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A B S T R A C T 

Straining Flow Spinning is a versatile and robust spinning technique for the production of regenerated 
silkworm silk fibers using mild chemistries. However, reaching high values of tensile strength and strain 
at breaking requires a step of wet-stretching in water, which limits scalability and the practical usage of 
the technique. Here, we show that adding a post-spinning drawing step to the procedure improves the 
performance of the fibers, and allows the development of a scalable process. It is also shown that the 
properties of the fiber can be tuned by varying the parameters of the post-spinning step. Finally, 
equivalence is established between the discrete wet-stretching process and the continuous post-
spinning drawing step. 

1. Introduction 

The interest in spider and silkworm silks originates from the 
combination of high values of strain at breaking and tensile strength 
characteristic of the natural materials [1], and from their biocom-
patibility [2]. However, applications of the natural silks, as well as of 
their bioinspired counterparts beyond the textile industry is 
hampered by the difficulties of producing fibers at an industrial scale 
without chemical treatments that damage the material and in a cost 
effective way. In an attempt to overcome these difficulties, different 
procedures were proposed for the production of high-performance 
silk-based fibers since the turn of the Century. 

The different spinning processes share the common principle of 
producing a solid fiber from a silk-protein solution, and differ in the 

mechanism that induces the assembly of the proteins. In this 
context, wet-spinning was and still is one of the preferred solu
tions. In a wet-spinning process the dope enters into a coagulating 
bath that removes the solvent and leads to the formation of the 
fiber [3—5]. Simple variations of wet-spinning are offered by dry 
spinning [6], in which the solvent of the dope evaporates to the 
atmosphere, and dry jet wet-spinning [7,8], in which the solution 
goes through a small air gap before entering the coagulating bath. 

However, an increasing knowledge of the principles of natural 
spinning has thrust the development on more sophisticated pro
cesses that try to exploit the chemical and physical processes found 
in Nature [9]. These processes comprise the existence of a pH 
gradient [10,11], an ion gradient (Na+, K+, Ca2+ and CI") [12] or a 
gradient of protein concentration [13,14] along the spinning gland. 
These mechanisms are thought to favor the organization of the 
solubilized proteins either as micelles [15], as liquid crystals [16,17] 
or as a combination of both [16], so that the transition from soluble 
(dope) to solid (fiber) conformation can be performed in a 
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Fig. 1. Scheme of the post-spinning drawing step (a) in air and (b) in water coupled to the SFS process. 

controlled way. Beside the relevant role assigned to the chemistry 
of the process, mechanical stresses are also thought to play a critical 
role in the transition of the protein structure to the solid confor
mation during the natural process [1,18]. 

This combined knowledge on the chemistry and physics of the 
natural spinning process has led to several biomimetic microfluidic 
devices for the production of artificial silk [ 19,20], In this context, our 
group has developed the Straining Flow Spinning (SFS) technique, 
which has been shown to be a versatile and robust biomimetic 
spinning procedure [21 ] that can produce artificial silk fibers under a 
wide range of mild chemical conditions [22]. However, high perfor
mance fibers, i.e. with a work to fracture that approaches that of 
natural material (-60 MJ/m ) were invariably obtained after a wet-
stretching process. This process implies stretching the fiber in wa
ter, fixing the deformed length, removing water and allowing the 
fiber to dry. Although the process is easily implemented at a labo
ratory scale, it would imply a difficult two-step process engineering 
design to convert it into an industrially scalable process. 

In this work we show that an equivalent effect to the discrete 
wet-stretching process is obtained by adding a post-spinning 
drawing step during spinning. Post-spinning drawing consists of 
a continuous stretching of the fiber either in water or in air 
immediately after the fiber is solidified and retrieved by a take-up 
roller. In contrast to the wet-stretching process, post-spinning 
drawing can be easily implemented as a one-step process at an 
industrial level, which opens the possibility of using the high-
performance SFS fibers for numerous applications, including the 
biomedical field. 

2. Materials and methods 

2.1. Preparation of the dope 

The details of the preparation of the dope can be found else
where [22]. Briefly, silkworm (Bombyx mori) silk cocoons were 
degummed and subsequently solved to a concentration of 10% (w/ 
v) in an 8 M LiBr and 0.1 M NH4HCO3. Solving was followed by a 
dialysis step against deionized water. Finally, the solutions were 
concentrated by reverse dialysis. The final composition of the dope 
was fibroin 16% (w/v) in 1 M CaCb aqueous solution. 

