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A B S T R A C T

Silk fibroin (SF) is a sustainable material explored with success in the textile and biomedical industries. This
protein has outstanding mechanical and electrical properties that could be used for advanced technological
applications. In this work, silk fibroin fibrous membranes were processed by electrospinning, with conditions
obtained through orthogonal experimental design. Due to their high-water affinity, the membranes were sta-
bilized against aqueous environments by exposure to methanol (MeOH) in vapor phase. Individual SF fibres
present an apparent piezoelectric constant (d33) of 38 ± 2 pm/V for the as-spun ones and 28 ± 3 pm/V for
those submitted to MeOH in vapor phase, a piezoelectric voltage coefficient (g )33 of 1.05 and 0.53 Vm.N−1,
respectively, a mechano-sensibility of 0.15 V kPa−1, an energy storage capacity of 85 μJ, and an efficiency up to
21%. When the SF is submitted to MeOH in vapor phase, no effect was observed in the protein secondary
structures. This work represents a new insight into the origin of the piezoelectric properties of SF and opens new
opportunities for applications in microelectronics engineering for self-powered epidermal electronics, im-
plantable medical devices, and personalized health care systems.

1. Introduction

Silk obtained from the formation of the cocoon during the larval
stage of the Bombyx mori moth has been used in the textile industry for
more than 5000 years [1–3]. Due to a combination of outstanding
properties [1], this widely available material has since found a wide
range of applications, e.g. air cleaning filters [4], drug delivery [5], and
tissue engineering [6].

Silkworm cocoons are made from two main proteins: fibroin and
sericin [7]. Silk fibroin has attracted technological and scientific in-
terest, due to its outstanding mechanical, electrical and biological
properties whereas sericin, a water-soluble and glue-like protein re-
presenting 30% of the cocoon material, is mainly responsible for
holding the fibrous fibroin [6,7]. Sericin is commonly removed by
various techniques, like high pressure and high temperature methods,
enzyme extraction, or acid or alkaline solutions [8], a process known by
degumming [7]. After sericin removal, the silk fibroin (SF) fibers are

submitted to a water-based dissolution process, being readily available
for further manufacture into different materials [5,7]. The resulting silk
fibroin form is a semi-crystalline material [1,9], where ordered lamellar
regions are tied by an amorphous matrix.

Silk fibroin is a copolymer of heavy chain (molecular weight ap-
proximately 350 kDa) and light chain (26 kDa) proteins, linked together
by disulfide bridges [10–12]. In addition, P25 glycoprotein (36 kDa)
associates with the disulphide-linked chains by noncovalent interac-
tions. While the heavy chain is predominantly made of alternating
hydrophobic oligopeptides, the light chain is mainly hydrophilic and
contains a high concentration of glutamic and aspartic acid residues
[7,10].

At least five different silk structures have been identified, with
specific molecular packing and individual amino acid sequences, and
hydrogen bonding between the polymer chains contributing to the
overall mechanical performance [1–3]. The metastable coil-coil struc-
ture is made from hydrophobic polar groups and adopts a right-handed
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helix motif with 3.5 amino acids per turn (α-helix), also designated silk
I. Silk II is organized in extended and trans-planar β-sheets parallel to
the fiber axis, with alternate amino acids side chains projected to op-
posite sides of the sheet. Turns and bends are made of β-sheet strands of
uniform length along which the polymer chain makes a U-turn, and the
sheets stack face to face (the beta strands direction is perpendicular to
the fiber axis). The triple helix collagen configuration can also be found
in silk structure with a left-handed helix (3 amino acids per turn). The
last conformation is the polyglycine II, where the amino acids adopt a
right-handed helix motif with three amino acids per turn [1,10,13].

Silk fibroin presents a crystalline dimorphism, where the silk II
crystals have a monoclinic unit cell [9,14], while silk I crystallizes in an
orthorhombic one [14]. The lack of center of symmetry in both crys-
talline units suggests that silk fibroin is piezoelectric, independently of
the crystalline polymorphism present in the protein.

