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Abstract: Water stable proteins may offer a new field of applications in smart materials for buildings and
infrastructures where hydraulic reactions are involved. In this study, cement mortars modified through water-
soluble silk fibroin (SF) are proposed. Water-soluble SF obtained by redissolving SF films in phosphate buffer
solution (PBS) showed the formation of a gel with p-sheet features of silk II. Electrical measurements on SF
indicate that calcium ions are primarily involved in the conductivity mechanism. By exploiting the water solubility
properties of silk IT and Ca®* ion transport phenomena and its trapping effect over water molecules, SF provides
piezoresistive and piezocapacitive properties to cement mortars, thus enabling self-sensing of mechanical strain
which is quite attractive in structural health monitoring applications. SF/cement-based composite introduces the
capacitive gauge factor that surpasses the traditional resistive gauge factor reported in the literature by threefold.
Cyclic voltammetry measurements demonstrated SF cement mortars possess memcapacitive behavior for positive
potentials around +5 V, attributed to an interfacial charge build-up modulated by the SF concentration and
the working electrode. Electrical square-biphasic excitation combined with cyclic compressive loads revealed
memristive behavior during the unloading stages. These findings along with the availability and the sustainability
of SF pave the way for the design of novel multifunctional materials, particularly for applications in masonry and

concrete structures.

Keywords: smart self-sensing materials; silk fibroin; cement-mortars; piezoresistivity; piezocapacitance; memris-

tive behavior; structural health monitoring

1. Introduction

Water along with cement are the world’s two most consumed materials. Self-sensing cement-
based materials are currently at the frontier of the research on Structural Health Monitoring (SHM)
and damage detection of concrete and masonry structures [1-3]. Self-sensing mortars and concretes
can self-measure their strain conditions thus providing key information for SHM [4]. They can be
fabricated through dispersing conductive fillers or fibers into composite materials exploiting the filler’s
capability to monitor the mechanical strain with electrical resistance variation [5-7]. Carbon nanotubes,
carbon nanofibers, graphene oxide and other carbon-based fillers are nowadays the best candidates for
this application due to the long-term durability, reliability and good performance in cement-based
pastes [8-10]. However, the sensing mechanism of these carbon nanomaterials relies on electron
transport, which leads to significant challenges. Temperature fluctuations and other environmental
factors often cause resistivity variations that exceed those induced by strain, complicating the signal
processing [11,12]. Other issues related to the use of carbon-based fillers for sensing applications are
associated to the difficult dispersion of the inclusions in a water-based admixture, as cement-based
ones: the occurrence of bundles or agglomerations could determine nucleation points and weak areas
of initiation of cracks or reduced strength [13,14]. The homogeneity of the material and the easiness
of the production at different scales, up to the real ones, are crucial, essential and mandatory for the
effective use of this innovative monitoring approach in constructions [15]. Regenerated silk fibroin (SF)
is one of most studied biomaterials, which considering the most common redissolution method of such
polypeptide in water and metal ions (Ca®") inspired scientists to develop soft ionic conductors [16-19].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Regenerated SF prepared by the dissolution in formic acid (FA) with the addition of calcium chloride
(CaCly) exhibits the silk I secondary structure, which rapidly dissolves in water. In SF films prepared
from Ca2* /FA solution Ca* ions can capture water from the atmosphere coordinating and trapping
water molecules via the oxygen atoms [16,20]. Moreover, the secondary structural change of SF controls
the sol-gel transition from a disordered state in solution to a B-sheet-rich conformation in the gel state.
Thus, despite the silk I and silk II secondary conformation, it is possible to obtain SF hydrogels with a
high content of water molecules.

Ionic-conductive hydrogels are perfectly suited for integration in multifunctional structures be-
cause of their liquid-like transport behavior and solid-like mechanical properties [21]. The movements
of ions in a fluid material (e.g. ionic liquids) are found to be responsible for a capacitive and resistive
switching behavior [22,23]. Cement mortars that naturally combine water and cement via hydration
reaction can be used to dissolve water soluble SF leading to the formation of Ca ions paths. The poly-
morphic nature of SF indicated that the silk I structure is the key secondary structure that promotes
the dissolution of SF for the regeneration of (i) water stable and ionic conductor silk biomaterials with
B-sheet content, making them processable to obtain (ii) cement mortar composites. In this study, we
developed water-soluble SF films containing Ca?™ ions, which can be directed towards the electrodes,
and used them to fabricate SF-cement mortars (SFm). We then introduced this novel cement-based
composite, highlighting its significant piezoresistive and piezocapacitive properties, which make it
highly suitable for self-strain-sensing in concrete and masonry structures. Finally, we demonstrated
the memcapacitive state of these cement mortar composites.

