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Abstract: Spider silk is one of the hottest biomaterials researched currently, due to its excellent
mechanical properties. This work reports a novel humidity sensing platform based on a spider
silk-modified quartz tuning fork (SSM-QTF). Since spider silk is a kind of natural moisture-sensitive
material, it does not demand additional sensitization. Quartz-enhanced conductance spectroscopy
(QECS) was combined with the SSM-QTF to access humidity sensing sensitively. The results indicate
that the resonance frequency of the SSM-QTF decreased monotonously with the ambient humidity.
The detection sensitivity of the proposed SSM-QTF sensor was 12.7 ppm at 1 min. The SSM-QTF
sensor showed good linearity of ~0.99. Using this sensor, we successfully measured the humidity
of disposable medical masks for different periods of wearing time. The results showed that even a
20 min wearing time can lead to a >70% humidity in the mask enclosed space. It is suggested that a
disposable medical mask should be changed <2 h.

Keywords: quartz tuning fork; quartz-enhanced photoacoustic spectroscopy; humidity sensor

1. Introduction

Spider silk is well known for its outstanding mechanical properties. One of them
is that spider silk is particularly sensitive to water [1]. When wetted or saturated in a
high relative humidity (RH) atmosphere, spider silk ‘supercontracts’—unrestrained silk
will shrink as much as 50% in length. The restrained silk generates stresses in excess
of 50 MPa, which was discovered by Bell et al. and Guinea et al. [2,3]. The powerful
water-collecting ability of spider silk is attributed to a unique fibrous structure consisting
of periodic spindles and joints. The joints are composed of randomly scrambled, but neatly
arranged nanofibers [4,5]. When the spider silk transitions from dry to wet conditions,
the structure of spider silk will change to a joint to store water [6]. Water infiltrates the
silk, disrupting the hydrogen bonding within the amorphous region of the proteins, which
increases the molecular mobility to rearrange configurations [7–10]. This rearrangement
results in the phenomenon of supercontraction that will change the modulus of the spider
silk [11,12]. The spider silks are widely used in optical systems [13], the synthesis of new
materials [14,15], biomedical applications [16–21] and tensile mechanics [22–26]. Spider silk
also exhibits powerful cyclic contractions, which can be reversible and have reproducible
use [9,27].

Quartz tuning forks (QTFs) have been traditionally used as a timing reference in
wristwatches. The QTF is a bimorph cantilever based on the piezoelectric properties of the
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quartz [28]. The sensor consists of two prongs attached to a base, which is normally clamped
to a holder. In order to make the mechanical movement of the fork tip work, an electrical
field needs to be applied to the tuning fork tips, which is achieved by electroplating
electrodes on the surface of the quartz [29]. Common materials attached to the QTF
to improve the sensitivity include polystyrene (PS) nanofilm, polymethylmethacrylate
(PMMA) nanowire, electrospun nanoporous wire, and a hydrogel conical tip, etc. [30–34].
The QTF’s remarkable advantages attract the attention of researchers, including its stable
oscillation frequency, high quality factor, low power consumption, concise structure, and
resistance to surrounding electromagnetic interference [35,36]. QTFs can be used in a wide
temperature range from −40 ◦C to 85 ◦C and in an ultrahigh humidity environment [37].
Until now, QTFs have been used for micro force sensing, electric field intensity distribution
detecting, charge distribution measurement, trace gas detection, polymer mechanical
analysis, chemical/physical analysis and biosensing applications etc. [38–48]. A QTF
sensor can be used for quantitative measurement of biomolecular interactions [49] or be
used as an immunosensor for phenylketonuria diagnosis [50].

In this work, a sensitive and cost-effective humidity sensor was developed by using
quartz-enhanced conductance spectroscopy (QECS) [51]. Compared with the spider silks as
optical fibers for sensing applications, the QECS does not need to use optical instruments
such as an optical spectrum analyzer for detection [25,26,52–55]. There is no requirement
on the optical transmission of spider silk. The QECS has a quite remarkable advantage
in self-sensing, since the results can be directly read out by means of electrical conduc-
tance spectroscopy and processed by a computer [51]. Compared to cantilevers or string
resonators, there are no optics required for the QECS. Therefore, it will not introduce the
thermoelastic noise and additional noise caused by the instability of the laser [56–59]. Due
to the supercontraction ability of spider silk, the QTF was modified by natural spider silks
to improve its humidity transducing ability. The developed humidity sensor was evaluated
in different humid conditions, achieving a sensitivity of 12.7 ppm at 1 min. As proof of
concept, the SSM-QTF sensor was used to measure the air humidity inside a medical mask
to provide suggestions for mask wearing tips.

