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Spin-Printing of Liquid Crystal Polymer into Recyclable  
and Strong All-Fiber Materials

Silvan Gantenbein, Chiara Mascolo, Caroline Houriet, Robert Zboray, Antonia Neels, 
Kunal Masania,* and André R. Studart*

Fiber-reinforced polymers are widely used as lightweight materials in aircraft, 
automobiles, wind turbine blades, and sports products. Despite the beneficial 
weight reduction achieved in such applications, these composites often 
suffer from poor recyclability and limited geometries. 3D printing of liquid 
crystal polymers into complex-shaped all-fiber materials is a promising 
approach to tackle these issues and thus increase the sustainability of current 
lightweight structures. Here, we report a spin-printing technology for the 
manufacturing of recyclable and strong all-fiber lightweight materials. All-fiber 
architectures are created by combining thick print lines and thin spun fibers 
as reinforcing elements in bespoke orientations. Through controlled extrusion 
experiments and theoretical analyses, we systematically study the spinning 
process and establish criteria for the generation of thin fibers and laminates 
with unprecedented mechanical properties. The potential of the technology 
is further illustrated by creating complex structures with unique all-fiber 
architectures and mechanical performance.
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and tendons to wood and spider webs.[1–6] 
The enhanced mechanical properties of 
fibers have also been exploited in synthetic 
systems for the fabrication of textiles and 
composite structures. Depending on the 
application, synthetic structures can be 
reinforced with inorganic fibers made out 
of silica, carbon, silicon carbide and alu-
minium oxide, or with organic fibers, such 
as polyethylene, polypropylene and liquid 
crystal polymers. While the high strength 
of inorganic fibers results from their small 
critical defect size,[7,8] the superior mechan-
ical properties of polymer counterparts 
arise from the strong alignment of macro-
molecules along the main axis of the fiber.[9]

To achieve molecular alignment, 
organic fibers are typically produced 
by spinning processes.[10] In conven-
tional spinning, filaments of the molten 

polymer or of a gelled polymer solution are subjected to strong 
extensional flow, followed by fast solidification via cooling or 
evaporation of the solvent.[11] Alignment of the macromole-
cules often requires the application of high extensional ratios, 
which typically range from 10 to 100. These high draw ratios 
lead to fibers with diameter down to ≈10 µm. After spinning, 
the polymer fibers can be optionally further treated at tem-
peratures up to 3000  °C to generate carbon fibers for strong 
lightweight composites.[12] Carbon fiber textiles infiltrated with 
resins and laid up into laminates of relatively simple geom-
etries is a state-of-the-art composite technology.

The advent of 3D printing technologies has opened the 
possibility to shape fiber- and particle-reinforced composites 
into more complex architectures, significantly expanding the 
design space for lightweight structures.[13–15] Reinforced poly-
mers can be printed by extrusion-based and light-based tech-
nologies using resin-coated fibers or resins filled with chopped 
fibers.[16–19] However, 3D printed composites remain difficult 
to recycle due to the difficulty in separating its individual com-
ponents. Fiber-based materials with shape-memory properties 
or enhanced mechanical performance have also been printed 
using thermotropic liquid crystal polymers (LCP) as feedstock 
in extrusion-based processes.[20–23] Molecular alignment in 
this case is greatly facilitated during printing due to the self-
assembly of the polymer into liquid crystal domains.[24] Con-
trary to polymers reinforced with pre-fabricated fibers, liquid 
crystal polymer systems can be easily recycled by re-melting 
and printing the polymer into new print line architectures.[20] 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202104574.

1. Introduction

Fiber-based materials are widespread in biological and synthetic 
structures. Living organisms produce fibers as mechanical rein-
forcing elements in a variety of biological materials, from bone 
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However, the print lines generated during 3D printing of 
LCPs are typically tenfold thicker than the fibers obtained by 
spinning processes. Since the mechanical properties of LCP 
fibers were shown to increase significantly for smaller dia-
meters, the implementation of higher extensional rates during 
extrusion-based printing can potentially lead to the in-situ for-
mation of fibers with performance comparable to those reached 
via spinning. Previous studies have shown that very thin fibers 
can be generated by so-called stringing of molten polymer 
during fused filament fabrication.[25,26] Typically, stringing is 
considered an undesired artefact of excessive temperature 
or pressure in the melt. Despite the successful fabrication of 
fibers, bristles, textiles and hair-like features, the stringing 
process does not reach the level of fiber diameter control or 
molecular alignment enabled by conventional spinning, and 
therefore, has been limited to the creation of aesthetic features 
during 3D printing.

Here, we propose and study a novel extrusion-based printing 
technology that enables simultaneous printing and spinning of 
a molten polymer into strong and recyclable all-fiber materials. 
The new method, termed spin-printing, is demonstrated using 
a thermotropic liquid crystal polymer that undergoes strong 
alignment during printing by fused filament fabrication. To 
implement the spinning process in an extrusion-based desktop 
printer, we control the feed rate of the filament such that a 
small pool of molten polymer is formed at the nozzle tip and 
is eventually pulled at high draw ratios in air through the rapid 
lateral motion of the printhead. The effect of filament feed rate 
on the fiber formation process is systematically studied and 

later applied for the fabrication of all-fiber laminates and com-
plex structures with enhanced mechanical performance.