Piezoelectricity is found in non-centro symmetric materials when a
mechanical stress results in an electrical output (direct effect), or when
applying a voltage makes the sample either expand or contract (inverse
piezoelectric effect) [15]. Piezoelectricity can be found in ceramics like
barium titanate (BaTiO3) [16], lead zirconate titanate (PZT) [17,18],
quartz or Rochelle salt [19,20], or synthetic polymers like poly(viny-
lidene fluoride) (PVDF) [21–23] and (vinylidene fluoride) (VDF) co-
polymers [24,25]. Recently, it was reported that some biopolymers
show intrinsic shear piezoelectricity, where the electrical output is a
result of a shear deformation, e. g. collagen [26], gelatin [27], wood,
cellulose, keratin [20] or poly(lactic acid) (PLA) [28].

The electroactive properties of silk fibroin were reported by Harvey
in 1939 [29], when he found that rubbing steel balls with silk fragments
generated charges, and this phenomenon was first attributed to tri-
boelectricity or piezoelectricity. The first quantitative measurements of
silk piezoelectricity were made by Fukada [9] and reported a

piezoelectric response of ≈1 pC.N−1, similar to the piezoelectric con-
stant of quartz crystal (≈2 pC.N−1) [19,26].

More recently, Yucel et al. [10] prepared silk fibroin films and
characterized their piezoelectric properties. It was found that oriented
silk II presented a piezoelectric constant of 1.5 pC.N−1, and inducing
beta-sheet formation by immersion of the films in methanol did not
result in a significant enhancement of its piezoelectricity, despite the
increase of sample crystallinity. The samples prepared by Fukada [9]
and Yucel et al. [10] were used as processed, without further electrical
poling, and this could be the main reason for the poor electroactive
properties reported.

In this work, we fully characterize the origin of silk piezoelectric
properties. Silk fibroin processed by electrospinning has a high degree
of polymer chain orientation along the fiber axis and is readily elec-
trically poled. The electroactive properties of the protein were assessed
by piezo-force microscopy (PFM) and correlated with its crystalline
structure. A simple and cost-effective device was fabricated to demon-
strate the remarkable electroactive properties of this protein for energy
scavenging and harvesting. The wearable nano-harvester device shows
potential to be used in real-time monitoring of human physiological
signals. Moreover, this work opens up new opportunities to explore silk
fibroin as a self-powered material for biomedical and tissue engineering
applications.

2. Results and discussion

2.1. Morphology and structural characterization

Electrospinning processing parameters e.g. applied electric field,
viscosity, feed rate or even the collection procedure, deeply influence
fiber morphology [30,31]. The most common processing parameters

Fig. 1. a) Dependence of the average fiber diameter on the processing factors and levels used in the orthogonal design of electrospun silk fibroin membranes. SEM
images are shown for conditions C1, C2 and C3 ( =E 0.75 kV. cm 1, feed rate 0.2mL h−1 and a polymer concentration of: b) 40 μgmL−1 (4 wt%); c) 50 μgmL−1 (5wt
%) and d) 70 μgmL−1 (7wt%).
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with impact in processing stability and fiber geometry are the applied
electric field (A), feed rate (B) and polymer concentration (C, Tables S1,
S2 and S3). The experimental design used in this work showed that the
average fiber diameter is influenced mostly by the polymer con-
centration (Fig. 1, Table S2 and Table S3).

For polymer concentrations below 40 μgmL−1, a mixture of
polymer fibers and beads was detected due to the low polymer en-
tanglement: As the jet travels between the needle tip and the grounded
collector, it is indeed stretched (due to the applied electrical field) but a
minimum of polymer chain entanglement is necessary to maintain its
stability and promote a continuous process [30]. For concentrations
higher than 70 μgmL−1, the protein started to solidify and clogged the
tip of the needle, independently of the applied electrical field or feed
rate. After finding the window with the optimal processing conditions
(Table S3), all the remaining samples presented a smooth and bead free
morphology (Fig. 1).