2. Experimental Setup for the Humidity Sensing System

QTFs were purchased from the Shenzhen XinChuangYue Electronic components
Factory, with a resonance frequency of ~32.7 kHz and a Q factor of >60,000 in a sealed
vacuum metallic package and ~10,000 in the air after removal of the metallic housing. The
geometrical parameters were measured by an optical stereomicroscope. The prong length,
prong width, and prong spacing of a QTF were 3.8 mm, 0.6 mm, and 0.3 mm, respectively.
The effective spring constant of the QTF is ~20 kPa [48]. The effective elastic modulus of wet
spider silk is ~17 GPa [60]. The detailed analysis of the structure and chemistry of spider
silk can be found in references [61,62]. To attach spider silk onto a QTF, the metallic housing
of a 3 × 8 mm QTF crystal was removed with two parallel prongs exposed. We obtained
the spider silk from a Pterinochilus Murinus spider, which was fed in the laboratory. The
spider silk was selected from the ampullate silk glands of a Pterinochilus Murinus spider.
The spider silks are composed of tubiliform fibers, which are more sensitive to ambient
humidity [47]. Without any sample pretreatment, the spider silk was bridged across the
prongs of a QTF, forming a spider silk-modified QTF (SSM-QTF), as shown in Figure 1. A
small amount of epoxy resin glue was used to glue the spider silk across the QTF prongs.
The whole process was monitored by means of an optical microscope. The diameter of the
microwire across the QTF prongs in Figure 1 was measured to be ~6µm. Photographs of
an SSM-QTF were taken with a Zeiss optical microscope.
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ard cubic centimeters per minute (SCCM) by the mass flow controller (Alicat, Tucson, AZ, 
USA) to avoid gas flow noise. A pressure controller, pump, and valves were used to keep 
the pressure constant. The humidity in the chamber was controlled by a humidifier 
(Perma Pure, Lakewood, NJ, USA). In the gas stream, a commercial humidity sensor 
(Benetech GM1363B, Shenzhen, China) was also included for reference. The function gen-
erator (Tektronix AFG3102, Beverton, Oregon, USA) was used to produce sine waves with 
frequencies ranging from 32,500 Hz to 32,560 Hz with a fixed peak-to-peak amplitude of 
400 mV. The SSM-QTF output electrical signals passed to a custom-made transimpedance 
preamplifier with a feedback resistance of 10 MΩ and were finally demodulated by a lock-
in amplifier (SR830, Sunnyvale, CA, USA). The filter slope and time constant of the lock-
in amplifier were set to 12 dB/Oct and 1 s, respectively. The demodulated signal was used 
to analyze the resonance QTF frequency, which varies with humidity. All experiments in 
this work were carried out at room temperature and atmospheric pressure. A LabVIEW 
program (Community Edition, National Instrument, Austin, TX, USA) was used to con-
trol the system, and all the measurements were performed automatically. 

 
Figure 2. Experimental setup for humidity sensing. SSM-QTF: spider silk-modified QTF; TA: tran-
simpedance amplifier; PC: personal computer; Lock-in: lock-in amplifier, MFC: mass flow control-
ler. 

The resonance frequency f of the QTF can be expressed as [44,51]: 
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Figure 1. Photographs of an SSM-QTF taken with a Zeiss optical microscope. (b) is the enlarged view
of (a).

To evaluate the humidity sensing performance of the SSM-QTF, we employed the ex-
perimental setup shown in Figure 2. The gas flow rate in the system was set to 20 standard
cubic centimeters per minute (SCCM) by the mass flow controller (Alicat, Tucson, AZ, USA)
to avoid gas flow noise. A pressure controller, pump, and valves were used to keep the
pressure constant. The humidity in the chamber was controlled by a humidifier (Perma
Pure, Lakewood, NJ, USA). In the gas stream, a commercial humidity sensor (Benetech
GM1363B, Shenzhen, China) was also included for reference. The function generator (Tek-
tronix AFG3102, Beverton, Oregon, USA) was used to produce sine waves with frequencies
ranging from 32,500 Hz to 32,560 Hz with a fixed peak-to-peak amplitude of 400 mV. The
SSM-QTF output electrical signals passed to a custom-made transimpedance preamplifier
with a feedback resistance of 10 MΩ and were finally demodulated by a lock-in amplifier
(SR830, Sunnyvale, CA, USA). The filter slope and time constant of the lock-in amplifier
were set to 12 dB/Oct and 1 s, respectively. The demodulated signal was used to analyze
the resonance QTF frequency, which varies with humidity. All experiments in this work
were carried out at room temperature and atmospheric pressure. A LabVIEW program
(Community Edition, National Instrument, Austin, TX, USA) was used to control the
system, and all the measurements were performed automatically.
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Figure 2. Experimental setup for humidity sensing. SSM-QTF: spider silk-modified QTF; TA: tran-
simpedance amplifier; PC: personal computer; Lock-in: lock-in amplifier, MFC: mass flow controller.

