fluoroalcohols as solvents [40]. This 
event can be explained by the ability of fluoroalcohols to break hydrogen bonds among 
proteins. A pioneering study of collagen electrospinning [41] demonstrated a character-
istic cross-striated pattern of collagen fibrils in electrospun nanofibers fabricated using 
hexafluoroisopropanol as a solvent; however, the debris of collagen fibrils is presumed 
to have remained according to the findings of Zeugolis et al. The nanofibers prepared 
using electrospinning collagen solutions cannot be defined as collagen nanofibers.

3.2 Freeze drying

Freeze drying (also called freeze-casting) is one of the most critical industrial 
processes used to preserve heat-sensitive biological materials, including food, 
pharmaceuticals, microorganisms, and plants, with minimal deterioration of their 
intrinsic chemical and physical properties during the drying processes [42]. The 
fundamental principle of freeze drying is sublimation, that is, the direct shift from a 
solid state to a gaseous state [43]. The freeze drying process can be explained through 
a characteristic phase diagram of solid (ice), liquid (water), and gas (vapor). When 
water-based slurry, suspension, or solution is frozen at atmospheric pressure, the 
contents in water are separated from ice crystals and concentrated. If we increase the 
temperature of the frozen material above 0°C while keeping the atmospheric pres-
sure below 0.06 atm, the ice turns into a gas without going through a liquid phase 
in accordance with the phase diagram of water [43]. Generally, dried materials thus 
obtained have microporous structures, whereas the contents eliminated from the ice 
crystals had thin walls and pores, which was similar to that of ice crystals [44].

Based on the above freeze-drying principle, Schoof et al. fabricated collagen sponges 
using aligned structures of pores and thin walls using the unidirectional solidification 
technique [45, 46]. Briefly, a cylindrical container filled with a collagen suspension was 
sandwiched from the top and bottom using a pair of copper blocks and then cooled 
with liquid nitrogen. Plate-like ice grew in the collagen suspension along the depth of 
the cylindrical container, by which collagen molecules are eliminated from the unidi-
rectional solidification of the growing ice crystals. Freeze drying the frozen suspension 
created unidirectional thin collagen walls and interconnected pores. The pores had a 
width of 20–40 μm and were alternately separated by much thinner walls; this structure 
can be considered as collagen fibers with wide gaps. Some researchers have thus used 
unidirectional solidification to fabricate fibers from suspensions of collagen molecules 
or fibrils [47–49]. Additionally, a modified technique has been developed to concentrate 
collagen axially and form a fiber-like construct [50]. As a result, those macromolecules 
are likely to be partially aligned because of the high aspect ratios. However, there is little 
evidence of the unidirectional alignment of collagen fibrils in the walls after freeze dry-
ing, whereas aligned thin walls or fiber-like structures were observed microscopically 
[45–49]. The authors believe that collagen in the micro structures is almost amorphous 
on a fibrillar scale, affecting cellular responses and morphologies.

3.3 Exposure to a strong magnetic field

Based on the fact that some proteins in solutions exhibit birefringence under 
strong magnetic fields, Torbet et al. demonstrated for the first time that collagen 
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fibrils are magnetically aligned [51]. A neutral collagen solution (0.6 mg/mL) was 
heated from 4°C to 27.5°C to induce fibrillogenesis under a strong magnetic field 
(13T), resulting in the formation of aligned collagen fibrils. Collagen molecules have 
a negative diamagnetic anisotropy and they lie perpendicular to the magnetic field. 
Many researchers have applied this method to fabricate aligned collagen fibril hydro-
gels and used the gels for in vitro examinations to assess the effects of collagen fibril 
alignments on cell behaviors [52–56].

The notable advantage of this strong magnetic field is that it is noninvasive to 
living cells and organisms. However, the disadvantage is the lack of mass productivity 
of tough collagen fibers. The starting substance of the fabrication process is a neutral 
collagen solution, which is set in a narrow chamber (a few cm) with a strong magnetic 
field generator. This small-batch process is not suitable for the mass production of 
biomaterials. Further, the concentration of the collagen solution has to be low enough 
(≤10 mg/mL) to allow the rotation of the molecules due to magnetic force, prevent-
ing the production of high-density collagen fibrils. Recently, new methods have been 
developed wherein magnetic substances (beads or rods) are added to collagen solu-
tions to mechanically pull or assist in the alignment of collagen fibril under magnetic 
fields [57–60]. A challenge associated with these manufacturing methods is that the 
magnetic substances are retained in the collagen gel.