2. Results and Discussion

The spin-printing process involves three main operation modes: 
1) regular printing through deposition of molten print lines, 2) 
printing-to-spinning transition, 3) spinning of the fiber in the air 
(Figure 1). The diameter of the print line depends on the nozzle 
size and the printing height, whereas the diameter of the spun 
fiber is determined by the feed rate and the translation velocity 
of the print head. By controlling the feed rate and the velocity 
of the print head during the printing and spinning modes, it 
is possible to combine regular print lines (filaments) and spun 
fibers in a single object using the same feedstock material.

The print line architecture can be designed to generate an 
object that is preferentially reinforced according to the mechan-
ical loading direction expected in the structural application. For 
example, in a structure subjected to tensile loading along the 
longitudinal direction it is desirable to print strong and stiff print 
lines that follow the stress lines generated in this loading config-
uration. To keep the structure’s integrity and resistance to shear 
stresses it is also important to provide sufficient strength and 
modulus in the transverse direction, justifying the deposition of 
spun fibers orthogonal to the tensile stress lines (Figure 1).

Besides the fiber orientation, the relative fraction of regular 
print lines and spun fibers is another design parameter that can 
be easily controlled in the spin-printing process. The strength 

Figure 1. Schematics of the spin-printing technology used for the additive manufacturing of all-fiber materials. Top) Evolution of the applied feed rate, 
the imposed printhead velocity and the resulting pressure during the main operation modes of printing, transition and spinning. Bottom) Typical vis-
coelastic response of the molten polymer leading to the extrusion of excess melt (left cartoon) and geometrical features of the spin-printed structure 
(other cartoons).
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and stiffness along a certain direction will depend on the 
relative volume fraction of fibers printed or spun in that par-
ticular orientation. Previous work has shown that the extrusion 
of liquid crystalline polymers through a 3D printing nozzle 
leads to print lines with a core-shell architecture, in which the 
polymer molecules are predominantly aligned within the shell 
due to rapid cooling of the filament surface. This cooling effect 
results in a constant shell thickness regardless of the nozzle 
diameter.[20] Due to their smaller diameter, spun fibers are 
expected to show a larger fraction of aligned macromolecules  
and therefore enhanced elastic modulus and mechanical 
strength compared to regular print lines. Thus, a lower volume 
fraction of spun fibers is required to reach the same level of 
strength and stiffness of regular print lines.

To explore this newly accessible design space and define 
guidelines for the spin-printing of all-fiber structural materials, 
it is essential to establish a protocol that enables accurate con-
trol of the actual volumetric feed rate during the spinning stage 
of the process. Together with the translational velocity of the 
print head (ν), the volumetric feed rate (fs) directly affects the 
diameter of the spun fiber. Using volume conservation argu-
ments, one can show that the diameter of the spun fiber (df) is 
given by the simple relation

4
f

s
1/2

d
f

vπ
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  (1)

While the printhead velocity is easily controlled by the printer’s  
motor, the actual feed rate of the filament was experimen-
tally found to be different from the nominal feed rate applied. 
This is due to the viscoelastic nature of the molten polymer,  
which results in lag of the nozzle pressure. Such effect is par-
ticularly noticeable when the feed rate applied needs to be 
reduced from the high values used for regular printing to the 
lower target value required to reach a spun fiber of specific 
diameter (Equation  (1)). A simple reduction of the nominal 
feed rate to the target value leads to initially thick fibers, the 
diameter of which progressively lowers toward the desired 
value. This process is known as stringing and was previously 
exploited to produce hair-like features on printed objects.[25,26] 
Stringing is caused by the pressure drop across the nozzle 
needed for extrusion of the material, which does not respond 
immediately to abrupt changes in the imposed feed rate. For 
a viscoelastic material, this effect is associated with the slow 
relaxation of the macromolecules within the molten polymer 
and oozing of material from the nozzle orifice.

The production of fibers with predictable, uniform diameters 
requires a modification of the spin-printing protocol to compen-
sate for the excess of molten polymer that would otherwise be 
extruded due to the high pressure inside the nozzle and the vis-
coelastic response of the molten polymer. The primary goal of 
this modification is to ensure that the actual feed rate matches 
the target value (fs) throughout the entire spinning regime. To 
this end, we developed a protocol in which the filament is inten-
tionally retracted from the printing nozzle during the transition 
regime. Retraction is achieved by applying a retraction feed rate 
(fr) to the filament for a certain period of time, tr. In practice, 
the feed rate of the filament (F) is often represented in terms of 
length per unit time. This practical parameter can be converted 

to the volumetric feed rate (f), by taking into account the cross-
sectional area of the printing nozzle: π=f F D / 4fil

2 , where Dfil is 
the diameter of the feed filament.