The resonance frequency f of the QTF can be expressed as [44,51]:

fQTF =
1

2π
×

√
kQTF

mQTF
, kQTF = EQTF

wt3

4l3 (1)

where the kQTF, mQTF, and EQTF are the spring constant, effective mass, and Young’s
modulus, respectively. The t, l, and w are the QTF prong thickness, QTF prong length,
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and QTF prong width, respectively. We considered that the mass of the spider silk was
negligible, i.e., dmQTF � mQTF. The resonance frequency shift, after modification by the
spider silk, can be expressed as:

d fQTF =
fQTF

2
dkQTF

kQTF
(2)

The resonance frequency shift can be attributed to the dkQTF value, which results from
the spider silk spring constant ksilk. Due to the fact that the QTF and the spider silk were
connected in parallel, the effective spring constant keff of the SSM-QTF can be expressed as:

Ee f f ∝ ke f f = kQTF + ksilk (3)

The electrical parameters of the SSM-QTF were measured by the abovementioned
system in Figure 2, which is the same system as described in our previous publication [63].
The output of the conductance spectra was 1 spectrum/min, which was limited by the
frequency scanning rate. The resonance frequency and Q factor of the SSM-QTF were
calculated from a Lorenz curve fitting to the square of the amplitude associated with the
conductance spectra [64].

3. Characterization of the Spider Silk-Modified Quartz Tuning Fork

A bare QTF without modification was also evaluated, under the same experimental
conditions. The frequencies of the sine signals were scanned from 32,500 Hz to 32,560 Hz
and from 32,725 Hz to 32,805 Hz with a step of 0.3 Hz for SSM-QTF and standard QTF,
respectively. The resonance curves of the bare QTF and SSM-QTF are shown in Figure 3. In
this work, we normalized the amplitude and focused on the frequency shift in the experi-
ment. In the normalization, the amplitude of the highest signal was set as 1. Compared
with a bare QTF, the resonance frequency peak of the SSM-QTF decreased from 32,764.9 Hz
to 32,527.6 Hz, yielding a frequency shift of ∆f = 241.3 Hz. This can be attributed to the
mass increase caused by the spider silk and the glue.
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Figure 3. Conductance spectrum of a bare QTF without modification (red rounds) and after (black
squares) modification by the spider silk.

4. Spider Silk-Based Tuning Fork for Humidity Sensing

Figure 4a shows the conductance spectra changed in the SSM-QTF with humidity. The
Lorentz function was used to fit the resonance curve to obtain the QTF resonance frequency
and Q factor. As shown in Figure 4b, the resonance frequency decreased monotonically
from 32 541.80 Hz at ~25% RH to 32 514.85 Hz at ~80% RH, with a ∆f = 25.95 Hz. This can
be attributed to the modulus of spider silk being inversely proportional to the humidity;
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the effective modulus of the SSM-QTF decreased with the increase in the humidity [6].
The curve of Figure 4b was fitted using linear functions. An R square value of 0.99 was
obtained. We also measured the frequency response of a bare QTF without the spider silk
modification. No significant change was observed. The results are shown in the inset of
Figure 4b, indicating that the large frequency shift ∆f was caused by the spider silk, not the
QTF itself.
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Figure 4. (a) Resonance curves of the SSM-QTF at different humidities. (b) Frequency variations of
an SSM-QTF as a function of humidity. The figure inset shows the resonance frequency variations of
a bare QTF. (c) Q factor variations of an SSM-QTF as a function of humidity. The figure inset shows
the resonance frequency variations of a bare QTF.

Figure 4c shows the Q factors of the SSM-QTF with different humidities. As the
humidity increased, the spider silk absorbs water molecules, increasing the additional mass
attached to the QTF. In addition, as the humidity increased, the damping effect by the water
absorption into spider silk increased; thus, the quality factor of the SSM-QTF decreased [65].
As a result, with the relative humidity increases from ~25% RH to ~80% RH, the Q factor
decreased from 5253 to 2790, by >2400. For comparison, the Q factor change of a bare QTF
without spider silk modification was <200, shown in the inset of Figure 4c. The quality
factor of SSM-QTF decreased monotonically but nonlinearly. Therefore, in this work, we
used the frequency as the function of humidity to develop the sensor. Since the resonance
frequencies and quality factors were obtained after the QTF reaches a saturated steady
state, no estimation was necessary for the saturation of the SSM-QTF surface. This implies
that the effect of water adsorption in the modified spider silk area dominates that in the
quartz surface.

The relative humidity (RH) was converted into absolute humidity by the Vaisala
humidity calculator. With an absolute humidity change from 8042 ppm to 24,056 ppm,
the detection sensitivity of the SSM-QTF was calculated to be ~12.7 ppm. This humidity
dynamic range was limited by our gas stream system, which can be improved by a better
humidifier. The comparison of the SSM-QTF with current technology such as optical fibers,
cantilever, and string resonators are summarized in Table 1. Although the sensitivity of the
SSM-QTF sensor was not the highest, there are no optics required in the developed sensor.
Compared to current technologies, this work is cost-effective with a high performance.
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Table 1. Comparison of the SSM-QTF with optical fibers, cantilever, and string resonators.