2.2. Spinning parameters 

The basic details of the SFS process can be found elsewhere [21 ]. 

A scheme of the technique is shown in Fig. 1, including the exper
imental setup with the post-spinning drawing module. The 
geometrical parameters used were: diameter of the orifice of the 
nozzle, Di =400 jim, inner diameter of the capillary, d] = 150 jim, 
tapering angle at the end of the capillary, a = 90c and distance 
between the take-up and the post-spinning drawing rollers, 
LR = 60 cm. 

The coagulating bath and the focusing fluid had the same 
composition consisting of a mixture of ethanol and an aqueous 
acetic acid 1 M solution in a ratio 80:20 [22]. 

The three hydrodynamic parameters of the take-up step were 
kept constant: flow rate of the dope, Qd = 5 (il/min, flow rate of the 
focusing fluid, Qf = 0.4 ml/min, and velocity of the take up roller, 
VRi =3.5 m/min. The velocity of the post-spinning roller, VR2, was 
varied depending on the process, although it was usually fixed to 
the maximum speed that did not lead to the breaking of the fiber. 
The post-spinning draw ratio is defined as DRPs = VR2/VRi. 

Post-spinning drawing was performed either in air or in water. 
The different combinations of the spinning parameters tested in 
this work are summarized in Table 1. 

2.3. Characterization of the regenerated fibers 

The details of the mechanical and microstructural character
ization of the regenerated samples are presented elsewhere 
[21,23,24]. Briefly, samples were mounted on aluminium foil 
frames with a base length of 10 mm and tested in an Instron 4411 
tensile testing machine. At least three samples for each condition 
were tensile tested. Forces were measured with a precision balance 
(Precisa XT220A, resolution 0.1 mg). The initial length of the fiber, 
Lo, was measured with a caliper and the diameter of the fibers was 
measured with an optical microscope (Leica DMI 3000B) using a 
40X objective. Tensile tests were performed at a constant speed of 
1 mm/min and either in air (nominal environmental conditions: 

Table 1 
Spinning conditions tested in the present study. 

Code 

NoPS 
PSA1.8 
PSA3.6 
PSW1.8 
PSW3.6 

Post-spinni 

Air 
Air 
Water 
Water 

«g media VRI 

3.5 m/min 
3.5 m/min 
3.5 m/min 
3.5 m/min 
3.5 m/min 

VE2 

-
6.4 m/min 
12.7 m/min 
6.4 m/min 
12.7 m/min 

DRps 

0 
1.8 
3.6 
1.8 
3.6 



T = 25°C and RH = 35%) or immersed in water at 20 °C. Stresses 
were calculated using the diameter measured from the optical 
micrographs assuming a circular cross-sectional area. 

The hypothesis that the volume of the fiber remains constant 
upon stretching [25] was used for calculating true stresses. True 
stress and true strain were calculated as: 

e = Ln± (1) 

ff^ = F ¿ (2) 

where AQ and Lo are the initial area and length of the sample, 
respectively, and A and L are the instantaneous values of these 
magnitudes. 

The microstructure of regenerated silkworm silk fibers was 
analyzed by infrared spectroscopy using a Nicolet iS5 spectrometer 
equipped with an iD5 ATR complement. IR spectra were obtained 
from a bundle of fibers that were folded into a small ball, and 
pressed against the diamond window at constant pressure. All 
spectra were the result of averaging 64 measurements in the range 
from 550 to 4000 cm - 1 with a resolution of 4 cm -1. The amide I 
peak of each spectrum was then fitted with Gaussians [26]. Details 
of the procedure used for the assignment of the peaks is presented 
as Supplementary Material. 

The possible presence of calcium in the regenerated fibers was 
assessed through Energy Dispersive X-ray Spectroscopy (EDS) us
ing an X Flash Detector 5010 (Bruker) coupled to a Zeiss Auriga 
FESEM A representative spectrum of an as spun NoPS fiber is 
presented as Supplementary Data. 