3.4 Electrochemical method

Electrochemical fabrication for assembling aligned collagen bundles was first 
reported in 2008 [61]. This method is substantially different from the previous 
method using strong magnetic fields in that the physical force does not directly affect 
the collagen molecules. When the parallel set anode and cathode electrodes are soaked 
in a shallow pool of collagen solution, a pH gradient perpendicular to the electrodes 
is generated by the migration of electrolytes. Collagen molecules with a low pH are 
positively charged, whereas those with high pH are negatively charged. Therefore, all 
the collagen molecules migrate toward the isoelectric point (pH 8.2), congregate, and 
form fibrils under neutral conditions. The electrochemically aligned collagen (ELAC) 
threads with diameters of 50–400 μm and lengths of 3–7 cm were prepared depend-
ing on the electrodes used [61]. Although electron microscopies have not yet visual-
ized uniaxial alignments of collagen fibrils, it is reasonable that collagen fibrils tend to 
align uniaxially by the electrochemical compaction to a bundle.

Continuous molding of ELAC threads was successfully performed using a rotat-
ing electrode electrochemical alignment device [62]. The main parts of the device 
include a power supply for providing voltage for the electrochemical cell, a syringe 
pump, a rotating electrodes wheel, and a collection spool. A collagen solution is 
extruded onto the caved edge of the rotating electrodes wheel placed vertically. 
The electrodes are placed parallel on the wheel’s edge, allowing continuous ELAC 
formation synchronized with the rotation speed. Furthermore, ELAC threads were 
twisted to form yarn, and the yarn was pin-weaved toward a highly porous scaf-
fold as an artificial tendon. The ELAC scaffolds showed ultimate stress and tensile 
modulus comparable to the natural tendon [62]. Furthermore, the biological effects 
of collagen fibril alignments in ELAC threads have been assessed in vitro [62–66] 
and in vivo [67].

The electrochemical method is the first to continuously produce aligned collagen 
fibril threads. ELAC threads (diameters 50–400 μm) in the yarns seem to correspond 
to collagen fibers (diameters ~20 μm [11]) in living tendons, although the diameters 
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of the former are much larger. Further studies are required for ELAC thread-based 
biomaterials to provide the tendon-like hierarchical structure of collagen fibrils.

3.5 Mechanical methods

The main purpose of this paper is to describe the mechanism and challenges 
associated with manufacturing tendon-like bundles of uniaxially aligned collagen 
fibrils through mechanical methods. Briefly, mechanical methods involve the use of 
mechanical force (shearing or tension) to align collagen fibrils. Mechanical forces can 
be generated before, during, or after the fibrillogenesis of collagen molecules.

4. Solution extrusion methods

Among the various aligned collagen fibril fabrication methods, mechanical meth-
ods have been extensively studied because of their simplicity and effectiveness as well 
as mass production suitability. These mechanical methods can be generally catego-
rized into the following based on their fabrication mechanisms: solution extrusion 
methods (wet spinning and others), shear flow deposition, flow-induced crystalliza-
tion, and gel-extrusion method. Herein, fabrication mechanism, effectiveness, and 
challenges of solution extrusion methods are discussed.

4.1 Wet spinning

Wet spinning is a typical example of a solution extrusion method that was first 
developed to produce collagen threads for artificial tendons [68]. A collagen solution 
is extruded from a narrow channel directly into a coagulation bath to form a cord-like 
gel through collagen fibril formation [69]. Figure 2 shows a schematic illustration of 
a typical experimental setting for wet spinning. Neutral buffers such as phosphate 
buffer saline (PBS) containing polyethylene glycol (PEG) have been frequently used 
as coagulation baths for wet spinning as PBS provides suitable conditions for collagen 
fibrillogenesis [14] and PEG dehydrates the collagen molecules to promote fibrillo-
genesis. In Kato’s method [68], the acidic collagen solution is filled in a reservoir, such 
as a syringe, and is extruded through a narrow tube (≤1 mm diameter) at a constant 
speed using a pump. The tip of the tube is submerged in a coagulation bath, and the 
collagen solution stream is immediately gelled due to fibrillogenesis. As a result, the 
cord-like collagen gel is continuously molded. Finally, drying the cord-like gel results 

Figure 2. 
Schematic illustration of the typical experimental setting for wet spinning. An acidic collagen solution in a syringe 
(a) is loaded in a syringe pump (b) and infused via a narrow tubing into a coagulation bath (neutral buffer 
containing PEG is frequently used) heated at 37°C (c). As a result, the cord-like collagen gel is continuously 
molded and sequentially introduced into an ethanol bath (d) to promote dehydration. The cord-like gel is then 
wound up and air-dried to produce a collagen thread (e).
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in a tough thread with a diameter of 20–300 μm [70]. Cavallaro et al. succeeded in 
continuously processing dried collagen threads through a sequence of conventional 
wet spinning and subsequent drying using a ventilation-type cabinet [71]. Acetone 
was also used as a coagulation bath, allowing the fabrication of narrow collagen 
threads with an approximate diameter of 15 μm [72].