Configuration Sensitivity Optics

optical fiber [12] 532 ppm/%RH super-continuum laser
cantilever [26] 924 ppm/%RH laser doppler vibrometer

string resonator [56] 2950 ppm/%RH laser doppler vibrometer
SSM-QTF sensor 617 ppm/%RH none

5. Stability of Spider Silk-Modified QTF Sensor

The resonance frequency of the SSM-QTF was measured with a fixed relative humidity.
The humidity in the gas chamber was well controlled by using a mass flow controller
(Alicat Tucson, AZ, USA) with a relatively low flow rate but higher resolution. With a
relative humidity of 20 ± 0.1% RH, a resonance frequency of 32,542.88 Hz was obtained.
Since the relative humidity is sensitive to temperature, the ambient temperature condition
has to be properly maintained throughout the experiment. For the tested humidity range,
the temperature in the humidity chamber has been monitored to be ~24 ◦C. It can be seen
from Figure 5 that the SSM-QTF sensor has good stability over long-term running. Allan
deviation was performed to evaluate the long-term stability of the developed sensor. The
minimum deviation of the SSM-QTF resonance frequency was found to be 1.316 × 10−3 Hz
at the optimum time of ∼30 min. With the optimal integration time, the detection sensitivity
can be improved to ~0.8 ppm.
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6. Humidity Evaluation of Medical Masks

The COVID-19 pandemic has forced the global population to adopt new ways of
living, including the possible use of masks. Research has been conducted to evaluate the
potential consequences of wearing masks for long periods [66,67]. Among various research,
the high humidity in the mask for a long wearing time can lead to excessive moisture to
the skin, disrupting the skin barrier and causing sensitive skin [68,69]. Part of the moisture
is the condensation of the breathed air. The other part is the sweat that does not evaporate
as quickly. If the skin is exposed to moisture for a long time, the barrier of our keratin
will be undermined [70]. When the skin barrier is broken, the ability to prevent the loss of
water in the skin and the ability to block external stimuli are reduced. [71]. Furthermore,
wearing a mask for a long time will cause high humidity in the air inside the mask, which
will easily cause the breeding of various pathogenic bacteria and increase the risk of skin
diseases [72,73]. For some patients with seborrheic dermatitis, Malassezia can multiply on
the skin surface when wearing a medical mask for a long time [74].

In the measurement, the humidity inside a disposable medical mask made of polypropy-
lene was evaluated. The disposable medical masks were worn by the author Leqing Lin for
different periods; then, they were taken off quickly to cover the SSM-QTF sensor in a sealed
space. The humidity of the covered air inside the medical mask was then measured. For each
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measurement, the medical mask was replaced by a new one. The time clock was restarted.
Except for the wearing time, all the other conditions were the same in the repeated ex-
periments. The enclosed spaces were set up to prevent humidity interference from the
outside atmosphere. Resonance frequencies of the different wearing time of the masks
were recorded by a LabVIEW program. The obtained results were shown in Figure 6. Even
a 20 min wearing time resulted in an air humidity >70% RH in the mask covered space.
The longer the mask was worn, the greater the humidity in the mask. With a 150 min
wearing time, the estimated humidity reached >78%. In fact, the humidity measured in the
mask covered space was lower than the actual humidity surrounding the human mouth.
In consequence, disposable medical masks are not suitable for prolonged wearing. It is
suggested to change the mask within 2 h, when the relative humidity on the surface of the
mask is more than 75%. For professional masks, such as the KN95 medical masks, the case
was estimated to be worse due to their better “protection”.
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7. Conclusions

This work featured a novel humidity sensing platform based on a quartz tuning fork
(QTF) with a section of natural spider silk. The experimental results showed that the higher
the environmental humidity, the lower the resonance frequency of the spider silk-modified
QTF. The variation of the resonance frequency of the QTF modified by spider silk was
closely correlated with the change in the environmental humidity. The evaluation was
conducted in relative humidity from ~25% RH to ~80% RH. The resonance curves were
recorded to obtain the SSM-QTF frequency variations by Lorentz fitting. With a 1 min
working time, the detection sensitivity of ~12.7 ppm was obtained.

As proof of concept, the humidities of disposable medical masks, worn for different
periods, were evaluated. The results suggested that the masks should be changed every 2 h
due to excessive humidity, which may cause potential facial skin discomfort. Currently, the
acquisition time for the resonance frequency and Q factor requires ~1 min. This time can
be shortened by narrowing the frequency scanning time and range. Allan deviation was
measured over a long time with a fixed humidity. With 30 points of integration, the detection
sensitivity can be improved to ~0.8 ppm. Future work will include the development of a
wearable respiration sensor to measure the humidity inside a medical mask. Compared
to the current electrochemistry sensor [75,76], the SSM-QTF sensor has the advantage of
being cost-effective and environmentally friendly. In addition, temperature effects will be
researched. The temperature and humidity may be monitored simultaneously with the
help of a machine learning method.
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6. Vehoff, T.; Glišović, A.; Schollmeyer, H.; Zippelius, A.; Salditt, T. Mechanical properties of spider dragline silk: Humidity,