After understanding the influence of the different electrospinning
parameters on the fiber morphology, only one sample, with the con-
ditions that lead to the thinnest fiber average diameter (79 ± 76 nm;
condition C1 in Fig. 1a) was chosen to perform the characterization and
assess the energy harvesting performance.

After processing, the electrospun mat was stabilized against the
aqueous environment by placing the fibrous mats in a vacuum chamber
saturated with methanol (MeOH) during 3 h. After exposure to MeOH,
all the membranes showed excellent robustness against bending,
stretching or compression, which is a useful property where the me-
chanical features are a key requirement, e.g. for applications as wear-
able sensors or energy scavenging and harvesting devices.

Small-angle neutron scattering (SANS) measurements were under-
taken to understand the interaction of the fibre mats with methanol and
water solvents. For this purpose, both the as-spun and MeOH-vapor
treated mats were observed in air (“dry”) or immersed in deuterated
methanol (CD3OD) and water (D2O). Except for the as-spun sample in
D2O, which became translucent, all samples remained opaque in the
two solvents. Because of the difficulty of normalizing SANS curves to
the volume fraction of fibroin in the neutron beam, absolute scaling of
the scattering cross sections has been ignored in Fig. 2, and a simple
comparison of the curves' shape is made. The dry as-spun fibers show
two features plus a broad background signal parallel to the q-axis. This
constant q-independent signal is due to the fibroin polymer and is
dominated by the incoherent cross-section of hydrogen [32]. It is found
in all samples and obscures details of the smallest structures in the
SANS pattern. In the low-q limit, the −4.00 ± 0.05 slope on the log(I
(q)) versus log q scale, or Porod behavior, is typical of objects with a
clear flat/zero-curvature interfacial boundary on the corresponding
length-scales (~10–100 nm) [33]. The onset of the −4 slope is found in
different q-regimes for different samples and is a direct indication of
length-scales for the consolidation of polymer. The macroscopically
translucent as-spun sample immersed in D2O exhibits a −3 log I(q)/log
q slope which is indicative of a stronger interaction with water and the
least consolidation of the fibroin structure.

In air, the MeOH treated fibers exhibit an intermediate region be-
tween ~0.06 < q < 0.11 Å−1. We suggest that the treatment of the
initially silk I with MeOH vapor leads to swelling and refolding of the
aligned fibroin molecules, leaving some free volume which is re-
sponsible for this internal structure within the fiber. With immersion in
CD3OD and D2O, this region of the SANS curves incrementally dis-
appears until only the abovementioned Porod behavior and incoherent
background remain. The hydrophobic nature of the structures and in-
ternal surfaces formed by the prevalent silk II folding [1], would incur
an energetic cost of hydration and a short range attractive van der
Waals interaction, which would favor further consolidation of the
structure [34]. These general observations would provide a physically
reasonable rationalization of the loss of the intermediate-q SANS be-
havior of the MeOH treated fibers from the dry to the fibers in methanol
and water, as the fibers densify and lose internal porosity.

(caption on next page)
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Fig. 3 shows average Raman spectra from the electrospun silk fi-
broin membranes, before and after exposure to MeOH vapor (see Fig. S1
for the full collection of spectra). Each spectrum acquisition was pre-
ceded by 120 s laser illumination for fluorescence quenching. The re-
sidual fluorescence was responsible for baseline variations between
same sample spectra, but their Raman features were very similar (Fig.
S1). Even with no selection of the scattered polarization, just because
the laser excitation is polarized, the intensity of each Raman band
should depend on the orientation of non-isotropic samples. We did not
notice intensity ratio variations from one point of analysis to the other
(Fig. S1), including for the Amide I to Amide III ratio that is commonly
used as an orientation marker [35] but this does not necessarily in-
dicate the electrospun fibers are totally isotropic (our ~5 μm2 laser spot
probed several randomly oriented fiber segments at once).