After Kato’s pioneer study, many researchers have applied wet spinning to fabri-
cate collagen threads for different biomaterials [69, 73]. However, the nanostructures 
of the collagen threads fabricated by wet spinning are far from those of tendon unit 
structures. Pins et al. revealed that collagen fibrils in wet spun threads were amor-
phous, prompting alignment by stretching the wet spun threads [74]. Despite many 
studies on wet spinning, the molecular events in the thread-making process have not 
yet been clarified, but it is likely that oriented collagen molecules under shearing in a 
narrow channel immediately changed to amorphous after extrusion into a coagulation 
bath (discussed in Section 4.5).

Assuming that the rapid relaxation of the oriented collagen molecules occurs, 
some treatments for delaying relaxation effectively promote fibril alignments in wet 
spinning. The addition of viscous materials or increase in collagen concentration 
to delay collagen molecule relaxation prior to fibrillogenesis has been investigated. 
Nerger et al. investigated 3-D bioprinting of collagen ink containing LAPONITE® 
(a type of layered silicate), Pluronic® F-127 (a type of polyethylene glycol), or 
Matrigel® (extracellular matrices of sarcoma) as rheology-adjusting agents [75]. The 
cord-like collagen gel extruded from a conical nozzle comprised of incompletely but 
preferably aligned collagen fibrils. Lai et al. prepared 30 mg/mL of rat tail collagen 
solution by dialysis against PEG and used it for fabricating tubular collagen gels with a 
custom-made syringe [76]. The fibrils on the surface of the collagen gels were aligned 
almost uniaxially, whereas the alignments of interior fibrils were not observed.

4.2 Modified wet spinning

In 2010, Caves et al. attempted to increase the fibril alignment of wet spun fibers 
by dropping the extruded cord-like collagen gels vertically with a coagulation buffer 
[77]. The extrusion of the collagen solution into a coagulation bath was performed in 
the same manner as wet spinning, resulting in the continuous formation of a cord-like 
gel. The bath was a long column through which the coagulation buffer was circulated 
to generate a vertical flow for carrying the collagen gel downwards along the column 
while simultaneously stretching it. The fibril alignment in the dried collagen thread 
was higher than that obtained using conventional wet spinning [73]; however, 
mechanical stretching (strain ratio of 10–20%) was required to achieve uniaxial 
alignments.

Recently, an extrusion method has been developed that incorporates the sequen-
tial stretching process of extruded gels to overcome the lack of fibril alignments 
[78]. This experimental setting is illustrated in Figure 3A. The collagen solution was 
continuously introduced into a flat flow channel (1-mm thick and 35-mm wide) with 
a pair of buffers containing PEG to ensure the three-layer of buffer-collagen-buffer. 
During co-extrusion, the collagen solution could be coagulated to some extent by 
dehydration with PEG. A sheet-shaped stream of partially coagulated collagen solu-
tion was extruded from the outlet into a coagulation buffer, resulting in the continu-
ous production of a collagen gel sheet. Subsequently, the gel sheet was stretched 
along the machine direction with a rotating mandrel, thus enhancing the alignment 
of the collagen fibrils. Finally, wet collagen sheets as thin as 1.9 μm were obtained 
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which exhibited good mechanical qualities (tensile strength, 0.5–2.7 MPa and elastic 
moduli, 3–36 MPa). The alignment of collagen fibrils along the machine direction was 
enhanced depending on the rotating speed of the mandrel (Figure 3B).

Figure 3. 
Schematic illustration of the extrusion method incorporating sequential stretching of extruded sheet-shaped gels 
(A) and nanostructure of collagen gels observed on transmission electron microscopy (TEM) (B). (A) Collagen 
(red) and buffer solutions (green) are delivered to a three-layered microfluidic device. An emerging collagen sheet 
then undergoes fibrillogenesis and is strained by passing over a rotating mandrel. (B) TEM images of collagen 
sheets were produced at V* of 0.6, 4.5, and 10 in (y − z) and (x − z) planes (depicted in (A)). V* = (Vp − VT)/
VT, where Vp is the velocity of the rotating mandrel and VT is the total bulk velocity of the solutions passing 
through the flow constriction. Reproduced from Ref. [78] with permission from ACS Publication.
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Malladi’s study indicates that the stretching process of extruded collagen gels 
can be incorporated into the conventional extrusion processes, including wet spin-
ning. The stretching of gels was effective for enhancing the alignments of collagen 
fibrils, whereas fibrils extruded in the gels were almost amorphous. A parameter 
V* = (Vp − VT)/VT was used, where Vp is the velocity of the rotating mandrel and 
VT is the total bulk velocity of the solutions passing through the flow constriction. 
The elastic moduli increased as V* increased from 0.1 to 10; this was explained by the 
fibril density and degree of fibril alignment increase. As per the authors’ experience, 
collagen fibrillar gels are less stretchable. The excellent stretchability in this case 
(V* ≤ 10) could be due to the use of acid-solubilized rat tail tendon collagen [77] with 
intact intermolecular crosslinking. The type of collagen used in the experiment also 
affects the molding propriety.