2.4. Wet-stretching process, supercontraction and recovery test 

Wet stretching is a simple procedure for controlling and 
enhancing the mechanical performance of silk fibers developed by 
the authors and used with natural spider silk [27] and regenerated 
silkworm silk fibers [28]. It consists of stretching a fiber immersed 
in water up to a selected strain, fixing its ends, and allowing it to dry 
overnight. In this work samples were wet-stretched up to a value of 
92% of their strain at breaking in water. 

To test if the regenerated fibers showed supercontraction, fibers 
were allowed to contract in water and then allowed to dry over
night. Supercontraction was quantified by the percentage of 
supercontraction %SC as: 

% S C = Í O _ _ L M S X 1 0 0 ( 3 ) 

Where LMs is the length of the fiber after supercontraction. 
Recovery tests were performed to assess the existence of a true 

supercontracted state in regenerated silk fibers. In a recovery test, 
the fiber is stretched in air up to a given strain. The deformed fiber 
is then allowed to contract freely in water and to dry overnight. 
Subsequently, the fiber is stretched again in air up to a similar or 
higher value of strain. The stretching-contraction steps can be 
repeated several times at different strains until the strain at 
breaking is reached. Concurrence of the curves subjected to re
covery tests confirms the existence of a ground state to which the 
fiber can revert independently of its loading history [29]. 

3. Results and discussion 

A scheme of the straining flow spinning device, including the 
take-up and post-spinning drawing step modules is shown in Fig. 1. 

In all cases continuous spinning for more than 1 h was possible for 
every spinning condition, which implies a length of fiber up to 
800 m for the fastest spinning condition (PSA3.6 and PSW3.6). 

Individual fibers were retrieved and mounted for the tensile 
tests. Fig. 2a shows representative true stress-true strain curves of 
the as-spun fibers tested in air. It can be appreciated that the fibers 
spun without post-spinning (black curve) show a brittle behavior, 
while all the fibers spun with a post-spinning step show a more 
ductile behavior with values of strain at breaking ranging from 0.05 
to 0.20 and reaching a maximum value of the work to fracture of up 
to 21 ±4MJ/m3 (average ± standard error) for PSW1.8 samples. 

When the fibers were tested in water the true stress-true strain 
curves (Fig. 2b) changed drastically and showed properties that 
resemble those of an elastomer. Although the post-spinning 
drawing step did not lead to significant changes in the tensile 
strength, an apparent tendency to decreasing strain at breaking 
with increasing DRPs is observed. It is worth mentioning that all 
samples contracted when immersed in water, except those spun 
with no post-spinning (NoPS). The values of the percentage of 
supercontraction, as obtained from equation (3), were 11.6 + 0.8% 
and 11 ± 1% for the fibers post-spun in air with DRps = 1.8 and 3.6, 
respectively; and 16.5 ±0.5% and 17.0 ±0.5% for the fibers post-
spun in water with DRps = 1.8 and 3.6, respectively. These results 
indicate a possible dependence of the percentage of super-
contraction on the medium in which post-spinning drawing is 
performed. In contrast, the draw ratio does not seem to exert any 
significant influence on the percentage of supercontraction. 

The tensile properties of maximum supercontracted fibers, i.e. 
fibers allowed to supercontract in water and then allowed to dry, 
are shown in Fig. 2c. Fibers subjected to post-spinning drawing 
show an increase in their strain at breaking after supercontraction 
with no significant change in their tensile strengths. On the other 
hand, fibers without post-spinning (i.e. NoPS with DRps = 0) do not 
show any change in their mechanical properties upon immersion in 
water and subsequent drying. In the maximum supercontracted 
state, the post-spun fibers reach values of the work to fracture of up 
to 1/3 (PSA1.8: W f =19±3 , PSA3.6: W f = 2 4 ± 5 and PSW1.8: 
W f=23±4MJ/m3) or up to half (PSW3.6: W f=34±4MJ/m : i) of 
the work to fracture of natural silkworm silk (Wf = 60 MJ/m3 [30]). 
The tensile properties of a supercontracted PSW3.6 fiber and those 
of a representative degummed natural silkworm silk fiber 
[21,23,24] are compared in Fig. 2d. 