2. Materials and Methods

2.1. Preparation of SF Solutions

Silk cocoons were supplied by a local farm (Fimo srl, Milano, Italy). Black phosphorous,
phosphate-buffered saline (PBS), CaCl,, FA and NaHCOj3; were supplied by Sigma-Aldrich. Silk
solutions were prepared as reported elsewhere [24]. Briefly, silk cocoons were degummed with
NaHCOj; and dispersed into 5 ml FA /CaCl, solution (CaCl, was in weight ratio of 70/30 with respect
to the silk amount (0.70 g)). SF films were produced by leaving the SF solutions to evaporate onto
Petri dishes overnight with subsequent annealing at 40°C for 2 hours. SF films were stirred and
dissolved in PBS 1X (pH 7.4) with a concentration of 50, 100 and 200 mg/ml, respectively. SF films were
produced by leaving the SF solutions to evaporate onto Petri dishes for 12 hours. To monitor sol-gel
transition, the SF solutions prepared at different concentrations were cast into optically transparent
bottles separately, followed by a resting times of 0, 2, 24, 168 and 720 hours. The sol-gel transition was
determined when the sample vial appeared white and did not flow from the vial wall [25].

2.2. Preparation of the SF-Cement Mortars

The SF was added to normal cement mortars constituted by Portland cement type 42.5R, quarry
aggregates (sized 0 + 4 mm), and water. The dry components were initially mixed (Figure 1a), then
the SF solutions, with different SF concentrations, and the water were added to obtain a composite
material with suitable workability properties (Figure 1b). The compositions of the prepared samples are
reported in Table 1. The sand volume was 3.5 time the cement volume, as common mortar composites
used in the field of construction engineering [5]. The water-to-cement ratio (w/c) of 0.5 was adopted
for all the mixes.
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Figure 1. Preparation of specimens based on silk fibroin.
Table 1. Composition of SF based mortars.
Specimens Cement(c) Sand Water (w) SF Ratio w/c
(g (g) (g) (mg/ml)
SFm0 172 602 86 0 0.5
SFm50 172 602 86 50 0.5
SFm100 172 602 86 100 0.5
SFm200 172 602 86 200 0.5

After a mixing time of about five minutes (Figure 1c), standard cubes with the side of 4 cm were
casted with the final mixtures, and two copper wires with a diameter of 0.8 mm embedded for 3/4 of
the height, at a distance of 20 mm (Figure 1d). The samples were cured at laboratory conditions for 28
days before electrical and electromechanical testing.

2.3. Characterization of SF Solutions

Infrared spectra were recorded using a Fourier transform spectrometer from Jasco equipped with
its diamond ATR (attenuated total reflection) module. The spectra were recorded in the 4000-400
cm ! spectral range at a resolution of 2 cm~!. Each measured spectrum was averaged from 300
scans. A background spectrum without a sample was acquired using the same number of scans before
each measurement. Spectral data were pre-processed by tracing a straight baseline from 1740 to 1560
cm~ L. To estimate the different components of amide I spectral profiles, a curve-fitting procedure was
employed. Each component was assigned a Gaussian line shape, a full width at half height (FWHH)
fixed at 20 cm~!, and the weight was determined without constraints. The capacitance as well as the
I-V characterization of the SF films were measured with a Keythley 4200 SCS source measurement
unit; the films were sandwiched between the two Cu adhesive tapes to extract the electrical signal. The
relative humidity was controlled by putting the SF films into a climatic chamber at room temperature.