hysteresis, and relaxation. Biophys. J. 2007, 93, 4425–4432. [CrossRef] [PubMed]
7. Agnarsson, I.; Dhinojwala, A.; Sahni, V.; Blackledge, T.A. Spider silk as a novel high performance biomimetic muscle driven by

humidity. J. Exp. Biol. 2009, 212, 1990–1994. [CrossRef]
8. Liu, Z.; Liu, W.; Hu, C.; Zhang, Y.; Yang, X.; Zhang, J.; Yang, J.; Yuan, L. Natural spider silk as a photonics component for humidity

sensing. Opt. Express 2019, 27, 21946–21955. [CrossRef] [PubMed]
9. Blackledge, T.A.; Boutry, C.; Wong, S.C.; Baji, A.; Dhinojwala, A.; Sahni, V.; Agnarsson, I. How super is supercontraction?

Persistent versus cyclic responses to humidity in spider dragline silk. J. Exp. Biol. 2009, 212, 1980–1988. [CrossRef] [PubMed]
10. Guan, J.; Vollrath, F.; Porter, D. Two mechanisms for supercontraction in Nephila spider dragline silk. Biomacromolecules 2011, 12,

4030–4035. [CrossRef] [PubMed]
11. Liu, Z.; Zhang, M.; Zhang, Y.; Xu, Y.; Zhang, Y.X.; Yang, X.H.; Zhang, J.Z.; Yang, J.; Yuan, L.B. Spider silk-based humidity sensor.

Opt. Lett. 2019, 44, 2907–2910. [CrossRef]
12. Liu, Z.; Zhang, M.; Zhang, Y.; Xu, Y.; Zhang, Y.X.; Yang, X.H.; Zhang, J.Z.; Yang, J.; Yuan, L.B. Spider silk-based tapered optical

fiber for humidity sensing based on multimode interference. Sens. Actuators A Phys. 2020, 313, 112179. [CrossRef]
13. Lin, C.B.; Lin, Y.H.; Chen, W.Y.; Liu, C.Y. Photonic Nanojet Modulation Achieved by a Spider-Silk-Based Metal–Dielectric Dome

Microlens. Photonics 2021, 8, 334. [CrossRef]
14. Mohammadi, P.; Zemke, F.; Wagermaier, W.; Linder, M.B. Interfacial crystallization and supramolecular self-assembly of spider

silk inspired protein at the water-air interface. Materials 2021, 14, 4239. [CrossRef]
15. Müller, F.; Zainuddin, S.; Scheibel, T. Roll-to-roll production of spider silk nanofiber nonwoven meshes using centrifugal

electrospinning for filtration applications. Molecules 2020, 25, 5540. [CrossRef]

http://doi.org/10.1126/sciadv.aau9183
http://doi.org/10.1038/416037a
http://doi.org/10.1016/S0032-3861(03)00625-6
http://doi.org/10.1007/s00249-007-0216-5
http://doi.org/10.1016/S0141-8130(98)00085-3
http://doi.org/10.1529/biophysj.106.099309
http://www.ncbi.nlm.nih.gov/pubmed/17766337
http://doi.org/10.1242/jeb.028282
http://doi.org/10.1364/OE.27.021946
http://www.ncbi.nlm.nih.gov/pubmed/31510261
http://doi.org/10.1242/jeb.028944
http://www.ncbi.nlm.nih.gov/pubmed/19525422
http://doi.org/10.1021/bm201032v
http://www.ncbi.nlm.nih.gov/pubmed/21951163
http://doi.org/10.1364/OL.44.002907
http://doi.org/10.1016/j.sna.2020.112179
http://doi.org/10.3390/photonics8080334
http://doi.org/10.3390/ma14154239
http://doi.org/10.3390/molecules25235540


Molecules 2022, 27, 4320 9 of 11

16. Lai, W.L.; Goh, K.L. Consequences of ultra-violet irradiation on the mechanical properties of spider silk. J. Funct. Biomater. 2015,
6, 901–916. [CrossRef]

17. Resch, A.; Wolf, S.; Mann, A.; Weiss, T.; Stetco, A.L.; Radtke, C. Co-culturing human adipose derived stem cells and schwann cells
on spider silk-A new approach as prerequisite for enhanced nerve regeneration. Int. J. Mol. Sci. 2018, 20, 71. [CrossRef]

18. Salehi, S.; Koeck, K.; Scheibel, T. Spider silk for tissue engineering applications. Molecules 2020, 25, 737. [CrossRef]
19. Kiseleva, A.P.; Kiselev, G.O.; Nikolaeva, V.O.; Seisenbaeva, G.; Kessler, V.; Krivoshapkin, P.V.; Krivoshapkina, E.F. Hybrid spider

silk with inorganic nanomaterials. Nanomaterials 2020, 10, 1853. [CrossRef]
20. Schlottmann, F.; Strauss, S.; Plaass, C.; Welke, B.; Vogt, P.M.; Kuhbier, J.W. Spider Silk-Augmented Scaffolds and Adipose-Derived