4.3 Other extrusion methods

Lai et al. reported a fabrication method for cord-like collagen gels with longitudi-
nally aligned fibrils effectively using shear force compared with a conventional wet 
spinning [79]. This method would result in fibrillogenesis [13, 14] before the relaxation 
of the shear force-induced orientation of the collagen molecules. An acidic collagen 
solution of rat tail tendon collagen (30 mg/mL) was continuously extruded from a 
syringe with a 22-gage needle onto a glass slide and submerged in a coagulation bath of 
10× PBS. In this process, the syringe and glass slides were moved in opposite directions, 
thus generating shear forces on the extruded collagen solution, which immediately 
initiated fibrillogenesis while maintaining alignments of collagen molecules due to the 
solution’s high viscosity, resulting in a cord-like collagen gel with aligned fibrils. When 
the human dermal microvascular endothelial cells were cultured on the gels, the cells 
exhibited elongated morphologies along the alignment direction of fibrils.

A method for producing edible collagen casings, that is, artificial intestine for sau-
sage, [80] has been applied for manufacturing tubular gels comprising aligned collagen 
fibrils through a counter-rotating extrusion method [81, 82]. The experimental setting 
and appearance of the material obtained are shown in Figure 4 [81]. This method does 
not include collagen fibrillogenesis but uses a fibril-rich collagen dough made from living 
tissues as a starting substrate. Briefly, the homogenized collagen dough (5% [w/v]) was 
fed to a metering pump and then into a counter-rotating extruder using a piston stuffer. 
This unique extruder comprises two coaxial cylinders rotating in the opposite direction. 
The collagen dough is continuously introduced into the gap (0.5 mm) between the larger 
and smaller cylinders along the axes of the cylinders so that the rotation in the opposite 
direction generates a shear force on the collagen dough in the gap. Consequently, tube-
shaped collagen gels are extruded in which the collagen fibrils are preferably aligned in 
the circumferential direction. Thus, the tubes must be cut in the circumferential direc-
tion to fabricate an artificial tendon with longitudinally aligned fibrils.

The solution extrusion methods are summarized as follows: collagen molecules can 
be oriented using shear force in a narrow channel, resulting in the production of cord-
like collagen gels with nearly amorphous fibrils. This is probably due to the immediate 
relaxation of the molecules after extrusion from the tips of the channels. Additional 
mechanical stretching is required to improve the alignment. Thus, suppression of 
molecular relaxation appears to be effective for fabricating collagen gels with longi-
tudinally aligned fibrils. The use of collagen fibril dough as starting substances or the 
sequential stretching of gels is also effective.
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4.4 Limitations of solution extrusion methods

As described in Section 4.1, wet spinning has a limited capability of producing 
threads with well-aligned collagen fibrils, especially in the interior of threads. Although 
the mechanisms of solution extrusion have not been described in detail compared 
with those of shear flow deposition, it is obvious that rheological features of collagen 
solutions play a predominant role in the alignment of collagen fibrils. Here, rheological 
data of collagen solutions are introduced in the next paragraph to discuss the presumed 
mechanisms of solution extrusion.

Figure 4. 
Overview of counter-rotating extrusion method. (A−E) Schematic illustrations of the method. (F and G) 
Appearances of tube-shaped collagen gels obtained using this method. Reproduced from Ref. [81] with permission 
from Elsevier.
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For the rheological measurements, a rotational rheometer was used (MCR 502; 
Anton Paar, Ostfildern, Germany). This apparatus is effective for simultaneously 
evaluating the viscosity and gelation features of low viscous biopolymer solutions [83]. 
A collagen solution was filled in a gap between a Peltier-controlled bottom plate and 
a movable upper sensor (cone plate sensor, diameter, 35 mm; cone angle, 1°; parallel 
plate sensor, diameter, 50 mm) (Figure 5). This apparatus can conduct rotational as 
well as oscillational measurements. Rotational measurements measure the flow and 
viscosity curves of the specimen, providing information about reductions in increased 
shear stress (shear thinning) and thixotropic properties under shearing. Conversely, 
oscillational measurements are helpful in tracking the changing rheological proper-
ties of a collagen solution (in this case, recovery of rheological properties just after 
shearing). Two types of collagen were used, acid-solubilized collagen from the por-
cine tendon (designated ASC) (Cellmatrix® type I-A; 0.3% solution, Nitta Gelatin, 
Osaka, Japan) and pepsin-digested collagen from the porcine dermis (designated PC) 
(Collagen BM; 0.53% solution, Nitta Gelatin, Osaka, Japan). ASC remains intermo-
lecular crosslinking, and the physicochemical qualities can be considered as similar 
to those of a conventional rat tail tendon collagen. PC is a representative of pepsin-
digested collagens which are generally used for commercial biomedical devices.