It was observed that the exposure of the silk fibroin membranes to

MeOH vapor for 3 h has virtually no effect in the protein secondary
structures (Fig. 3b). In order to quantify the structural rearrangement
we applied a fitting procedure inspired by those from Maiti et al. [36]
and Lefèvre et al. [35,37]: we used 4 Pseudo-Voigt profiles (with no
bandwidth limit) to model contributions at 1635 cm−1 (unordered
chains), 1653 cm−1 (helices), 1668 cm−1 (β-sheets) and 1682 cm−1

(unordered β turns). The results are shown in Fig. 3c and d. The latter
confirms the limited effect of MeOH vapor on the secondary structure
whereas the number of β-sheets found in a pristine cocoon fiber was
near 60%. Note that we fitted the “pseudo-isotropic” cocoon spectrum
from Lefèvre et al. [35,37] (a combination of polarized Raman spectra
for which band areas are proportional to the actual proportion of the
corresponding secondary structures) and found reasonable agreement
with their results.

2.2. Nanoscale assessment of ferroelectric and piezoelectric properties of
silk fibroin

The effect of the methanol treatment on the protein electroactive
response was further explored by local piezoelectric response micro-
scopy (PFM) of individual electrospun silk fibers. The AFM scanning
shows that the electrospun fibers have a diameter of 200 nm (Fig. 4a
and b) and their height is between 70 – 80 nm (Fig. 4c).

Fig. 2. SANS curves for membranes observed either in air (dry) or immersed in
deuterated methanol and water: a) As-spun membranes; b) membranes exposed
to MeOH vapor phase. The curves have been off-set arbitrarily to highlight their
q-dependence; the −4 slope corresponds to Porod behavior (flat surface); c)
Laboratory WAXD measurements from the as-spun and MeOH vapor-treated
fiber mats.

Fig. 3. a) Average of 300s Raman spectra for silk membranes probed before (“as-spun”; 18 measurements) and after 3hr-exposure to MeOH vapor (16 measurements)
or submitted to MeOH vapor (18 measurements). Each acquisition was delayed by 120s for fluorescence quenching (see Fig. S1 inset)). The dotted boxes indicate the
spectral regions considered in Fig. 3b; b) The “as-spun” and “MeOH vapor” spectra from Fig. 3a after subtraction of linear segments attached to the curves at 1145,
1500 and 1750 cm−1. The starred peaks correspond to scissoring modes (δCH3 @ 1335 cm−1; δCH2 @ 1452 cm−1) and tyrosine/phenylalanine residues (1615 cm−1);
c) Spectral decompositions of the Amide I band for the as-spun membrane. The streaked yellow band corresponds to α-helices whereas the gray band is associated
with β-sheets; d) The Raman-derived secondary structure distribution. The Bombyx cocoon data were obtained by our own fitting of a pseudo-isotropic spectrum
from Ref. [38] (see text).
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A ferroelectric material will expand or contract under the presence
of an applied electric field. In this work, voltage sweeps from – 25 up to
+25 V were applied to the conductive cantilever and the phase and
amplitude responses recorded (Fig. 4d and e).

PFM results show that the as-spun and MeOH treated fibers have
similar behaviors: their phase and amplitude vs. voltage curves show
the rectangular and “butterfly loop” shapes that are characteristic of
ferroelectric materials (Fig. 4d and e).

The butterfly loops are almost perfect, showing a good dipole re-
versibility when the applied field changes from positive to negative,
and vice-versa. For the as-spun sample however, the amplitude goes up
to a maximum and starts decreasing past a certain voltage (Fig. 4d).
This behavior is due to the processing of the samples that stretches the
droplet and drags the polymer chains in the longitudinal direction, due
to the columbic forces in the jet [30]. This has the effect of reducing the
fiber diameter and encourages a faster solvent evaporation, leading to a
structure formed by small and/or fragmented crystallites. It was re-
ported that a heterogeneous distribution of defects or composition in-
side a ferroelectric polymer leads to the formation of a double hyster-
esis loop when compared to a homogeneous composition polymer [39].
Furthermore, PFM experiments showed that when the electrospun
sample is submitted to the MeOH vapor, the polymer chains start to
redirect and organize in a more regular fashion, leading to a regular
butterfly loop with a perfect rectangular hysteresis in the phase vs ap-
plied voltage diagram (Fig. 4e).