Although the shrinkage of the fiber in an aqueous environment 
is an indicator of supercontraction, its confirmation requires 
establishing the existence of a ground state to which the fiber can 
revert independently from its previous loading history. The pres
ence of this ground state is indicated by the concurrence of the 
stress-strain curves after contraction, and assessed through re
covery tests [29]. Three samples of each post-spinning condition 
(NoPS samples were not analyzed, since they do not contract in 
water), were subjected to recovery tests, i.e. to cycles of stretching 
in air and contraction in water. The results of the recovery tests are 
shown in Fig. 3 (a: PSA1.8, b: PSA3.6, c: PSW1.8, d: PSW3.6). In a 
first cycle the fibers were stretched up to a strain of 10% (black 
curves) followed by supercontraction. In a second cycle the fibers 
were stretched up to a strain of 20% (red curves) followed by a 
second supercontraction step. Finally, the fibers were stretched up 
to breaking in a third cycle (blue curves). In all cases true strain was 
calculated using the initial length of the fiber, LMS. after the initial 
supercontraction step and, consequently, before the first loading 
cycle. This way a displacement of the curve to the right in subse
quent cycles indicates that the fiber does not recover its initial 
length completely. It can be observed that the fibers PSA1.8 and 
PSW1.8 do not recover their initial length after being stretched to 
20% of strain (Fig. 3a and c), whereas the fibers PSA3.6 and PSW3.6 
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Fig. 1. Representative true stress-true strain curves of the fibers tested (a) in air, (b) in water and (c) in air after being supercontracted. Square points represent the average breaking 
points and error bars represent the standard error of tests on at least 3 samples, (d) Comparison of the true stress-true curves of a PSW3.6 fiber after stipercontraction and a natural 
silkworm silk fiber after degumming [21,23,24]. 

always recover their initial length (Fig. 3b and d). 
FTIR-ATR spectroscopy was used to complement the data ob

tained from the mechanical tests in an attempt to study the influ
ence of post-spinning drawing on the microstructure of the fibers. 
Fig. 4 shows the amide I peak of fibers produced with different 
post-spinning treatments. The amide I peak of degummed natural 
silkworm silk {gray curve) is also shown to allow comparison. 
Although the spectra of the regenerated fibers show an increase in 
the noise in the 1640-1680 cm - 1 region, which corresponds to 
random coil and helical conformations, no significant differences 
can be established between the various regenerated fibers. This 
conclusion is supported by the deconvolution of the amide 1 peaks 
in their elementary contributions (see Supplementary Data). 

The possible presence of calcium from the dope in the regen
erated fibers was assessed by Energy Dispersive X-ray Spectroscopy 
(EDS, see details in Supplemetary Data). No calcium peak was 
detected up to the resolution limit of the technique, that can be 
roughly estimated as 0.5% of the total number of atoms of the 
sample following the specifications of the manufacturer. 

In previous works on regenerated silk fibers it was observed that 
stretching the fibers in water -in a process known as wet-stretcízíng-
can switch their mechanical properties from brittle to ductile [21]. 

Since a comparable behavior is found in SFS fibers subjected to 
post-spinning drawing, it is worth exploring whether wet stretching 
and post-spinning drawing represent two alternative possibilities of 
tuning the mechanical behavior of the fibers. 

In order to compare the effects of wet stretching and post-
spinning drawing, five fibers spun from each set of spinning con
ditions were subjected to a wet-stretching process up to 92% of 
their strain at breaking in water. As it is shown in Fig. 5a, all wet-
stretched samples show concurring true stress-true strain curves, 
including comparable values of strain at breaking, after being 
allowed to supercontract. Consequently, it can be concluded that, 
independently of the initial as-spun state of the fibers, wet-
stretching allows reaching a common final state for the fibers 
produced under the spinning conditions given above. 

The true stress-true strain curves of the wet-stretched samples 
and those of the maximum supercontracted PSW3.6 samples are 
compared in Fig. 5b. The concurrence of all the curves indicates the 
equivalent effect of post-spinning drawing and wet-stretching on 
the regenerated fibers, and supports the idea that a common mo
lecular mechanism underlies both procedures. In this regard, it is 
illustrative that PSW3.6 samples correspond to the maximum 
speed of the post-spinning roller that did not lead to the breaking of 
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the fiber. 
Interestingly, the effect exerted by water on the tensile behav

iour of SFS regenerated fibers contrasts with that observed in nat
ural silkworm silk, and is comparable to that found in major 
ampullate gland (MAS) spider silk. This parallelism suggests that 
the effect of post-spinning drawing on SFS fibers might be 
described with a single parameter, as occurs with the alignment 
parameter, of, in the MAS fibers of Entelegynae spiders [311. An 
alignment parameter, a, can be defined for the SFS fibers from the 
initial length of the fiber, L¡, and the length of the fiber subjected to 
post-spinning drawing and subsequent supercontraction, Lf, as: 

a = Ln-f- = Ln((l - %SCfTOO)-DRps) (4) 