Rotational measurements simulated the behaviors of collagen molecules during 
wet spinning processes. Figure 6 presents the viscosity curves of collagen solutions 
obtained by reciprocal rotational measurements at shear rates 0.1–100 s−1. Both 
the collagen solutions showed a shear rate-dependent decrease in viscosities (non-
Newtonian behavior) during the shear rate-rising process, suggesting molecular 
alignments along the flow direction. The viscosity curves obtained from the falling 
of shear rates overlapped almost entirely in both the collagens, suggesting that the 
alignments of collagen molecules under shearing are not hysteresis. A sequential 

Figure 5. 
Sensors of the rotational rheometer. (A) Appearance of a parallel plate sensor. (B) and (C) are schematic 
illustrations of cone plate and parallel plate sensor, respectively. A sample solution is placed on the Peltier-
controlled bottom plate and the movable upper sensor is positioned to achieve a pre-set gap. The sensor is rotated 
unidirectionally to obtain rotational measurements. Oscillational measurements are obtained by sinusoidal 
oscillation with extremely small shear deformation (usually ≤1%).
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test of oscillation-rotation-oscillation was used (Figure 7) to simulate conditions of 
collagen molecules in wet spinning. The first step is the oscillational measurement 
at constant shear deformation (1%) and frequency (1 Hz) to test the viscoelastic 
qualities of the collagen solution as a starting substance wherein collagen molecules 
are dispersed amorphously. The rapid rotation (shear rate, 100 s−1) as the second step 

Figure 6. 
Viscosity curves of collagen solutions were obtained by reciprocal rotational measurements at shear rates of 
0.1–100 s−1. (A) Acid-solubilized collagen from porcine tendon (0.3%) and (B) pepsin-digested collagen from 
porcine dermis (0.53%). Both the solutions showed a shear rate-dependent decrease in viscosities (non-Newtonian 
behavior) during the shear rate-rising process. The viscosity curves obtained from the falling of shear rates 
overlapped almost entirely in both the collagens.

Figure 7. 
Scheme and results of sequential testing of oscillation–rotation–oscillation for evaluating the relaxation of 
collagen molecules.
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simulates strong shearing on the collagen solution introduced into a narrow tube. 
Oscillational measurement as the last step monitors the recovery of shear stress after 
the collagen solution is released from the strong shearing, which can simulate the 
recovery of amorphous dispersion of collagen molecules just after extrusion into a 
coagulation bath. Figure 7 indicates the results of the sequential test for ASC. The 
shear stress sharply decreased by more than one order of magnitude (from 9940 mPa 
to 540 mPa) only in 2 s after the rotation was terminated and subsequently became 
identical to that obtained at the first step (before rotational shearing). The small 
delay in the recovery of shear stress could be due to the inertial force of the flowing 
collagen solution.

Considering this rapid recovery of shear stress and no hysteresis of viscosity 
curves, the following scenario is conceivable in the thread-making process of wet 
spinning (Figure 8). An acidic collagen solution is extruded through a narrow tube 
wherein the collagen molecules should be oriented preferably along the flow direc-
tion, as proposed from the non-Newtonian behavior of an acidic collagen solution 
(Figure 6). The stream of the viscous collagen solution extruded from the tip of the 
tube should immediately coagulate to form fibrils on the surface layer. If the coagu-
lant penetrates the stream of the collagen solution before the molecular orientation is 
relaxed, the collagen fibrils are aligned. However, the alignment of collagen molecules 
with an approximate molecular weight of 300,000 will be immediately relaxed and 
become amorphous, as suggested by the stress-relaxation curves of an acidic collagen 
solution (Figure 7). The above scenario somewhat explains the mechanism of col-
lagen fibril alignments in the solution extrusion methods.

Figure 8. 
Schematic illustration of a conceivable scenario in the thread-making process of wet spinning. An acidic 
collagen solution is extruded through a narrow tube, in which collagen molecules should be oriented along the 
flow direction. The stream of the viscous collagen solution extruded from the tip of the tube should immediately 
coagulate to form fibrils from the surface layer. If the coagulant penetrates the stream of the collagen solution 
before the molecular orientation is relaxed, the collagen fibrils are aligned. However, the alignments of collagen 
molecules would be immediately relaxed and become amorphous.
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5. Other mechanical methods

The previous paragraph described wet spinning and other solution extrusion meth-
ods derived from wet spinning. In the last decade, unique mechanical methods were 
newly developed to fabricate biomaterials with aligned collagen fibrils. Herein, the fab-
rication mechanism, effectiveness, and challenges of other mechanical methods (shear 
flow deposition, flow-induced crystallization, and gel-extrusion method) are discussed.