Based on the crystalline unit of silk fibroin, Fukada suggested that
this protein could have a high piezoelectric constant [9]. Each point of

the “butterfly loop” carries information about the piezoelectric de-
formation ( = d Ep ij i, where dij is the apparent piezoelectric constant
and E is the applied electric field) and the apparent piezoelectric
coefficient can be estimated from the slope of the amplitude vs voltage
loop. We obtain a value of 38 ± 2 p.m./V for the as-spun fibers
(28 ± 3 p.m./V for the sample submitted to MeOH vapor), which is 20-
fold higher than the value reported for spider silk [40]. The values
found in this work are also higher than those found for gelatin fibrous
mats submitted to crosslinking with glutaraldehyde vapors [27] or
collagen fibrils [41].

The longitudinal piezoelectric voltage coefficient =g d
33 r

33
0

(where
d33 is the longitudinal piezoelectric charge coefficient, 0 is the vacuum
permittivity and the electrospun silk fibroin dielectric constant, Fig. S4)
was obtained from the hysteresis loops (Fig. 4d and e). The values found
for the as-spun and methanol treated silk fibroin electrospun fibers
were 1.05 and 0.53 Vm.N−1, respectively. This shows that silk fibroin
has a significantly higher electroactivity than PVDF (with a reported g33
of 0.287 Vm.N−1) [42], PMN-PT single crystals ( =g 0.03133 Vm.N−1)
[43], and more traditional electroactive ceramics such as lead zirconate
titanate (PZT, =g to0.020 0.02633 Vm.N−1) [17] and barium titanate
(BaTiO3, =g 0.01333 Vm.N−1) [16].

Piezoelectricity is not exclusively found in crystalline materials like
PZT, but it can also be found in fully amorphous polymers like poly-
acrylonitrile, polyvinyl chloride, or polyphenylethernitrile [44]. The
electroactive properties of amorphous polymers are due to the packing
and configuration of the polar molecules, which determine the balance
between the attractive and repulsive forces, ultimately influencing the

Fig. 4. Silk fibroin samples AFM topography: a) As-spun; b) Fiber treated with MeOH vapor phase; c) Height profile of the silk fibroin samples; d-e) PFM phase-
voltage (red color) and amplitude-voltage (black color) for the as-spun sample and the fiber treated with MeOH vapor for 3 h.
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dipole-dipole interaction and orientation [45].
In silk fibroin α-helix and β-sheet regions, the C–O–N–H dipoles are

preferentially oriented in the longitudinal direction of the fiber axis
[19,20]. When the sample is pressed in the thickness direction, each
individual dipole is slightly rotated in the helix direction or slightly
displaced in the trans-planar zigzag conformation of the β-sheet. Fi-
nally, the sum of all these dipolar movements results in an electric
polarization in the direction normal to the longitudinal axis of the fiber
[19,20].

The unique combination of a high electrical field and the fast eva-
poration of the solvent during electrospinning produces a metastable
state of highly aligned polymer chains inside the individual fiber, re-
sulting in a high alignment of the C–O–N–H dipoles in the direction of
the electric field, which leads to the outstanding piezoelectric and fer-
roelectric properties observed for the electrospun silk fibroin, making it
an ideal candidate for self-powered e-skin sensors and nano energy
harvesters.

2.3. Macroscopic assessment of silk fibroin piezoelectricity

Silk fibroin piezoelectricity was assessed at the macroscale by
measurements of the energy harvested by the SF membranes under an
oscillatory pressure. Silver electrodes were placed on both sides of the

membrane and the applied force was controlled by placing a force
sensor on the shaking system that presses the sample (Fig. 5a). The
frequency of the applied force does not play a significant role in the
voltage output (Fig. 5b), and silk fibroin electrospun membranes
showed an outstanding response time ( r) of 3ms (supplementary in-
formation, Fig. S5), five times faster than the r reported for gelatin
electrospun fibers [27].