To identify the extent of retraction needed to compensate for 
the delayed pressure decay, we designed a series of experiments 
in which multiple fibers are sequentially produced through suc-
cessive spin-printing cycles (Figure  2; Figure S1, Supporting 
Information). In this experiment, the applied retraction feed rate 
(Fr) is fixed for one specific cycle but increases stepwise between 
the successive spinning events. The results show that the retrac-
tion feed rate can be increased until a critical value is reached, 
below which the quantity of molten polymer in the print head 
is insufficient to generate a fiber by spinning (Figure 2b,c). At 
the critical retraction feed rate, Fr,c, we expect the excess pres-
sure in the chamber to be fully compensated by the imposed 
retraction, leading to an actual feed rate at the print head that 
is equal to the target rate, Fs. Retraction feed rates above Fr,c 
result in stringing, whereas no fiber is formed if |Fr| >  |Fr,c|. By 
applying a constant retraction feed rate of Fr,c, we were able to 
spin fibers with uniform diameter in multiple printing-spinning 
experiments (Figure 2d). This contrasts with the high variability 
in fiber diameter observed during stringing, when the nominal 
feed rate is changed to the Fs value without prior retraction. 
In this case, the slow decay in pressure over multiple printing 
events leads to a decreasing diameter over time.

Finding the critical retraction feed rate (Fr,c) is therefore crucial 
to spin fibers with predictable diameters. Our experiments reveal 
that Fr,c depends on the print height and on the retraction time, 
tr (Figure 2e; Figure S1, Supporting Information). We found that 
holding the temperature of the nozzle slightly above the melting 
temperature of the polymer is also crucial to spin fibers with uni-
form diameters and high mechanical properties (Figure S2, Sup-
porting Information). Moreover, the experiments indicate that 
the fiber diameter does not depend on the print head velocity as 
long as the fs/v ratio is maintained constant, which is in accord-
ance with the prediction of Equation (1) (Figure S3, Supporting 
Information). We also note that the length of the spin-printed 
fibers is solely limited by the size of the printer.

To explain the effects of the print height and retraction time 
on the critical retraction feed rate, we propose a theoretical 
model that estimates the evolution of the pressure in the molten 
polymer in the transition phase (Supporting Information). The 
total pressure is assumed to arise from two major contribu-
tions that act in opposite directions. On the one hand, there is 
the forward pressure applied during the earlier printing phase, 
which is affected by the relaxation properties of the polymer 
melt and decays exponentially with a characteristic timescale 
τ1. On the other hand, the retraction feed rate imposed in the 
transition phase leads to a retraction pressure that depends 
on the viscoelastic properties of the polymer melt through its 
storage modulus, Eo, and the characteristic timescale, τ2. By fit-
ting the model to our experimental data, we find that this theo-
retical analysis leads to reasonable values for the parameters τ1, 
τ2 and Eo (Supporting Information). Because the experimental 
retraction time (0.1s  < tr  < 0.9s) is comparable or close to the 
characteristic timescales obtained from the fitting (τ1  =  2.16s, 
τ2 =  0.16s), we conclude that the critical retraction feed rate is 
influenced by both the relaxation of the polymer and its reac-
tion to the imposed retraction pressure. By taking the dynamics 
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of the polymer melt into consideration, the model offers a 
useful tool to predict the critical retraction feed rate needed to 
spin fibers of uniform diameter and properties (Figure 2e).

Spinning of LCP filaments using the critical retraction feed 
rates predicted from experiments and theory led to fibers with 
diameters that closely follow the theoretical predictions from 
Equation  (1) (Figure  2f,g; Movie S1, Supporting Information). 
By varying the target feed rate between 0.05 and 3.14 mm3 s−1, 
fibers with diameters spanning from 23 to 195  µm could be 
successfully obtained using the proposed spin-printing plat-
form. Importantly, the spinning process allowed us to reach 
fiber diameters as small as 20  µm, which is not attainable by 
conventional fused filament fabrication processes. Reducing the 
diameter to such low values resulted in a remarkable increase 
in the tensile strength and elastic modulus of individual spun 

fibers (Figure 2h,i). A tensile strength up to 2.6 GPa and elastic 
modulus of 208 GPa were achieved for the smallest diameters. 
These remarkable mechanical properties are comparable to those 
found for strong and stiff polymer and ceramic fibers.[9,24,27]

The elastic modulus of the fiber was found to increase with the 
inverse of the fiber diameter (1/df). In a previous study, we have 
shown that this dependence arises from the quick cooling of the 
outer surface of the extruded filament, which leads to a shell of 
strongly aligned macromolecules around a less oriented inner 
core.[20] Because the thickness of the cooling-induced shell is 
constant, the relative fraction of aligned molecules in the fiber 
increases for smaller diameters. The higher elastic modulus 
translates into enhanced tensile strengths (Figure 2i).