5.1 Shear flow deposition

This section focuses on the methods of applying shear force during collagen 
fibrillogenesis, called shear flow deposition. When some part of a collagen fibril is 
anchored onto a substrate under a strong shear flow, the fibrils are aligned in the 
direction of flow. This investigation is conducted using a thin collagen solution with 
low viscosity and a thin flow channel to induce a uniform and fast flow.

In 2009, Saeidi et al. reported the effects of shear rates on fibril alignments in the 
shear flow deposition using a microfluidic shear flow chamber [84], which can generate 
a wide range of shear rates. They examined the detailed dynamics of neutralized pepsin-
extracted type I collagen assembly on a glass surface under the influence of shear flow 
between two plates. Differential interference contrast imaging with focal plane stabiliza-
tion was used to resolve and track the growth of collagen aggregates on borosilicate glass 
under various shear rates (500, 80, 20, and 9 s−1). The nucleation of fibrils on the glass 
was observed to occur rapidly (~2 min) followed by the continued growth of the fibrils. 
The best alignment of fibrils was observed at intermediate shear rates of 20 and 80 s−1, 
whereas the growth rates were affected by the shear rate in a complex manner. However, 
the investigation showed that directional fibril growth was not stable and the fibrils 
would often turn downstream, forming “hooks” at high shear rates.

In Saeidi’s next study [85], a spin-coating technique was combined with a flow of 
collagen solution to produce highly aligned arrays of collagen fibrils. A chilled neutral 
collagen solution was introduced into the center of the spin coater, which was heated 
to initiate collagen fibrillogenesis. Orthogonal collagen lamellae were successfully 
fabricated on the coater depending on shear rates (181–2480 s−1), which were adjusted 
by flow rates (0.1–1 mL/min) and rotation speeds (750–3000 rpm). It was possible 
to produce small sections (1 cm2) of collagen fibrils with enough alignment to guide 
fibroblasts. However, thin-film instabilities on the coater are likely to be a significant 
barrier to manufacturing organized collagen fibrils over larger areas.

The effects of planar substrates with collagen-binding features on shear flow 
deposition were evaluated by Lanfer et al. [86]. They used a microfluidic channel sys-
tem with coverslip substrates coated with poly(octadecene-alt-maleic acid) (POMA), 
which could bind collagen fibrils. The aligned collagen fibrils were successfully depos-
ited on the substrates, where the degree of collagen fibril alignment increased with 
increasing flow rates of the solution. The matrix density increased at higher collagen 
solution concentrations and on hydrophobic polymer pre-coatings.

The shear flow deposition can deposit well-aligned fibrils on substrates, thus 
providing some insights into the fabrication conditions for achieving tendon-like col-
lagen fibrillar gels. However, there is a limitation to fabricating thick and long prod-
ucts of aligned collagen fibrils. Collagen fibrils can be anchored directly to substrates 
at the beginning of the fabrication, promoting fibril alignments along the shear flow 
direction. However, in the following steps, collagen fibrils cannot be deposited due to 
the lack of binding features between collagen fibrils. Shear flow deposition methods 
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are likely to be helpful in fabricating cell culture substrates rather than therapeutic 
biomaterials, such as artificial tendons, to investigate the effects of collagen anisot-
ropy on the biological behaviors of living cells [87, 88].

5.2 Flow-induced crystallization

Before describing flow-induced crystallization, the capacity of collagen molecules 
to form liquid crystalline should be described. At a molecular level, acid-soluble 
collagen molecules spontaneously assemble into precholesteric-banded patterns and 
cholesteric phases at concentrations above 50 mg/mL [89]. Stabilization of the liquid 
crystalline collagen, induced by pH modification and resultant fibrillogenesis, indi-
cates characteristic morphologies of collagen fibril arrays in bone tissues. Furthermore, 
a dense gel (18 wt%) prepared by self-reassembly of collagen molecules in vitro shows 
characteristic bundles of cross-striated fibrils observed in the tendon. The qualities of 
collagen molecules imply that the formation of liquid crystalline at high concentrations 
is a key factor for manufacturing bundles of uniaxially aligned collagen fibrils.

In 2016, Paten et al. developed a novel fabrication method called flow-induced 
crystallization through which dense collagen molecules were microfluidically drawn 
to form a fiber of uniaxially aligned fibrils [90]. Figure 9A presents the schematic 
illustration of the fiber-making process. Briefly, a droplet of neutralized collagen 
solution was set under a flow of dry nitrogen gas, facilitating evaporation of water 
from the droplet surface and the formation of an enriched monomeric surface. A glass 
microneedle was used to pierce the droplet surface, and the dense collagen solution 
adhered to the tip of the needle. When the needle was drawn back to attain a low 
strain rate < 1 s−1), the surface collagen solution was pulled up to form a thread. In this 
processing, flow-induced crystallization and mechanical tension-induced fibril align-
ment could occur. Finally, a narrow fiber as a highly aligned collagen fibrillar array was 
created (Figure 9B).