Previously reported triboelectric nanogenerators [46,47] and re-
sistive sensors [48] had a high frequency limit of 10 and 4 Hz, re-
spectively. The nanogenerators based on electrospun silk fibroin show
better dynamic characteristics and could be useful for applications in
harsh environments.

As-spun SF membranes and the SF sample submitted to methanol
vapor showed a similar behavior and a maximum of 8 V was recorded
for a frequency of 24 Hz (Fig. 5b). The dipole reversibility was assessed
by reversing the electrode connections under the same imparting
pressure and comparing the signals obtained from both measurements.
The obtained results showed that there is dipole reversibility (Fig. S4)
and prove the macroscopic piezoelectric character of the SF protein,
already assessed at the nanoscale by PFM (Fig. 4).

The output power performance of the silk fibroin samples before
and after MeOH treatment was assessed by connecting the nanogen-
erator with loads of different resistance (RL), ranging from 1 kΩ to

Fig. 5. a) Schematic of the setup used to measure the sensor piezoelectric performance; b) Generated voltage recorded with an applied pressure of 10 N oscillating at
different frequencies; c) Variation of the voltage output and power density with resistance load (under a 32 kPa stress and a frequency of 4 Hz); d) Output voltage
under different applied pressures; e) Stability test for silk fibroin samples before and after methanol vapor exposure, under a 32 kPa stress (16 Hz): the open circuit
voltage was recorded as a function of time over 10,000 cycles; f) Charging voltage across a single 4.7 μF capacitor charged by the single nano-harvesters; the LEDs
show the light emitted on discharge; g) Charging voltage across a single 10 μF capacitor charged by the individual nano-harvesters under a 32 kPa stress (16 Hz and h)
The output voltage generated from the nano-harvesters subjected to bending, blowing, or glued on top of the insole of a walking man.
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70MΩ (under a frequency of 4 Hz). It was observed that the in-
stantaneous voltage drop (VL) across the resistors increases with the
increment of RL and a maximum VL was recorded for a resistance of
100 kΩ, with a similar behavior as the open circuit. Continuing to in-
crease RL led to a decrease of the voltage output (Fig. 5c).

The output power density was calculated through =P A
V
R

1 L
L

2
, where A

is the active area of the sensor. A maximum output power of 5 μW cm−2

was recorded for the silk fibroin nanogenerator (Fig. 5c) and could be
potentially useful in wearable smart electronics and self-powered de-
vices.

The voltage output (open circuit, Voc) of the SF nanogenerators in-
creases linearly with the applied mechanical pressure ( a, Fig. 5d). The
sensibility (S) of the silk fibroin nanogenerators, defined as =S Voc

a
,

revealed that the SF energy harvesters had a value of 0.15 V kPa−1, and
the MeOH treatment didn't affect the material's performance. Moreover,
the energy nanogenerator showed an outstanding operational stability

of Voc ~8V over 10,000 cycles (Fig. 5e).
The generated power can be stored into a battery or a capacitor after

rectification of the alternating signal. A full-wave four probe bridge
rectifier circuit was used under the cyclic applied force of 10 N and at a
frequency of 16 Hz, and the energy generated by the nanogenerator was
stored in a 4.7 μF capacitor. The characteristic stepwise charge and
discharge of the capacitor recorded for the samples before and after
MeOH treatment in vapor phase is shown in Fig. 5f, and a voltage
higher than 5 V was easily recorded after 140 s, which is remarkable
when compared with other piezoelectric energy harvesters tested with a
similar procedure [27,40,49–51].

The stepwise cyclic charge and discharge of the capacitor was per-
formed to evaluate the stability of the SF harvester device, and it de-
monstrated that it was feasible to charge the capacitor and turn on
several LEDs at multiple times (Fig. 5f), showing that silk fibroin is a
promising candidate to scavenging energy from mechanical vibrations
and power small low-power consumption electronic devices.