2.4. Electromechanical Characterization of SF-Cement Mortars

Electrical measurements were carried out using an acquisition system PXIe by National Instru-
ments (NI). The PXIe-1092 contains two removable modules, the first is the controller card PXIe-8840,
which supports desktop operating systems, and the second is a multiplexer card PXIe-4313, capable of
acquiring up to 13 analog channels. Specifically, the PXle-4313 was employed to acquire the voltage
(channel 1) from the gain resistor, which becomes the electrical current dividing this voltage by the
gain resistor; simultaneously, the acquisition system measures the applied voltage to the cement-based
composites through channel 0. With regard to SFm concentrated at 50 mg/mL, 100 mg/mL, and
200 mg/mL, a gain resistor of 1 M() was used, whereas for the mortars without SF a gain resistor
of 10 k() was implemented. Both the gain resistor and SFm were connected in series and powered
by a signal-wave generator (model Rigol DG-1022), which provided a square voltage signal of 10
V hereinafter referred to as the biphasic signal, as presented Figure 2. On the other hand, cyclic
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voltammetry was performed on the SFm modifying shape and frequency in the signal generator to
obtain a 10 V triangular signal at 2.5 mHz. These frequency and amplitude values correspond to a
ramp with scan rate at 100 mV /s. Furthermore, the triangular signal was also tested at 10 mHz, which
means a scan rate at 400 mV/s. To investigate the electromechanical coupling between biphasic and
compressive tests, these techniques were conducted at the same time. Then, compressive tests were
performed using an universal testing system model 68TM-50 by INSTRON. In that sense, compressive
cyclic loads at 0.5 mm/min from 0.02 kN up to 7 kN were applied to each specimen. Previously, the
compression platens were isolated from the specimes by interposition of kapton tape.
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Figure 2. Experimental setup to obtain electromechanical properties of SFm.

3. Results and Discussion

3.1. Characterization of the SF Dispersions

Silk gels form with treatments such as shearing (spinning) solvent exposure, or heating. Gels
are stabilized due to the formation of thermodynamically stable B-sheets, which serve as physical
cross-links to stabilize gels [26-30]. By increasing the concentration in PBS, SF yielded an opaque white
color (Figure 1a) due to the heterogeneous microstructure of the fibroin gel causing light scattering
under visible light. During early stages (e. g. after 2 hours) SF precipitates appear and the sizes of
these precipitates increase leading to a gelled state. This state is stable even after 1 month. Structural
changes were analyzed by ATR-FTIR as reported in Figure 1b. The secondary structure changes of
SF protein were investigated by monitoring absorptions in the 1750~1450 cm ! spectral region, and
particularly the amide I (1700-1600 cm ') and amide II (1600-1500 cm~!) bands. The peaks at ~1622
cm ™! (amide I) and ~1530 cm ™! (amide II) are characteristic of silk I secondary structure [31]. Silk I
type II B-turns show a signature in the range 1647-1654 cm~!. SF films showed also a peak at 1644
cm ™!, corresponding to random coil [32]. SF obtained from the solution with lowest SF concentration
indicated a secondary hydrated silk I structure that can be triggered by increasing the concentration.
Increasing the SF concentration in PBS, the silk II structure is forming (Figures 3b and 3c). This is
substantiated by the observation of an additional peak in the amide I profile around 1622 cm~!, which
is indicative of S-sheet conformations [33].
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Figure 3. Concentration dependence of SF sol—gel transition: (a) dynamic optical morphology, (b) FTIR
spectra and (c) relative weight of components obtained by curve-fitting procedure of FTIR spectra of
SF prepared by different concentrations.

The electrical properties of the SF solutions were studied by the change of the current versus time
with an applied external voltage of 3V (Figure 4a). The solutions were positioned between two plastic
wells with adhesive Cu electrodes positioned at the bottom at a distance of 1 mm. In all cases the
current started to decrease with time; this phenomenon occurred due to ionic diffusion which provides
a change in current. The electrical current decreases at a certain time since the ions are depleted on the
Cu electrode, resulting in the creation of a higher resistance value (metallization) [34]. It was found
that SF 200 mg/ml had a higher optimal water content than SF 50 mg/ml and showed the highest
ionic conductivity at the same CaCl, content (Figure 4b). This behavior may be caused by the tortuous
network formed by silk proteins, which inhibits the movement of ions [35]. To test the capacitive
behavior, the capacitance-relative humidity measurements were performed at 10 kHz (Figure 4b).
The capacitance at 50%RH is close to 0.06 nF. When the RH increases, the capacitance starts to rise.
During the reverse cycle (e.g. from 98%RH to 50%RH), the capacitance gradually decays without
reaching the initial value. The hysteretic capacitance-relative humidity curve revealed the charge
trapping/detrapping effect of water [36].
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Figure 4. (a) Current transients of SF dispersions. (b) Capacitance-relative humidity curve of the
prepared SF dispersions with sweeping RH 20%—98%—50%.
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3.2. Characterization of SFm