Stromal Cells Loaded with Uniaxial Cyclic Strain: First Investigations of a Novel Approach for Tendon-Like Constructs. Appl. Sci.
2021, 11, 1218. [CrossRef]

21. Withanage, S.; Savin, A.; Nikolaeva, V.; Kiseleva, A.; Dukhinova, M.; Krivoshapkin, P.; Krivoshapkina, E. Native spider silk-based
antimicrobial hydrogels for biomedical applications. Polymers 2021, 13, 1796. [CrossRef] [PubMed]

22. Greco, G.; Francis, J.; Arndt, T.; Schmuck, B.; Bäcklund, F.G.; Barth, A.; Rising, A. Properties of biomimetic artificial spider silk
fibers tuned by postspin bath incubation. Molecules 2020, 25, 3248. [CrossRef] [PubMed]

23. Fraternali, F.; Stehling, N.; Amendola, A.; Tiban Anrango, B.A.; Holland, C.; Rodenburg, C. Tensegrity modelling and the high
toughness of spider dragline silk. Nanomaterials 2020, 10, 1510. [CrossRef] [PubMed]

24. Pérez-Rigueiro, J.; Elices, M.; Plaza, G.R.; Guinea, G.V. Basic principles in the design of spider silk fibers. Molecules 2021, 26, 1794.
[CrossRef]

25. Greco, G.; Pugno, N.M. Mechanical properties and Weibull Scaling Laws of unknown spider silks. Molecules 2020, 25, 2938.
[CrossRef]

26. Arndt, T.; Greco, G.; Schmuck, B.; Bunz, J.; Shilkova, O.; Francis, J.; Rising, A. Engineered Spider Silk Proteins for Biomimetic
Spinning of Fibers with Toughness Equal to DragLine Silks. Adv. Funct. Mater. 2022, 32, 2200986. [CrossRef]

27. Velmurugan, J.; Agrawal, A.; An, S.; Choudhary, E.; Szalai, V.A. Fabrication of scanning electrochemical microscopy-atomic force
microscopy probes to image surface topography and reactivity at the nanoscale. Anal. Chem. 2017, 89, 2687–2691. [CrossRef]

28. Li, Y.; Zhang, L.; Shan, G.; Song, Z.; Yang, R.; Li, H.; Qian, J. A homemade atomic force microscope based on a quartz tuning fork
for undergraduate instruction. Am. J. Phys. 2016, 84, 478–482. [CrossRef]

29. Oria, R.; Otero, J.; González, L.; Botaya, L.; Carmona, M.; Puig-Vidal, M. Finite element analysis of electrically excited quartz
tuning fork devices. Sensors 2013, 13, 7156–7169. [CrossRef]

30. Yun, M.; Lee, S.; Yim, C.; Jung, N.; Thundat, T.; Jeon, S. Suspended polymer nanobridge on a quartz resonator. Appl. Phys. Lett.
2013, 103, 053109. [CrossRef]

31. Kim, W.; Yun, M.; Lee, S.; Jeon, S. Enhanced sensitivity of quartz tuning fork sensors using electrospun polymer wires. RSC Adv.
2016, 6, 31131–31134. [CrossRef]

32. Hwang, S.; Kim, W.; Yoon, H.; Jeon, S. Performance Enhancement of a Microfabricated Resonator Using Electrospun Nanoporous
Polymer Wire. ACS Sens. 2017, 2, 1355–1358. [CrossRef]

33. Ko, J.; Jarzembski, A.; Park, K.; Lee, J. Hydrogel tip attached quartz tuning fork for shear force microscopy. Micro Nano Syst. Lett.
2018, 6, 8. [CrossRef]

34. Gonzalez, L.; Martínez-Martín, D.; Otero, J.; De Pablo, P.J.; Puig-Vidal, M.; Gómez-Herrero, J. Improving the lateral resolution of
quartz tuning fork-based sensors in liquid by integrating commercial AFM tips into the fiber end. Sensors 2015, 15, 1601–1610.
[CrossRef]

35. Lin, H.; Zheng, H.; Montano, B.A.Z.; Wu, H.; Giglio, M.; Sampaolo, A.; Spagnolo, V. Ppb-level gas detection using on-beam
quartz-enhanced photoacoustic spectroscopy based on a 28 kHz tuning fork. Photoacoustics 2022, 25, 100321. [CrossRef]

36. Zheng, H.; Liu, Y.; Lin, H.; Liu, B.; Gu, X.; Li, D.; Tittel, F.K. Quartz-enhanced photoacoustic spectroscopy employing pilot line
manufactured custom tuning forks. Photoacoustics 2020, 17, 100158. [CrossRef]

37. Ko, J.; Yoon, Y.; Lee, J. Quartz tuning forks with hydrogel patterned by dynamic mask lithography for humidity sensing. Sens.
Actuators B Chem. 2018, 273, 821–825. [CrossRef]

38. Barbic, M.; Eliason, L.; Ranshaw, J. Femto-Newton force sensitivity quartz tuning fork sensor. Sens. Actuators A Phys. 2007, 136,
564–566. [CrossRef]