While the above results suggest that cooling of the extruded 
fiber controls the structure and properties of the spun fibers, 

Figure 2. Spinning of strong and stiff fibers through controlled filament feed rate. a–c) Experimental evidence of the critical retraction feed rate required 
in the transition mode to enable spinning of uniform polymer fibers. The images depict the results of the printing-transition-spinning experiments 
conducted to identify the critical retraction feed rate, Fr,c. d) Uniform diameter of fibers produced by spinning compared to the poorly controlled dimen-
sions achieved under stringing conditions. e) Effect of the layer height on the critical retraction feed rate. The dashed line represents a fitting of the 
theoretical model to the experimental data. f) Dependence of the fiber diameter (df) on the volumetric feed rate imposed during spinning. The line 
indicates predictions from Equation (1). g) Examples of spun fibers of different diameters. h,i) Effect of the fiber diameter on h) the elastic modulus (E) 
and i) the tensile strength of LCP fibers obtained by spinning compared to previously reported data from vertically extruded print lines.[20] The dashed 
line corresponds to the scaling relation: E ≈ 1/df.
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the high draw ratio imposed during spinning might also con-
tribute to the alignment of the liquid crystals. The draw ratio, 
λ, is given by

λ π= =








−
D

d

D f

v
s

4
2
2

f
2

2
2 1

 (2)

where D2 is the diameter of the nozzle (Figure 1).
From the reduction in cross-sectional area of the fibers upon 

spinning (D d/2
2

f
2), we find that the draw ratio applied in our 

experiments reaches up to 200, which is comparable to the 
ratios used for the spinning of ultra-high-molecular-weight 
(UHMW) polyethylene fibers. As an example, to achieve a draw 
ratio of 200, the printhead velocity (v) was fixed at 100 mm s−1 
while imposing a target feed rate (fs) of 0.06 mm3 s−1. Such high 
draw ratios are expected to be sufficient to also align UHMW 
polyethylene fibers using the proposed spin-printing platform.

The ultrahigh strength and elastic modulus of the spun-
printed fibers enables the design and fabrication of bulk, recy-
clable laminates with enhanced mechanical properties. To 
explore this potential, we fabricate bulk specimens with a lami-
nate architecture combining thick print lines and thin spin-
printed fibers with orthogonal orientations (Figure 3). The thick 
print lines constitute more than 90% of the laminate and are 
used to provide high strength and stiffness along one specific 
direction. Because this longitudinal orientation of thick print 
lines reduces the transverse mechanical properties of the lami-
nate, thin fibers are spin-printed orthogonally to enhance the 
strength and elastic modulus of the structure along the weaker 
direction.

Bulk laminates with orthogonal reinforcement were created 
by printing 0.25 mm wide print lines along one direction and 
spin-printing up to 8 vol% of 25–30 µm diameter fibers in the 
transverse orientation within each print layer (Figure 3a). While 

Figure 3. Structure and mechanical properties of spin-printed LCP laminates. a,b) Optical microscopy images of laminates consisting of thicker print 
lines and thinner fibers arranged orthogonally to each other. c)P 3D representation of microCT measurements indicating qualitatively the fiber orien-
tation according to the colour sphere. d,e) Elastic modulus and g,h) tensile strength of laminates with increasing volume fraction of fibers obtained 
under different tensile loading configurations. Tensile stresses are applied either perpendicular (transverse, (d,g)) or parallel (longitudinal, (e,h)) to 
the thicker print lines as indicated by the red arrows in the cartoons. f) Effect of the diameter of the fiber on the tensile strength of laminates tested 
in the longitudinal configuration. The dashed line shows the theoretical prediction based on Griffith’s law. i) Elastic modulus (E) and tensile strength 
(σ) of spin-printed LCP laminates along the longitudinal and transverse directions compared to the mechanical performance of printed LCP[20] and 
all-poly(propylene) composites.[28]
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the spin-printing process increases the overall printing time, 
the high spinning speed applied reduces significantly this time 
overhead. A typical 10cm-long fiber spun at a printhead velocity 
of 100 mm s−1 is produced in ≈1 s. For a laminate containing 
8% fibers in longitudinal direction, 36 fibers are deposited 
per layer. Spin-printing these fibers on a typical 40-layer lami-
nate increases the print time by 24 min, which is 70% longer 
compared to specimens without spun fibers. Notably, because 
no matrix material is required as a binding phase in between 
fibers, the laminate can be fully recycled by melting and 
re-printing the polymer feedstock into new fiber architectures 
that meet the mechanical demands of the desired application 
(Figure S4, Supporting Information).