In this subsection, we begin by presenting the electrical characterization of cementitious mortars
added with aqueous solutions of silk fibroin, prepared according to the method described in Figure 1,
and whose compositions are shown in Table 1 (see Experimental section and Supporting information).
The results of electrical characterization were presented using both cyclic voltammetry and biphasic
square signals, with and without mechanical compression. Then, non-symmetrical and non-linear
behaviors in voltammograms are revealed, while electromechanical measurements demonstrate that
silk fibroin mortar (SFm) have the potential to be used as a strain sensor.

3.2.1. Cyclic Voltammetry Study of SFms

The highest electrical current was found in cement mortars without SF, higher than 10 “A, and
these specimens have shown a quasi-linear behavior as showed Figure 5a. The affinity of SF with
water molecules and surrounding ions [37] produces a fast reduction in the first days of water contents
in SFm. In that sense, SFm100 and SFm200 hold the lowest electrical current around the potential
window £10 V.
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Figure 5. (a) Cyclic voltammetry of SFm specimens with SF concentrations of 0 mg/mL, 50 mg/mL,
100 mg/mL, and 200 mg/mL performed at a scan rate of 100 mV /s, and (b) magnification of SFm
specimens with concentration at 50 mg/mL, 100 mg/mL, and 200 mg/mL, respectively.

Voltammograms in Figure 5b show the presence of oxidation peaks for positive voltages in SFm
containing 50 mg/mL (SFm50) and 200 mg/mL (SFm200) of SF, respectively. The peaks are located at
6.4V and 4.0 V, respectively. Moreover, these oxidation peaks occur when the voltage is dropping after
it has risen to its maximum value at +10 V indicating a capacitive discharge phenomenon instead of a
Faradaic process [38,39]. On the other hand, the negative voltage region shows a linear behavior for
SFm50 specimens, but as the concentration of SF increases, the SFm100 and SFm200 curves exhibit an
elbow shape, with the inflection point occurring at —2.5 V for both. Consequently, by controlling the
amount of SF close to the electrodes it is possible to create an avalanche breakdown when the SFm
is reverse-biased. This result is particularly promising for the development of neural cement-based
materials, as it imparts semiconductor properties to cementitious materials, opening new possibilities
for integrating smart sensing and adaptive capabilities into structural engineering components [40].

3.2.2. Electromechanical Properties of SFms

The biphasic characterization reveals a lower electrical resistance in the reference specimens
(SFm0) compared to the SFm samples, as observed in Figure 6a. This outcome was previously
predicted in the voltammetric study and is correlated to the water trapping effect of the SF [41].
Conversely, the capacitance is increased due to the high dielectric permittivity of the water present
in SFmO, as delved in Figure 6b. Furthermore, the specimens at an early age, 5 days after the 28-day
curing period, exhibit similar electrical resistance values around 1 MQ). However, the SFm200 samples
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exhibit greater precision in electrical resistance compared to the other SFm samples, whereas Figure 6b
shows that the SFm100 specimens have the highest precision in capacitance measurements, reaching
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Figure 6. (a) Electrical resistance and (b) capacitance of SFm samples as a function to the SF concentra-
tions.