The definition of a takes into account that the length of the fiber, 
Lps, after being subjected to a post-spinning drawing of draw ratio, 
DRPS, is: 

Lps = Li • DRps (5) 

under the assumption that the elastic deformation during the post-
spinning drawing step is negligible compared to the irreversible 

deformation. If the fiber is then allowed to supercontract in water, 
the final length of the fiber, Lf, will be 

Lf = (1 - %SC/WQ)Lps (6) 

Equation (4) is the result of combining equations (5) and (6) in 
the original definition of the parameter a. 

In Fig. 6 the true strain-true stress curves of the fibers tested in 
water with different values of DRps previously shown in Fig. 2b have 
been displaced along the true strain axis a value corresponding to 
the alignment parameter, a, calculated from equation (4). Except for 
the fibers PSA3.6, all fibers are shown to concur at large values of 
true strain, as previously described for MAS spider silk [31 ]. 

PSA3.6 samples (dark red curves) are singular, since their true 
stress-true strain curves do not concur with the others if displaced 
a value of a along the true strain axis. This anomalous behavior can 
be explained by the possible sliding of the fiber on the take-up 
roller due to the stresses induced by the post-spinning step. The 
sliding effect does not seem to occur in the PSW3.6 samples 
because the take-up roller configuration for post-spinning in water 
is composed of a set of three rollers instead of two, as it is used for 
post-spinning drawing in air (see Fig. 1). In addition, sliding is likely 
to increase for processes with higher values of DRps. The sliding of 
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the fiber on the take up roller implies that the actual value of DRps 
to which the fiber is subjected is lower than that corresponding to 
the nominal value of the draw ratio. As a matter of fact, it is possible 
to displace the curve along the true strain axis in Fig. 6 (broken 
line), so that the PSA3.6 curve also concurs with the other curves at 
high values of true strain. The concurrence of all curves upon being 
displaced in accordance with the value of the alignment parameter 
indicates that all fibers share a common state, which manifests it
self at high values of strain. 

4. Conclusions 

In this work it is demonstrated that the addition of a post-
spinning drawing step to the SFS process is equivalent to subject
ing the regenerated fibers to wet-stretching. Consequently, wet 
stretching and post-spinning drawing are found to represent two 
possibilities of materializing a single molecular mechanism that 
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the standard error of tests on at least 3 samples. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

allows tuning the mechanical behavior of the fibers. It is also shown 
that both procedures lead to the production of high performance 
regenerated silk fibers. 

However, and in spite of their fundamental equivalence, major 
practical differences are apparent between both procedures. In 
contrast to wet-stretching, post-spinning drawing can be incor
porated to the spinning process and applied continuously to the 
fiber, which simplifies its scaling up to an industrial level 
considerably. 

Additionally, regenerated fibers subjected to either a post-
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Fig. 5. (a) True stress-true strain curves of fibers subjected to wet-stretching, supercontraction and eventually tested in air. Spinning conditions are identified as: NoPS-black, 
PSAl.S-light red, PSA3.6-dark red, PSW1.8-light blue and PSW3.6-dark blue, (b) Comparison of the true stress-true strain curves of fibers subjected to wet-stretching (gray) and 
those of P5W3.6 fibers after supercontraction (black). Squared points represent the average breaki ng points and error bars represent the standard error of tests on at least 3 samples. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 



spinning drawing step or to wet-stretching may show super-
contraction, a feature characteristic of spider major ampullate 
gland silk, which implies the existence of a ground state to which 
the fibers can revert independently of their previous loading his
tories. The parallelism between SFS regenerated fibers and spider 
silk is extended by the definition of an alignment parameter, a, in 
the former which determines the tensile behaviour of any given 
fiber in terms of the processing conditions. 
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