Optical microscopy images and microcomputed tomo-
graphy of the bulk laminate reveal that the spin-printed 
fibers form bundles of 2–8 individual thin fibers between the 
thicker orthogonal printed layers (Figure  3a–c; Figure S5 and 
Movie  S2, Supporting Information). This bundling effect is 
caused by the lateral displacement of the already spun fibers 
during the deposition of the next layer of orthogonal print lines 
(see  Movie S1, Supporting Information). Lateral displacement 
happens when the actual spun fibers are longer than the pro-
grammed spinning length, which most likely arises from the 
negative thermal expansion coefficient of oriented LCPs. This 
effect causes the spun fibers to elongate during cooling and 
thus deviate from their optimal straight configuration. For the 
spinning length of 60  mm used in these experiments, a fiber 
elongation of only 0.0012  % is enough to result in a lateral 
displacement of 0.15 mm, which is the distance separating indi-
vidual spin-printed fibers. Such lateral displacement and bun-
dling effect lead to suboptimal fiber orientation and structural 
reinforcement.

To evaluate the effect of the orthogonal spin-printed fibers 
on the mechanical properties of the bulk laminates, we meas-
ured the fracture strength and elastic modulus of specimens 
subjected to tensile loading along the longitudinal (0°) and 
transverse directions (90°). The results of the mechanical 
tests show that the incorporation of 7.9  vol% of spun fibers 
enhances by a factor of, respectively, 3.4 and 3 the fracture 
strength and the elastic modulus of the laminate along the 
weaker 90° orientation (Figure 3d,g). The observed reinforce-
ment is in good agreement with theoretical predictions based 
on a simple rule-of-mixtures model (Supporting Informa-
tion). Moreover, experiments with other laminate architec-
tures reveal that spun fibers provide more effective transverse 
reinforcement compared to orthogonal print lines or printed 
layers at the same volume fraction (Figure S6, Supporting 
Information). While the elastic modulus of these structures 
is unaffected, the strength of the laminates decreases with 
increasing fiber content. This indicates that the fibers mainly 
act as defects in such architectures. Interestingly, the deposi-
tion of thin spun fibers along the same longitudinal direction 
as the printed lines was found to be an ineffective reinforce-
ment approach, possibly again due to the lateral displacement 
and bundling of the spun fibers in this laminate architecture 
(Figure S7, Supporting Information).

The use of transverse spun fibers to reinforce the weaker 
orientation of the laminate was found to affect the mechan-
ical strength of the specimens along the stronger longitudinal 

direction (Figure 3e,h). While the elastic modulus of the lami-
nate remains unaltered at the high level of around 19 GPa, the 
strength of the laminate decreases from 414 to 143 MPa upon 
the incorporation of 1  vol% of transverse spun fibers. Impor-
tantly, the mechanical strength of the laminate remains at 
around 150  MPa if the volume content of spun fibers is fur-
ther increased to 3.9  vol%. The observed drop in mechanical 
strength might be explained by the fact that the transverse 
spun fibers act as defects that concentrate stress and thereby 
provide crack initiation sites for fracture of the mechanically 
loaded laminate (Figure S8, Supporting Information). To test 
this hypothesis, we measured the mechanical strength of lami-
nates containing transverse spun fibers with different diam-
eters, which should therefore lead to distinct critical defect 
sizes, c. According to Griffith,[8] the fracture strength of a brittle 
material scales with 1/c1/2. By fitting this simple relation to our 
experimental data, we find that the strength of the laminates 
can be reasonably described using the scaling proposed by Grif-
fith (Figure 3f). This supports the above interpretation that the 
transverse spun fibers reduce the longitudinal tensile strength 
of the laminate by concentrating stresses locally and thus initi-
ating the propagation of cracks.

To put the measured mechanical properties in perspective, 
we compare the strength and elastic modulus of our reinforced 
laminates to those of other all-fiber recyclable materials tested 
in transverse and longitudinal orientations (Figure  3i).[28] The 
comparison with longitudinally printed LCP shows that the 
reinforcement of bulk laminates with spun fibers oriented at 
90° enhances significantly the transverse strength and elastic 
modulus of the structure at the cost of a lower longitudinal 
strength. This trend is more pronounced when the reinforced 
LCP laminates are compared with all poly(propylene) struc-
tures produced by hot compaction of co-extruded tapes. In this 
case, the transverse strength and elastic modulus of the rein-
forced LCPs is, respectively, 14- and 3-fold higher than that of 
the poly(propylene) counterpart. Such transverse reinforcement 
is accompanied by a 55  % reduction in longitudinal strength. 
Overall, our experiments indicate that spin-printed fibers can 
be effectively used to generate reinforced bulk laminates with 
mechanical properties that are less orientation dependent 
and therefore suitable for more complex mechanical loading 
conditions.

In addition to reinforced bulk laminates, the ability to 
spin-print fibers with high mechanical properties can also be 
exploited to fabricate complex fiber-based structures that are 
not accessible using conventional manufacturing approaches 
(Figure  4). We illustrate this potential by spin-printing a 
range of objects with fiber architectures that are deliberately 
designed to leverage the high strength and stiffness of spin-
printed fibers under tensile loading (Figure  4a). In these 
examples, spin-printed fibers are positioned and oriented 
such that they carry tensile stresses arising from mechanical 
loading, thereby improving the load-bearing capacity of the 
structure.

