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Abstract
Auxeticmaterials showing a negative Poisson’s ratio can offer unusual sensing capabilities due to
drastic percolation changes. This study presents the capacitive response of wet-fractured carbon
nanotube paper composites in exposure to humidity. A strained composite strip is fractured to
produce numerous cantilevers consisting of cellulosefibers coatedwith carbon nanotubes. During
stretching, the thin composite buckles in the out-of-plane direction, which causes auxetic behavior to
generate the radially structured electrodes. The crossbar junctions forming among the fractured
electrodes significantly increase capacitance and its response to humidity as a function of sensor
widths. Themolecular junctions switch electric characteristics between predominantly resistive- and
capacitive elements. The resulting capacitive response is characterized for humidity sensingwithout
the need for an additional absorptionmedium. The normalized capacitance change (ΔC/C0) exhibits
a sensitivity of 0.225within the range of 40∼80% relative humidity. The novel auxetic behavior of a
water-printed paper-based nanocomposite paves theway for inexpensive humidity and sweat sensors.

1. Introduction

Auxeticity is a structural property showing negative Poisson’s ratio.Mostmaterials in nature demonstrate
positive Poisson’s ratio showing the shrinkagewhen amaterial is stretched.However, the auxeticmaterial with
negative Poisson’s ratio presents expansion under uniaxial tensile force [1]. Auxetic structures such as chiral
structure, re-entrant structure, rotating rigid structure [2–4], could be designed for applications tomicro devices
[5], medical device [6], aerospace [7], and sensors [8, 9]. Other than designed structures, negative Poisson’s ratio
was frequently observed infibrousmaterials [10]. Paper [11] and non-woven fabrics [12]were discovered to
possess auxetic behavior. Periodic, repeating structures [13, 14] could be designed to amplify an auxetic effect.
One of the auxeticmechanisms in anisotropic paper was the buckling of out-of-plane fibers under a stretched
randommatrix. Due to buckling, a large negative Poisson’s ratio has been observed for individual fibers [15].
The extreme auxeticity enabled themanipulation of out-of-plane electrical junctions for resistance change.
While conventional sensorsmade of a positive Poisson’s ratio showed a resistance increase upon pressure, the
resistance of an auxeticmaterial decreases due to the recovery of electrical connections [16, 17]. Such a
piezoresistive sensitivity was dramatically boosted by forming the junctionsmade of carbon nanotubes (CNTs).

A carbon nanotube paper composite (CPC) is one of the auxeticmaterials. In these composites, CNTs
deliver electrical conductivity, while cellulose fibers offer the structural frame [18]. Since cellulose fibers are the
structural component of a composite, the deformation of cellulose fibers contributes to the auxetic behavior
under stretching. In our previous research, the auxetic behavior of CPChas been characterized for elastic and
plastic regions [19]. To better control the fracture process, waterwas printed through a capillary nozzle to
initiate the dissociation of cellulose fibers. CPC could be cracked and fractured at awater-printed region. The
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auxeticity of thewater-printedCPCwas pronounced due to the stress concentration of varying elasticity and
Poisson’s ratio in the dry-wet-dry CPC regions. The uniformly cracked and fracturedCPC showed a remarkable
resistive sensitivity due to the rapid percolation change under pressure.

A designed auxetic structure has been studied to enhance the capacitive strain sensitivity [9]. The capacitive
sensitivity of fracturedCPC to humidity is yet to be discovered.We hypothesize thatwatermolecules introduced
to the conductive fibrous junctions canmodify capacitive characteristics in conjunctionwith auxeticity. To test
the hypothesis, this study investigates the capacitive sensitivity towater vapors for variouswidths of CPC
fractured by awet-stretchingmethod. The capacitive response to humidity is investigated in terms of strain,
Poisson’s ratio, andCPCwidths. As a practical application, humidity and sweat sensing capability is
demonstrated.