Subsequently, the results of electromechanical characterization are shown in Figure 7. Herein,
it is demonstrated how electrical resistance and capacitance plots adjust because of the changes in
compressive force on the SFm specimens. SFm0 specimens (Figure 7a and 7b) demonstrate both
piezoresistive and piezocapacitive properties, while maintaining the same response profile observed
during the unloading phase of the electrical tests, i.e., low resistance, and high capacitance. Fur-
thermore, Electrical resistance and capacitance signals in SFm0 are superimposed on a linear trend,
which persists in SFm50 (Figures 7c and 7d), but becomes attenuated in SFm100 and SFm200. Another
notable observation during the unloading cycles at lower force values is the damping of electrical
resistance, suggesting a memory effect [39]. Thus, the electrical properties remain relatively stable in
this low-strain regime. This phenomenon is particularly striking in SFm100 and SFm200, as highlighted
by both the piezoresistive and piezocapacitive curves in Figures 7e-h.
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Figure 7. Variation of resistance and capacitance of SFm specimens with SF concentrations of (a-b) 0
mg/mL, (c-d) 50 mg/mL, (e-f) 100 mg/mL, and (g-h) 200 mg/mL subjected under cyclic compressive
force from 0.02 to 7 kN.

Piezocapacitance, is not exclusive of cementitious materials based on microfibers or nanofibers,
as illustrated in Figure 8a and 8b and supported by existing literature [42]. However, these piezoca-
pacitance properties are significantly enhanced by mitigating hysteresis effects, besides increasing
the sensibility and linearity as demonstrated in Figure 8c - 8h. Specifically, the fractional change in
resistance (FCR) achieved a maximum magnitude of 25% for SFm100 specimens, whereas the fractional
change in capacitance (FCC) reached up to 30%. The methodology to compute FCR and FCC is
illustrated in the diagram shown in Figure 9.
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It is also important to note that the linearity observed in both fractional changes of electrical
properties emerges after a strain (positive in compression) ¢ = 0.003, at which point the mechanical
behavior also exhibits linear characteristics. Following this breakpoint, gauge Young’s modulus E and
gauge factors A were calculated and presented in Table 2. Subscript R indicate gauge factors derived
from the material’s resistance, whereas subscript C depicts those extracted from capacitance. Gauge
factor allowed to assess the SFm’s sensitivity and reproducibility after subjecting them to cyclic strain
conditions. These values were determined using the following equations:

_ FCR. __FCC

— — 1
AR — Ac — 1)

Table 2. Young’s modulus (E) and gauge factors resistive (Ag) and capacitive (A¢) of SFm specimens.

Specimens E (MPa) AR Ac

SFm0 1455.340 £39.314 -13.171 £0.847  13.326 = 0.750
SFm50 1281.305 £ 21.562  -92.265 £ 1.371  103.616 + 1.465
SFm100 1182.487 £19.265 -131.844 £7.710 156.698 £ 8.120
SFm200 1272.149 £ 11.847 -115.676 £5.863  136.722 £ 9.728

Young’s modulus of SFm100 presented a slight decrease of 18.7% compared to reference specimens
SFmO, because of SF capturing water molecules, avoiding that new hydration products are formed.
On the other hand, SFm concentrations of 50 mg/mL and 200 mg/mL exhibited an approximate
12% reduction in Young’s modulus. Concerning electromechanical properties, SFm100 presented the
greatest enhancement in resistive and capacitive gauge factors of 90% and 92%, respectively. These
results are prominent, especially when compared to graphene/cement-based composites [43], which
have shown an increasing trend with graphene concentrations below the percolation threshold, which
is equal to 4% in the above reference. What is more, the theoretical gauge factor exceeds 90 [44]. In
comparison to non-carbon fibers, this work presents SFm samples subjected to compression up to 4.5
MPa, achieving a capacitive gauge factor of up to 156. For instance, Fan et al. [44] reported a maximum
compressive strength of approximately 6 MPa and an experimental gauge factor around 50, while Lian
et al. [6] observed a gauge factor of 107 for aligned copper-coated steel fibers concentrated at 1.5%, by
using a maximum compressive strength of 20 MPa.

4. Conclusions

In summary, our design of silk fibroin/cement mortar composites offers a novel approach to smart
sensing in cement-based materials, unlocking significant potential for SHM of masonry and concrete
structures. Key to processability with cement paste is the water solubility of SE, which originates from
the unique conformational transitions of secondary structures. This intrinsic nature of regenerated
proteins allows us to mix SF in the cement mortar and to control the ions mobility due to the different
hydration state of SF. More specifically, the results indicated the piezoresistive, piezocapacitive and
memcapacitive properties of SF/cement mortar composites. We expect that the availability and
sustainability of SF as a sensing material open perspectives on the design of multifunctional concrete
and masonry structures with self-sensing properties.
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