Using a simple ring geometry, we quantify the reinforcing 
effect of such fibers by experimentally measuring the load-
bearing capacity and mechanical stiffness of bespoken struc-
tures under compression (Figure 4b–d; Movie S3, Supporting 
Information). Motivated by the periodic nodes that prevent 
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cross-sectional flattening in bamboo, we prepared structures 
that replicate their internal reinforced architecture. In this 
case, the structure is reinforced by spin-printing fibers that 
span between the opposite sides of the ring. To effectively 
reinforce the structure, the spanning fibers are oriented per-
pendicular to the compression direction. Experiments on 
specimens with different levels of reinforcement reveal that 
the mechanical stiffness and load-bearing capacity of the ring 
increases significantly with the density of fibers spanning 
across the structure (Figure  4b,c). The beneficial effect of the 
reinforcing fibers is most evident, if we compare the mass of 
additional polymer needed to increase the ring stiffness either 
by increasing its thickness or by incorporating spanning fibers. 
The comparison shows that the structure reinforced with span-
ning fibers requires 3-times less mass than a thickened ring to 
increase by 25-fold the mechanical stiffness of the initial object 
(Figure 4d).

This spanning-fiber reinforcement concept can also be 
extended to more complex geometries. We demonstrate this 
by spin-printing a miniaturized bicycle frame, in which the 

load-bearing seat tube element is removed from the struc-
ture and replaced by fibers spanning perpendicular to the 
load direction (Figure  4e). To evaluate the effect of the span-
ning fibers on the mechanical performance of the bike frame, 
we performed finite element analysis of the real-life struc-
ture when subjected to a compressive load that emulates the 
weight of the biker. In this analysis, the spanning fibers are 
represented by wires with well-defined mechanical proper-
ties and orientation relative to the bike frame. The simulation 
shows that the vertical and horizontal deformations of the 
structure under the compressive load decrease by as much as 
3 times, respectively, upon the incorporation of fibers span-
ning perpendicular to the loading direction. This approach 
demonstrates the possibility of tuning the stiffness of a struc-
ture through geometry and hierarchical damping,[20] thereby 
supressing the need for the addition of suspension on the 
frame. This stiffening concept is potentially applicable to 
structures with other geometries, as long as the fiber architec-
ture is designed such that the spanning fibers are subjected to 
tensile loading.

Figure 4. Complex structure and mechanical behaviour of LCP objects generated by the spin-printing technology. a) Examples of complex structures 
displaying spin-printed fibers that are designed to carry tensile stresses upon specific mechanical loading conditions. b) Snapshots of compression 
tests on LCP rings reinforced by spanning fibers (right) in comparison to a reference non-reinforced specimen (left). c) Effect of the density of fibers 
on the stiffness and load-bearing capacity of the ring-shaped object under compression. d) Variation of mechanical stiffness with mass of the ring 
for specimens reinforced by spanning fibers as compared to a reference object with increasing wall thickness. e) Miniaturized bicycle frame design 
reinforced by spanning fibers. f) Finite element analysis of a mechanically loaded bicycle frame, depicting the strain distribution when reinforced by  
10 fibers per mm in X-direction. g) Effect of the density of fibers on the simulated deformation of the bicycle frame along distinct directions.
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3. Conclusion

In summary, the proposed spin-printing technology enables 
shaping of thermotropic liquid crystal polymers into strong, 
recyclable complex objects with tunable direction-specific 
mechanical properties. In-situ spinning of fibers with diame-
ters down to 20 µm is possible by closely controlling the actual 
feed rate of the feed filament during the extrusion process. 
Because of the viscoelastic nature of the molten polymer, the 
feed filament needs to be retracted at a critical retraction feed 
rate prior to spinning in order to ensure the formation of thin 
fibers with uniform diameter. With a diameter tenfold smaller 
compared to print lines, the spun fibers reach remarkable ten-
sile modulus and strength of 208 and 2.6 GPa, respectively. The 
ability to deposit such thin fibers on top of print lines during 
the manufacturing process allows for the on-the-fly reinforce-
ment of laminates and complex structures in deliberate direc-
tions. This feature can be exploited to design and fabricate fiber 
architectures that match the mechanical loading conditions of 
the application of interest. Since the printed objects are fully 
recyclable, multi-axis fiber architectures can be re-programmed 
multiple times to fulfil distinct mechanical demands. Extending 
this spin-printing concept to liquid crystal elastomers and 
other thermoplastic polymers should open new manufacturing 
opportunities for shape-changing materials or all-fiber recy-
clable structures.

4. Experimental Section
Preparation of LCP Filament: The feed filaments used as feedstock 

in the desktop printer were produced by extrusion of the commercially 
available thermotropic liquid crystal polymer Vectra A 950 (Celanese). 
Vectra A950 pellets were dried for 24 h at 150 °C before extrusion. A 
single-screw extruder (Teach-Line E20 T, Collin) was used to produce 
the LCP filaments at 60 rpm. The three barrel zones of the extruder 
were heated to 270, 295, and 295 °C, while the nozzle temperature was 
set to 280 °C. After extrusion, the filament was cooled in a water bath 
and wound on a modified flat film line (Teach-Line CR72 T, Collin). To 
produce filaments with a diameter of 1.75mm, the rotational speeds 
of the extruder’s screw and the winder’s were fine-tuned during the 
extrusion process.