The charging performance of different capacitors (10 and 4.7 μF)
was tested under cyclic mechanical loading (10 N and 16 Hz) and it was
observed that the voltage increases monotonously, as shown in Fig. 5g.
The charge capacity of the silk fibroin electrospun membranes can be
calculated through =Estored

CV
2

2
, where C is the capacitance of the ca-

pacitor and V is the charging voltage across the capacitor at definite
time t . Silk fibroin electrospun membranes can store energy up to 85 μJ,
which is twice the amount reported for PVDF-AlO-rGO piezoelectric
harvesters [50], or more than 3-fold the energy storage reported for the
nanogenerator built from spider silk [40]. The amount of energy that
the electrospun silk fibroin can generate and store is outstanding when

Table 1
Comparison of SF electrical and piezoelectric properties against other electro-
active materials.

Material (1 kHz) d33(pm.N−1) g33(Vm.N−1) Reference

Quartz 4.6 2 0.02 [55,56]
PZT-4 1400 −123 0.03 [57]
BaTiO3 1500 145 0.01 [57,58]
PVDF 12 −30 0.33 [57]
As-spun Silk fibroin 3.7 38 1.05 This work
Vapor MeOH Silk fibroin 6.0 27 0.53 This work

Fig. 6. a) Schematic (not to scale) of the synchrotron setup used for acquiring the SAXS signal, and the in-situ measurement of the sample voltage output during a
mechanical excitation of 10 N at 15 Hz; b) Radial scattering profiles as function of time from the initiation of the sample compression (τ); c) 2D scattering patterns:
the top pattern is from the sample during the initiation of the piezoelectric stimulus (FC label); and the bottom pattern is from relaxing signal (R label). The main
panel shows the 1D radial scattering profiles from each 2D pattern. The two vertical red lines are indicative of two silk II lattice spacings together with hkl indices
from Shen et al. [59]; and d) The black line shows the variation of voltage with applied mechanical stimulus (piezoelectric effect) during the variation of the time
base τ. The scattered intensity at q= 1.40 Å−1 (green circles) and the integral small angle intensity (0.06 Å−1 < q < 0.20 Å−1- red crosses) are plotted on the same
time base.
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compared to other nanocomposite harvesters based on PVDF
[24,51–53], a well-established synthetic piezoelectric polymer.

The piezoelectric energy conversion efficiency ( ) of the developed
nano-harvesters was estimated as the ratio between the generated
output electrical energy (Eout) and the applied mechanical energy (Ein).
An efficiency of 18 and 21% was obtained for the as-spun and vapor
treated silk fibroin membranes, respectively. Literature reports a wide
range of values; from 0.3% for the fish bladder [54], up to 66% for the
spider silk [40]. However, is strongly affected by the sample me-
chanical properties and thickness, and these could be the reason for the
discrepant values reported in literature.

The energy generated by the silk fibroin electrospun harvester can
be used to power up light emitting diodes (LEDs, Fig. 5f). With proper
design, SF could thus be applied to generate and supply energy to
power up several portable electronic devices, e.g. a watch or health
wristband. Moreover, the human body is constantly generating move-
ment like walking, jogging, bending, finger typing, breathing, heart
beating, among many other oscillatory movements. These are potential
biomechanical sources for energy scavenging from piezoelectric de-
vices. In this work, the viability of the fabricated sensors as energy
harvesters from biomechanical sources was explored not only to pro-
vide energy to self-powered electronic devices but also to monitor the
human motion. The silk fibroin energy harvesters where submitted to
bending, blowing and running solicitations (Fig. 5h).

The nano-harvester was capable to monitor the bending of the
sensor during the movement of air against its surface and the pressure
generated while running. Moreover, the running movement generated
the highest voltage output when compared to the other conditions,
which is due to the amount of pressure applied to the sensor. Overall,
the silk fibroin presents unique piezoelectric properties, that must be
further explored for human motion monitoring and wearable devices.

A complete overview of the electric and electroactive properties
characterized in this study, and their comparison to other known pie-
zoelectric materials is given in Table 1.