Although the flow-induced crystallization method is still a form of microfluidic 
examination, each event in the processing provides us with ideas for creating uniaxi-
ally aligned collagen fibrils. When a dense collagen solution with the ability to form 
liquid crystalline is exposed to strong shearing or tension, the collagen molecules 
could be ready for uniaxial fibrillogenesis. Therefore, we have to consider the possibil-
ity of the continuous heating of the dense collagen solution under strong shearing or 
tension resulting in uniaxial fibrillogenesis. It is expected that a continuous fabrica-
tion of a thread of uniaxially aligned collagen fibrils is developed and scaled up based 
on the processing of Paten et al.

5.3 Gel-extrusion method

The last mechanical method for aligned collagen fibrils is the gel extrusion 
recently developed by the authors’ group. This method can continuously fabricate 
cord-like collagen fibrillar gels by incorporating the advantages of the solution extru-
sion method and shear flow deposition. Those are continuous extrusion of collagen 
solution under shearing and simultaneous stretching of fibrils by shear force.

First, we evaluated the phenomenon caused by applying shear stress to collagen 
during fibrillogenesis using a rotational rheometer as a measuring device and a 
sample fabrication device [91]. A neutral collagen solution was filled in a gap between 
a Peltier-controlled bottom plate and a movable upper sensor (parallel plate sen-
sor: diameter 60 mm). Fibrillogenesis under shearing occurred by increasing the 
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temperature of the bottom plate (from 23 to 37°C) during rotation of the upper sen-
sor. Wide ranges of collagen concentrations (0.1–2 wt %) and shear rates (0.1–500 s−1) 
were preliminarily examined, but the gels were destroyed completely between the 
plate and sensor. The most crucial factor for successfully preparing gels under those 

Figure 9. 
Overview of flow-induced crystallization technique. (A) Schematic illustration and appearances of the 
 fiber-making process. (B) Transmission electron microscopy images of the collagen fiber. Reproduced from Ref. 
[90] with permission from Elsevier.
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conditions was the rate of fibrillogenesis gelation. Increased concentrations of neutral 
phosphate buffer could accelerate the gelation rate, and fibril alignment occurred 
within 20 s during the early stage of rapid gelation. Fabrication of gels was completed 
with slippage between gels and the movable upper plate, and well-aligned fibrils 
along the rotation direction were observed in the marginal regions of disk-shaped 
gels. Gel thickness could be increased from 1 mm to 3 mm with the homogeneous 
alignment of fibrils in the entire sample. The alignment of fibrils enhanced mechani-
cal qualities against tensile loads placed parallel to the alignment axis. The elongation 
of cultured fibroblasts along the alignment was observed on the gels.

Next, a continuous formation method of cord-like collagen gels comprising fibrils 
preferentially aligned along the geometrical axes (CCGs) was developed by transferring 
the events on a rotational rheometer to those in a stainless tube [92]. The experimental 
setting was simple (Figure 10A). Collagen (2.5%) dissolved in a sodium phosphate buf-
fer containing 280 mM sodium chloride was introduced into a stainless cylinder (length 
52 mm, diameter 2.0 mm) heated to 38°C at a linear velocity of 2.5 mm s−1. This process 
caused collagen fibril alignments under acute fibril formation in the cylinder, causing 
the continuous formation of CCGs (Figure 10B). Fibril formation rate, shear rate, and 
shear duration were substantial factors for successful CCG formation. Advantages of 
this method over conventional wet spinning include the capacity of this method to form 
aligned fibrils in the entire gels and to control the diameter of cord-like gels over 1 mm 
(Figure 10C-10F). The air-drying of CCGs, which were cross-linked with 1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide and N-hydroxy-succinimide, produced dry 
collagen fibers with cross-sectional areas of 0.0123–0.135 mm2 (Figure 10G). Upon 
the rewetting of the fibers, they failed at a stress of 54.5 ± 7.8 MPa, which is higher than 
the mean failure stress of ACL tissue (13.3–37.8 MPa). These findings show that the 
CCG formation method enables the fabrication of collagen fibers, which are potential 
components of collagen-based artificial tendons.