Fused Filament Fabrication (FFF): In this work, a commercial desktop 
FFF printer (Ultimaker 2+, Ultimaker) was modified with a direct drive 
extruder (E3D Hemera) to achieve temperatures up to 400 °C. Before 
printing, a thin layer of poly(vinyl alcohol)-based adhesive (Dimafix Pen) 
was laid on the borosilicate glass build plate to improve LCP adhesion. 
The build plate was heated to 100 °C during this pre-coating process. 
Unless otherwise stated, the samples were printed with a nozzle 
temperature of 295 °C at a print-head speed of 35 mm s−1 without any 
active cooling. A higher print-head velocity of 100 mm s−1 was used 
during spinning.

Print paths (G-codes) were generated with a custom slicer using 
Grasshopper for Rhinoceros (McNeel). The approach used for the 
fabrication of uniform fibers involves a complete cycle of multiple 
printing-spinning-printing steps separated by transition phases. Firstly, 
an anchor is printed at a speed of 35 mm s−1, a set layer height of typically 
0.05 mm and width equal to the nozzle diameter. This is followed by 
a transition phase, in which the feed filament is retracted at a certain 
retraction feed rate (Fs) over a set period of time. Then, the print-head  
is vertically lifted by ≈0.1  mm and translated laterally at a speed of  
100 mm s−1 to enabling fiber spinning. Afterward, printing proceeds with 
a second transition phase, in which the feed filament is pushed forward 
at the same feed rate (Fs) for the same time and printing conditions 

applied in the first transition phase. Finally, a second anchor is printed 
to complete the spin-printing cycle.

Mechanical Testing of Fibers: Tensile tests were carried out to 
characterise the mechanical properties of spun fibers. Fibers with 
different diameters were produced by varying the nozzle diameter, the 
nozzle temperature, the distance to the build-plate surface (layer height) 
and retraction feed rates. Before tensile tests, samples were glued (3M 
Scotch-Weld Epoxy Adhesive DP100) onto paper frames to ensure a 
constant gauge length of 20 mm. Fiber samples were tested in tension 
at a rate of 2 mm min−1 using a universal testing machine with a 1 kN 
capacity load cell (AGS-X, Shimadzu). Five samples were tested for each 
fiber diameter. The diameter of the fibers was determined before testing 
with a digital microscope (VHX-6000, Keyence). Data analysis was 
performed using a custom MATLAB script.

Mechanical Testing of Printed Laminates Reinforced with Thin Spun 
Fibers: Tensile tests were performed on printed laminates containing 
thin spun fibers integrated between each layer. To ensure good 
adhesion between the thin fibers and the underlying layer, anchors 
were printed before and after spinning. Two sets of specimens were 
spin-printed to study the mechanical properties of the fiber-reinforced 
laminates along the longitudinal and transverse directions. In the 
first set, specimens were prepared by printing print lines and fibers 
oriented at an angle of, respectively, 0° and 90° relative to the loading 
direction (0/90 samples). The second set of samples consisted of thick 
print lines at an angle of 90° and fibers at an angle of 0° with respect to 
the testing direction (90/0 samples). For sake of comparison, tensile 
test samples were also printed with both print lines and fibers oriented 
at 0° with respect to the testing direction (0/0 samples). For all these 
specimens, the volume fraction of thin spun fibers in the laminate was 
systematically varied by changing the number of fibers deposited per 
layer.

To evaluate the advantage of reinforcing laminates with thin 
spun fibers orthogonal to the print lines, two additional types of 
specimens were produced. In these samples, the orthogonal thin fibers 
were replaced either by isolated print lines or by full printed layers 
(Figure S6, Supporting Information). The volume fraction of transverse 
reinforcement was kept constant for all the specimens.

Five samples were tested for each batch using a universal testing 
machine with a 20 kN capacity load cell (Z020, Zwick). All the specimens 
had a nominal width of 4.5mm, a length of 110 mm and a thickness of 
2 mm. Glass fibers tabs were glued to the sample ends (3M Scotch-Weld 
Epoxy Adhesive DP460) to support the samples in the clamping region, 
resulting in a gauge length of 60 mm. Data analysis was performed 
using a custom MATLAB script.

Mechanical Testing of Fiber-Reinforced Ring Structures: To study the 
effect of spanning fibers on the mechanical performance of ring-shaped 
structures (Figure 4b), samples with densities of parallel spanning fibers 
varying from 0 to 77 fibers per layer were spin-printed. The rings display 
an outside diameter of 40 mm, a wall thickness of 1.2 mm and a height 
of 7.9 mm.