2. Experimentalmethods

2.1. CPCpreparation
CNT-cellulose composite papers were prepared following amodified TAPPI T-205 standardmethod [20]. In
short, hydroxyl-functionalizedmultiwalled carbon nanotubes (MWCNTs)were dispersed in a binarymixture
of alkali lignin (AL, 99%) and sodiumdodecyl sulfate (SDS; 90:10wt) [21]. The aqueous dispersion of CPAMwas
first added to pulp fiber solutions (0.3% consistency) and combined on a hot plate at 50 °C for 30 min. The as-
dispersedCNT-OH solutions were then added to the pulpmixture. The combinedCNT-OHand pulp
suspensions were thenfiltered, pressed, and dried to formhand sheets. TheCNT concentration inCPCwas
10wt%.

2.2. Fabrication of theCPCpiezoresistive sensors bywater-printing
CPC capacitive sensors were fabricated by controlledwater-printing and axial stretching (figure 1(a)) [19]. A
100μm-thickCPC stripwas trimmed tomake a 20mm-long strip. The stripwidths of 1, 3, 5, 7, and 10mmwere
prepared. Silver paste (MGChemicals, USA)was applied to both ends of a CPC strip and cured at 70 °Con a hot
plate tomake electrodes. Using a 0.7mm-diameter capillary pen, water was printed along the centerlinewithout
physical contact with CPC.

To test the auxetic behavior, a tensile testing stage with a uniaxial actuatorwas constructed. The tensionwas
appliedwith a constant speed of 38μms−1 (supplementary information,Wet_fracture_method.mp4 (available
online at stacks.iop.org/NANOX/3/025001/mmedia)). To study the auxetic effect of CPC to humidity, humid
air was directly supplied to aCPC specimen through a 12mm-diameter nozzle in a tensile test. Both force and
resistanceweremeasured by a load cell (DYMH-103, CALT, China) and a high impedancemultimeter (Fluke
Corp., USA, Fluke 287), respectively. The stress was calculated by ,F

d th0
s =

´
where Fwas the forcemeasured

by the load cell, d0was the initial width of a specimen, and thwas the initial thickness (i.e., 100μm) of the

specimen. The axial strainwas defined as
l l

l
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0
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-

CPC specimenswithoutwater-printing were also tested to

compare auxeticity and capacitive changewithwater printing.

2.3. Auxetic behavior characterization
To investigate thewidth effect on auxeticity with respect to capacitance, specimenwidths of 1, 3, 5, 7, and 10mm
were prepared. The auxetic behaviorwas studied bymeasuring the thickness changes. In the testing stage
(figure 1(a)), amicroscopewas focused on thewater-printed region of the specimen from the top- and side views
(x-y and x-z planes). The thickness change of a specimen inwater-printing and stretchingwasmeasured. The
effective Poisson’s ratio was computed at themaximum thickness by the following equation:

z z z
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where zi and li denoted the specimen thickness and length at a given strain level, and z0 and l0 denoted the
original specimen length and thickness. For both specimenswith andwithout thewater-printing, νeffwas
computed at strain ranging 0∼0.36.

2.4. Characterization of fracturedCPC
Scanning electronmicroscopy (SEM,XL830, FEI Company,Hillsboro, OR,USA)was used to study the in-plane
and cross-sectionmorphology of water-printedCPC stretched at various strain levels. To ascertain the fracture
length andmorphology, theCPCwasmounted to aflat aluminum stage using double-sided carbon tape and
imaged using a 5 kV accelerating voltagewith a 5mmworking distance.
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2.5. Characterization of resistive and capacitive changes for humidity
Humidity-induced resistive and capacitive changes were studied for CPC sensors prepared at various strain
levels of 0.10, 0.12, 0.15, 0.18, and 0.24. The specimenswere placed at 35% relative humidity (RH) for thefirst
20 s before supplying humid air. Note that a humidity chamber was not used in this test. Instead, humid air was
directly supplied to aCPC specimenwith 10mm-distance for 50 s. Subsequently, humid air was removed to
leave the sensor at 30%RH for 110 s. Therefore, the total time of the experiment for each specimenwas 180 s.
The capacitance values weremeasured by a capacitancemeter (GLK instruments 3000). The experiment was also
repeated for resistivemeasurement (Fluke-287).Meanwhile, a commercial humidity sensor (DHT11-
Temperature andHumidity Sensor)was located next to aCPC specimen for comparison.