2.4. In-situ WAXD measurement during mechanical solicitation

WAXD has been used to monitor crystalline molecular packing in
response to the same cyclic deformation that was responsible for the
piezoelectric effect (Fig. 6a). Fig. 6b indicates the variation of the azi-
muthally averaged scattering patterns within the cycle of deformation.
The patterns with the lowest and highest scattered intensities as well as
the corresponding radial profiles are shown in Fig. 6c. The highest in-
tensity pattern corresponds to the initiation of the mechanical stimulus
(Full Compression – FC), and the lowest intensity pattern to relaxation
back to equilibrium (relaxation – R). Both patterns, like the laboratory
WAXD measurements, exhibit radial symmetry indicating no pre-
ferential orientation of structures. This is not surprising given the di-
rection of measurement on membranes consisting of isotropically

oriented fibers; and the parallel nature of the mechanical stress and the
transmission WAXD measurement. For further analysis we will con-
centrate on the radial profiles.

The 1-D profile designated FC, has one broad feature, which is in the
same reciprocal space position as the 020 silk II lattice observed by
Shen et al. [59]. Assignment of the silk II lattice is consistent with
previously discussed Raman observations (Fig. 3). The peak shape is not
symmetric which is indicative of other poorly defined underlying
crystallographic features, and possibly the presence of a broad amor-
phous halo. In common with other fibrous biopolymers it is ex-
ceptionally difficult to reliably deconvolve the effects of lattice strain,
crystallinity and crystallite size on the radial profile to extract structural
information [60]. The radial profile from the FC membrane has the
same peak as the silk II from sample R as well as a number extra of
peaks, and a larger diffuse signal in the small angle domain. Table 2
tabulates the reciprocal space position and corresponding spacing's of
these features. The peak labelled 200 in the silk II lattice does not vary
in position in q-space and the intensity increases and decreases in phase
with the deformation cycle (Fig. 6d).

A detailed crystallographic reconstruction of the changes in mole-
cular packing which are responsible for the piezoelectric effect is be-
yond the information content (number of peaks) of these measure-
ments. However, the above observations may be used to draw some
general conclusions on the nature of the reversible restructuring during
compressions. The growth of intensity in the diffracting species is not
through the growth of existing crystalline domains (increasing co-
herence length), which would lead to a narrowing in line shapes, but
rather reflects the formation of more domains with similar coherence
length. The formation of more domains, or crystallites, is consistent
with the parallel growth in the small angle scattering signal
(0.07 Å−1 < q < 0.2 Å −1) due to scattering off small grain bound-
aries.

3. Conclusions

In summary, the origin of the piezoelectric properties of silk fibroin,
from the individual electrospun fibers to large-scale polymer mem-
branes, was investigated. SF demonstrated a high apparent piezo-
electric coefficient and maintained its good electroactive properties
when the membranes were stabilized with methanol vapor. The me-
thanol in the vapor phase limits the silk I to silk II phase transformation,
preserving at some extent the dipole alignment, and the piezoelectric
macroscopic assessment showed that the nano-harvesters can generate
up to 8 V in open circuit. They also have a power density of 5 μW/cm2,
with an outstanding dynamic pressure sensibility of 0.15 V/kPa, along
with a high energy conversion efficiency (up to ≈21%). Their perfor-
mance stability under mechanical cycling offers unique capability to
power low power electronic devices and monitor different human
movements.

Moreover, it was demonstrated that the outstanding electroactive
properties of silk fibroin are due to the high alignment of the polymer
chains and dipole orientation inside the fibers, leading to a high dipolar
moment. This work represents a new insight into the origin of the
piezoelectric properties of SF and opens new opportunities for appli-
cations in self-powered epidermal electronics, implantable medical
devices, and personalized health care.
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Table 2
WAXD peak positions, characteristic spacings and features.

qmax (Å−1) d (Å) Comments

Relaxed sample
0.702 8.95 Very broad 010 [59]
1.403 4.48 Very broad 020 [59]
1.520 4.13 Very broad and weak
Fully compressed
0.120 52.5 Sharp peak
0.383 16.41 Weak and broad
0.894 7.02 Broad
1.390 4.521 Broad
1.520 4.134 Weak and broad
1.684 3.732 Sharp and weak
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