39. Paetzold, U.W.; Lehnen, S.; Bittkau, K.; Rau, U.; Carius, R. Nanoscale observation of waveguide modes enhancing the efficiency
of solar cells. Nano Lett. 2014, 14, 6599–6605. [CrossRef]

40. Giessibl, F.J. High-speed force sensor for force microscopy and profilometry utilizing a quartz tuning fork. Appl. Phys. Lett. 1998,
73, 3956–3958. [CrossRef]

41. Breitegger, P.; Schweighofer, B.; Wegleiter, H.; Knoll, M.; Lang, B.; Bergmann, A. Towards low-cost QEPAS sensors for nitrogen
dioxide detection. Photoacoustics 2020, 18, 100169. [CrossRef]

42. Li, B.; Feng, C.; Wu, H.; Jia, S.; Dong, L. Calibration-free mid-infrared exhaled breath sensor based on BF-QEPAS for real-time
ammonia measurements at ppb level. Sens. Actuators B Chem. 2022, 358, 131510. [CrossRef]

43. Qiao, S.; Ma, Y.; He, Y.; Patimisco, P.; Sampaolo, A.; Spagnolo, V. Ppt level carbon monoxide detection based on light-induced
thermoelastic spectroscopy exploring custom quartz tuning forks and a mid-infrared QCL. Opt. Express 2021, 29, 25100–25108.
[CrossRef]

http://doi.org/10.3390/jfb6030901
http://doi.org/10.3390/ijms20010071
http://doi.org/10.3390/molecules25030737
http://doi.org/10.3390/nano10091853
http://doi.org/10.3390/app11031218
http://doi.org/10.3390/polym13111796
http://www.ncbi.nlm.nih.gov/pubmed/34072375
http://doi.org/10.3390/molecules25143248
http://www.ncbi.nlm.nih.gov/pubmed/32708777
http://doi.org/10.3390/nano10081510
http://www.ncbi.nlm.nih.gov/pubmed/32752054
http://doi.org/10.3390/molecules26061794
http://doi.org/10.3390/molecules25122938
http://doi.org/10.1002/adfm.202200986
http://doi.org/10.1021/acs.analchem.7b00210
http://doi.org/10.1119/1.4941929
http://doi.org/10.3390/s130607156
http://doi.org/10.1063/1.4817259
http://doi.org/10.1039/C6RA03373C
http://doi.org/10.1021/acssensors.7b00461
http://doi.org/10.1186/s40486-018-0071-4
http://doi.org/10.3390/s150101601
http://doi.org/10.1016/j.pacs.2021.100321
http://doi.org/10.1016/j.pacs.2019.100158
http://doi.org/10.1016/j.snb.2018.06.099
http://doi.org/10.1016/j.sna.2007.01.001
http://doi.org/10.1021/nl503249n
http://doi.org/10.1063/1.122948
http://doi.org/10.1016/j.pacs.2020.100169
http://doi.org/10.1016/j.snb.2022.131510
http://doi.org/10.1364/OE.434128


Molecules 2022, 27, 4320 10 of 11

44. Li, S.; Sun, B.; Shang, Z.; Li, B.; Cui, R.; Wu, H.; Dong, L. Quartz Enhanced Conductance Spectroscopy for Polymer Nano-
Mechanical Thermal Analysis. Appl. Sci. 2020, 10, 4954. [CrossRef]

45. Wu, H.; Dong, L.; Yin, X.; Sampaolo, A.; Patimisco, P.; Ma, W.; Jia, S. Atmospheric CH4 measurement near a landfill using an
ICL-based QEPAS sensor with VT relaxation self-calibration. Sens. Actuators B Chem. 2019, 297, 126753. [CrossRef]

46. Yin, X.; Wu, H.; Dong, L.; Li, B.; Ma, W.; Zhang, L.; Tittel, F.K. Ppb-level SO2 photoacoustic sensors with a suppressed absorption-
desorption effect by using a 7.41 µm external-cavity quantum cascade laser. ACS Sens. 2020, 5, 549–556. [CrossRef]

47. Kim, W.; Park, E.; Jeon, S. Performance enhancement of a quartz tuning fork sensor using a cellulose nanocrystal-reinforced
nanoporous polymer fiber. Sensors 2020, 20, 437. [CrossRef]

48. Ren, M.; Forzani, E.S.; Tao, N. Chemical sensor based on microfabricated wristwatch tuning forks. Anal. Chem. 2005, 77, 2700–2707.
[CrossRef]

49. Gonzalez, L.; Rodrigues, M.; Benito, M.; Pérez-García, L.; Puig-Vidal, M.; Otero, J. Piezoelectric tuning fork biosensors for the
quantitative measurement of biomolecular interactions. Nanotechnology 2015, 26, 495502. [CrossRef]

50. Kaleli-Can, G.; Özgüzar, H.F.; Mutlu, M. Development of QTF-based mass-sensitive immunosensor for phenylketonuria diagnosis.
Appl. Phys. A 2022, 128, 277. [CrossRef]