2.6. Cyclic humidity test for a capacitive sensor
CPC specimen (5mmwidth)with 0.24-strainwere placed into a 3.8 l-chamber equippedwith a humidifier and a
vacuumpump. The humidity inside the chamber wasmonitored at a rate of 1 sample/s using a resistive
humidity sensor (DHT11). Cyclic experiments were conducted by varying the humidity within theRH-
37∼100% for 10 cycles. The evolution of theCPC capacitance values as a function of RHwas recorded in real-
time using a capacitancemeter (GLK3000). Also, sixmore sensors were fabricated to test the reproducibility.

To investigate the humidity sensingmechanism of a fracturedCPC sensor, four different CPC sensors and
one aluminum sensorwere prepared (table 1). The four different CPC sensors were fracturedCPC sensor
prepared by 0.24-strain, a fractured sensor coatedwith polyacrylic acid (1%–PAA), a fracturedCPC sensor
laminatedwith a 20μm-thick polyester film, and aCPC sensor trimmedwith scissors without fracture. An
aluminum sensorwas prepared by trimming a 100μm-thick aluminum foil. All the surface area of one electrode
was 5×5mm .2

Figure 1. (a)Test setup to investigate the auxetic behavior. (b) FracturedCPCwith andwithout water printing. (c) Stress-strain
relationship for CPCwith andwithoutwater printing. The resistance change is described on the second y-axis. (d)Capacitance change
for CPCwith andwithoutwater printing.

3

Nano Express 3 (2022) 025001 ZQian et al



The PAA-coated CPCwas prepared to study if the swelling ability of cellulose fibers could enhance the
capacitive sensitivity. A 1%–PAA-solutionwas deposited into a CPC sensor and cured on a hot plate (100 °C) for
one h. After curing, the sensor was fractured by introducing 0.24-strain. A fracturedCPC sensor laminatedwith
a polyethylene terephthalate (PET)filmwas used to test a sensitivity without direct contact of CPC to humidity.
In comparison to a fracturedCPC sensorwithout lamination, the response of a laminated sensor could give
insight about the sensingmechanism: whether the sensitivity resulted from the cantilever-shaped electrodes or
theCNT surface change. A scissor-trimmedCPC sensorwas used to study a sensitivity without cantilever-
shaped electrodes. Scissor-trimmed aluminium electrodeswere fabricated in the sameway as scissor-trimmed
CPC electrodes. A scissor-trimmed aluminium capacitance was prepared to study theCNT surface change in
comparison to the aluminium surface.

3. Results and discussion

3.1. Capacitive and resistive characterization of CPC sensors bywater-printing and stretching
TheCPC sensors were fractured under a water-printed condition using the setup (figure 1(a), supplementary
information: wet_fracture_method.mp4). To study the capacitive and resistive changes in couplingwith the
auxeticity, three CPC sensors were stretchedwith andwithoutwater printing. Opticalmicroscopes were placed
to observe the top views of the fracture process (figure 1(b)). From the images, the CPC samples without and
withwater printingwere clearly differentiated. The crack of thewater-printed sensor was created along the
waterline, perpendicular to the stretching direction. The crack of theCPCwithoutwater printingwas
propagated at a 45-degree angle to the stretching direction due to shear failure. Figure 1(c) shows the stress-
strain relationship for CPCwith andwithout water printing. The strength for awater-printedCPCwas lower
than that of a CPCwithout water printing. The resistance increased by a power law due to the rapid increase of
percolation.