A limitation of the gel-extrusion method is the incomplete alignment of collagen 
fibrils along the geometrical axes, especially in the core region of the gel. The mecha-
nism of fibril alignment could explain this heterogeneity, the process of alignment 

Figure 10. 
Overview of the gel-extrusion method. (A) Schematic of the experimental setting. Collagen solution in a syringe 
(a) was loaded in a syringe pump (b) and infused via silicone tubing (c) into a stainless cylinder (d), which 
was immersed in a neutral buffer in a glass beaker (e) heated at 38°C in a water bath (f). A cord-like collagen 
gel was continuously extruded from the cylinder and accumulated on the bottom of the glass beaker (g). (B and 
C) A 2.0 mm diameter stainless steel cylinder during the processing and the stacked gels within. Longitudinal 
cross-sectional scanning electron microscopy images of the gel. Bar in figure indicates 5 μm. (E) Two-dimensional 
birefringence images of the gel. (F) Retardation of the gel across the perpendicular direction. (G) Appearance of 
dry fibers obtained from the cord-like gel. Bar in the figure indicates 20 mm.
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of collagen fibrils involved their formation and then their immediate stretching by 
shear stress. The entanglement points act as anchors for stretching fibrils. The lengths 
of fibrils between entanglements were unequal, resulting in more and less stretched 
fibrils at a certain shear deformation. The stainless tube was heated in a water bath, 
causing a slower temperature elevation rate in the core region.

6. Conclusions

In conclusion, the mechanical methods for creating aligned collagen-based 
biomaterials are summarized. Previous attempts to fabricate uniaxially aligned fibrils 
have used electrospinning, freeze drying, strong magnetic field, electrochemical 
methods, along with mechanical methods, including shearing and tension during wet 
extrusion. Among the various fabrication methods, mechanical methods have been 
extensively studied because of their simplicity and effectiveness along with suitability 
for mass production. Mechanical methods can be generally divided into the following 
four methods depending on their fabrication mechanisms: solution extrusion meth-
ods (wet spinning and others), shear flow deposition, flow-induced crystallization, 
and gel-extrusion method. Solution extrusion methods can continuously mold cord-
like collagen gels, from which collagen threads are prepared by air-drying. However, 
collagen fibrils in wet spun threads were amorphous, thus additional stretching of the 
threads is required to promote fibril alignments. The lack of fibril alignments is prob-
ably due to the immediate relaxation of the oriented molecules after the extrusion 
of collagen solutions. Additional mechanical stretching of gels or threads and delay 
of molecular relaxation in collagen solutions are effective to promote collagen fibril 
alignments. The use of collagen fibril dough as starting substance is also effective.

Shear flow deposition can deposit well-aligned fibrils on substrates. However, there 
is a limitation in fabricating thick and long products of aligned collagen fibrils. Collagen 
fibrils can be anchored directly to substrates at the beginning of the fabrication, promot-
ing fibril alignments along the shear flow direction. But in the following steps, collagen 
fibrils cannot be deposited due to the lack of binding features between collagen fibrils.

Flow-induced crystallization is still a kind of microfluidic examination, combined 
with liquid crystallization of dense collagen solutions. This method can produce 
ultrathin threads of uniaxially aligned collagen fibrils. However, the production is not 
continuous because the starting substance is a partially dried surface of a droplet of 
collagen solution. It is expected that a continuous fabrication of collagen threads is 
developed and scaled up based on the processing of flow-induced crystallization.

The gel-extrusion method is a continuous formation method of cord-like col-
lagen gels composed of fibrils preferably aligned along the geometrical axes in the 
entire gels. The feature of this method is the use of neutralized collagen sol, where the 
temperature-responsive fibrillogenesis is accelerated. The collagen sol is introduced into 
a heated channel where it can form fibrillar gels. The fibrils are aligned by shear force 
and stretching. A limitation of the gel-extrusion method is the incomplete alignment of 
collagen fibrils along the geometrical axes, especially in the core region of the gel.

Mechanical methods have recently made rapid progress. However, each of the 
methods cannot create artificial tendons with hierarchical structures of uniaxially 
aligned collagen fibrils with a capacity to undergo remodeling in the living body after 
implantation similar to autogenous tendon tissues. It is still challenging for biomate-
rial engineering to satisfy excellent mechanical and biological features. There are 
two promising approaches for creating an ideal collagen-based artificial tendon, 
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bottom-up and top-down approaches. The bottom-up approach is the creation of 
collagen fibers similar in size to the collagen fibers of the living tendon, followed by 
making them into a tight bundle (not a simple twist string). In contrast, the top-down 
approach is the longitudinal fragmentation of a large bundle of uniaxially aligned 
collagen fibrils to allow infiltration of extrinsic cells.

Recently, the performance of decellularized tendons for ACL reconstruction has 
been evaluated in vivo [93, 94]. Although there are some challenges including uneven-
ness of material qualities, residual sources of infection, and production costs, excel-
lent mechanical features and collagen structures similar to living tissues are suitable 
for ACL reconstruction. The differences between collagen-based artificial tendons 
and decellularized tendons should be considered in biomaterial developments.
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