51. Zheng, H.; Yin, X.; Zhang, G.; Dong, L.; Wu, H.; Liu, X.; Tittel, F.K. Quartz-enhanced conductance spectroscopy for nanomechanical
analysis of polymer wire. Appl. Phys. Lett. 2015, 107, 221903. [CrossRef]

52. Tow, K.H.; Chow, D.M.; Vollrath, F.; Dicaire, I.; Gheysens, T.; Thévenaz, L. Exploring the use of native spider silk as an optical
fiber for chemical sensing. J. Lightwave Technol. 2018, 36, 1138–1144. [CrossRef]

53. Qiao, X.; Qian, Z.; Li, J.; Sun, H.; Han, Y.; Xia, X.; Wang, C. Synthetic engineering of spider silk fiber as implantable optical
waveguides for low-loss light guiding. ACS Appl. Mater. Interfaces 2017, 9, 14665–14676. [CrossRef] [PubMed]

54. Wang, J.; Zhang, H.; Tang, Y.; Wen, M.; Yao, B.; Yuan, S.; Zhang, W.; Lei, H. Metal-Nanostructure-Decorated Spider Silk for Highly
Sensitive Refractive Index Sensing. ACS Biomater. Sci. Eng. 2022, 8, 1060–1066. [CrossRef]

55. Huby, N.; Vié, V.; Renault, A.; Beaufils, S.; Lefèvre, T.; Paquet-Mercier, F.; Bêche, B. Native spider silk as a biological optical fiber.
Appl. Phys. Lett. 2013, 102, 123702. [CrossRef]

56. Mistry, K.; Nguyen, V.H.; Arabi, M.; Ibrahim, K.H.; Asgarimoghaddam, H.; Yavuz, M.; Musselman, K.P. Highly Sensitive
Self-Actuated Zinc Oxide Resonant Microcantilever Humidity Sensor. Nano Lett. 2022, 22, 3196–3203. [CrossRef]

57. Schmid, S.; Jensen, K.D.; Nielsen, K.H.; Boisen, A. Damping mechanisms in high-Q micro and nanomechanical string resonators.
Phys. Rev. B 2011, 84, 165307. [CrossRef]

58. Yoon, Y.; Thundat, T.; Lee, J. Resonant hair humidity sensors for disposable applications: Revisit the hair hygrometer. Sens.
Actuators B Chem. 2019, 292, 1–6. [CrossRef]

59. González, L.; Otero, J.; Cabezas, G.; Puig-Vidal, M. Electronic driver with amplitude and quality factor control to adjust the
response of quartz tuning fork sensors in atomic force microscopy applications. Sens. Actuators A Phys. 2012, 184, 112–118.
[CrossRef]

60. Humenik, M.; Scheibel, T.; Smith, A. Spider silk: Understanding the structure-function relationship of a natural fiber. Prog. Mol.
Biol. Transl. Sci. 2011, 103, 131–185.

61. Asakura, T. Structure and dynamics of spider silk studied with solid-state nuclear magnetic resonance and molecular dynamics
simulation. Molecules 2020, 25, 2634. [CrossRef]

62. Du, N.; Liu, X.Y.; Narayanan, J.; Li, L.; Lim, M.L.M.; Li, D. Design of superior spider silk: From nanostructure to mechanical
properties. Biophys. J. 2006, 91, 4528–4535. [CrossRef]

63. Wu, H.; Dong, L.; Zheng, H.; Yu, Y.; Ma, W.; Zhang, L.; Tittel, F.K. Beat frequency quartz-enhanced photoacoustic spectroscopy
for fast and calibration-free continuous trace-gas monitoring. Nat. Commun. 2017, 8, 15331. [CrossRef]

64. Kosterev, A.A.; Tittel, F.K.; Serebryakov, D.V.; Malinovsky, A.L.; Morozov, I.V. Applications of quartz tuning forks in spectroscopic
gas sensing. Rev. Sci. Instrum. 2005, 76, 043105. [CrossRef]

65. Castellanos-Gomez, A.; Agraït, N.; Rubio-Bollinger, G. Dynamics of quartz tuning fork force sensors used in scanning probe
microscopy. Nanotechnology 2009, 20, 215502. [CrossRef]

66. Szepietowski, J.C.; Matusiak, Ł.; Szepietowska, M.; Krajewski, P.K.; Białynicki-Birula, R. Face Mask-induced Itch: A Self-
questionnaire Study of 2,315 Responders During the COVID-19 Pandemic. Acta Derm. Venereol. 2020, 100, 00152. [CrossRef]

67. De Acevedo Chávez, B.G.; Miranda, G.A.; Mosqueda, R.A.; Gómez, M.I.A.; Martínez, J.C.; Gómez, A.M.; Hink, H.M. Cutaneous
manifestations secondary to the COVID-19 pandemic. Acta Médica Grupo Ángeles 2021, 19, s27–s36.
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