Lateral compression tests were performed at constant rate of 2 mm min−1  
using a universal testing machine with a 1kN capacity load cell 
(AGS-X, Shimadzu). Specimens were tested laterally and oriented so 
as to align the spanning fibers parallel to the compression plates. This 
configuration ensured that the spanning fibers were loaded in tension 
upon compression.

In order to assess the benefit of incorporating spanning fibers into the 
ring structure, the stiffness of the fiber-reinforced rings was compared to 
that of fiber-free counterparts of equivalent stiffness through increased 
thickness. For fiber-reinforced rings, the stiffness was determined from 
the first derivative of the elastic region of the experimentally obtained 
load-deflection curves. To estimate the thickness required for the fiber-
free ring to reach a stiffness equivalent to that of the fiber-reinforced 
structures, the following relation was used[29]

1
24 82 2 2 6 3

3S E
l r

m
oπ π β ρ( )=

−
 (3)
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where S is the mechanical stiffness of the structure defined as the slope 
of the load-deflection curve in the elastic regime, l is the length of the 
ring, r0 is the outer radius of the ring, E is the elastic modulus of the 
material, ρ is the specific gravity of the material, β is constant equal to 1 
for plane stress condition, and m is the mass of the ring.

Microscopic Analysis: Optical images were taken with a digital 
microscope (VHX-6000, Keyence) to observe the transverse and 
longitudinal sections of non-tested tensile specimens. Before imaging, 
the samples were cut, embedded in epoxy, and polished. Polishing was 
conducted using SiC paper with decreasing roughness (increasing grit 
size, #) in the following sequence and duration: #500 for 1.5 min, #1000 
for 1.16 min, #2000 for 1.5 min, and finally two steps with #4000 for  
2 min. Between each step, the specimens were cleaned under running 
water and dried with compressed air.

Micro Computed Tomography Analysis: To visualize the thin fibers 
embedded in the printed laminates, micro CT analysis was carried 
out by the Centre for X-ray Analytics at Empa (Switzerland). CT 
images were obtained for both 90/0 and 0/0 samples with dimensions 
2 × 2 × 100 mm using the RX Solutions EasyTom XL Ultra 230-16 
system (RxSolutions SAS, Chavanod, France). The scanner features 
a Hamamatsu nano-focus X-ray tube with transmission target and 
was operated at an acceleration voltage of 75 kV and tube current of 
50 µA. The detector used was a CCD camera with 2016 × 1344 Pixel 
(18 µm pixel size) and voxel size was 1.5 µm for CT encompassing 
around 2 mm of height in the center of the sample. The images were 
acquired at 2.0 s exposure and averaging 3 frames per projection 
taking 1568 projections.

Finite Element Analysis of Fiber-Reinforced Bicycle Frame: To study the 
influence of thin fibers spanning across a bike frame, we performed 
numerical simulations on ABAQUS (Abaqus FEA, Dassault Systèmes 
Simulia). The frame geometry consisted of a classic bike frame, with 
the central seat tube replaced with a varying number of thin fibers 
spanning across the structure perpendicular to the loading direction. 
The bike frame was sketched in Abaqus CAE as a 2D planar shell in 
a 3D domain. To represent the spanning fibers, wires were connected 
to the inner edge of the bike frame. Due to the large density of wires 
(up to 1 wire/0.1 mm) the inner edges were automatically seeded 
for the wire endpoints using Python in a modified journal (.JNL) 
file read by ABAQUS. Using the same method, the wires were then 
created on either side of these points to be parallel to one another. 
Material properties were assigned to both the set of wires and the 
planar bike frame. The wires were set to be made of an isotropic 
material with a Young’s modulus of 80GPa, a null Poisson’s ratio 
and zero compressive modulus. The frame was considered as a 
laminate with mechanical properties previously reported for printed 
LCP.[20] To estimate these mechanical properties, we assume that the 
shear modulus in transverse directions is equal to the in-plane shear 
modulus. The laminate was composed of 200 layers, each with a 
thickness of 0.05mm and oriented parallel to the longitudinal axis of 
each individual bar of the bike frame. The mesh was built from quad-
dominated element shapes (8-node doubly curved thick shell for the 
laminate and 2-nodes linear 3D trusses for the wires). In the presence 
of wires, the meshing is refined so that one common node exists at the 
wire/frame interface. To evaluate the effect of the spanning fibers on the 
deformation of the structure, a load of 1200 N was evenly distributed 
along the top of the seat post top, pointing downward (Figure 4f). The 
magnitude and direction of the applied load were chosen to simulate 
the weight of a cyclist with a margin of safety for impacts. The frame is 
constrained to prevent displacements in the Z direction and thus study 
the effect of the wires on the bike deformation within the XY-plane. To 
simulate both the back and front wheels, the bottom left angle was 
pinned in X,Y,Z displacements, while the top right point was pinned 
in a local X coordinate to prevent the bike frame from rotating under 
the cyclist load. A static, general linear analysis was performed while 
taking into account the boundary conditions described above. The X–Y 
displacements are node displacements of the frame measured with 
respect to a XY local coordinate axis, where Y was aligned with the wire 
orientation.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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