The capacitive response of theCPC sensors with andwithout water printing wasmeasured under the RH-
100%condition (figure 1(d)). The nozzle connected to a humidifier was applied directly on the specimen surface
in stretching. The capacitance of the specimens with andwithoutwater printing startedwith negative values
because the produced capacitance was connected in parallel with the electrical resistance. The negative
capacitancewas caused by the leakage of electric current through a resistive connection of CPC.As a CPC
specimen started to fracture, the negative capacitancemagnitude increased. Note that the dip in the negative
capacitancewas the characteristic of a capacitancemeter circuit, not the characteristic of a CPC specimen.
According to our characterization of the capacitancemeter, as the resistance increased, the negative capacitance
magnitude showed a dip followed by a continuous increase to 0 pF. As the strain crossed 0.1, the capacitance of
water-printedCPCbecame positive, while the CPC capacitancewithout water-printing was negative at 0.1-
strain. Interestingly, theCPC capacitance withwater-printing reached themaximumvalue of 103.3 pF and
converged to 0 pF as the distance between two fracturedCPC electrodes increased. The two capacitance curves
met at 0.24-strain, where the samples were completely terminated electrically andmechanically.

Figures 2(a) and (b) show the SEM images of the cross-section for 5mm-wide specimens at 0.12 and 0.18
strains, respectively. In comparison to the thickness of the specimenwithoutwater-printing, the thickness
increase of awater-printed specimenwas greater (figure 2(c)). The thickness increase of awater-printed
specimen reached themaximumvaluewhen the applied strainwas 0.24. As the specimenwas completely
fractured, the thickness increase stoppedwith the complete release of a tension.

Thewidth increase of water-printed specimens enhanced the auxeticity, which increased themagnitude of
Poisson’s ratio (figure 2(d)).When thewidth increased from1 to 10mm, the capacitance increase was
proportional to thewidths between 3 and 10mmafter applying the same 0.24 strain (figure 2(e)). Since the
specimenwas stretched under RH-100%, the relationship between sample widths and capacitances
demonstrated the sensitivity to humidity. In the graph, a 1mm-specimen showed the smaller capacitance value
than the linear equation given infigure 2(e). The smaller capacitance at a 1mm-specimen resulted from the
smaller Poisson’s ratio as shown infigure 2(d). In comparison to the capacitancemade of a trimmed aluminum

Table 1. Summary of the prepared humidity sensors.

Sensormaterial 0.24-strain Scissor trimming Coating Area (mm2)/thickness (mm)

Fractured CPC Yes No No 5×5/0.1
PAA-coated fracturedCPC Yes No 1%-PAA 5×5/0.1
PET-laminated fracturedCPC Yes No PET film 5×5/0.1
TrimmedCPC N/A Yes No 5×5/0.1
TrimmedAluminum foil N/A Yes No 5×5/0.1
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film having thewidths between 1 and 10mm, theCPC capacitancewas 41.2 times (supplementary information,
figure S1). Thefibrous junctions produced by auxeticity evidently increased the capacitance.

Figure 2(f) shows the comparison between Poisson’s ratio and capacitance. At the smaller widths of a
specimen, the capacitance increased as the Poisson’s ratio increased. Since the Poisson’s ratio saturated for the
specimenwider than 3mm, the capacitance increase was only dependent on thewidth increase.

To analyze the reason of the auxeticity increase due to thewidth, numerical simulationwas conducted using
COMSOLMultiphysics. A 1-mmdisplacement was applied on the right end at the longitudinal direction to
simulate the tensile deformation (supplementary information, figure S2). Because of the positive x-y Poisson’s
ratio, compressive stress was generated at thewet region across the central line along the y-direction
(figures 3(a)–(c)).

The average compressive stress was then comparedwith the stress from the critical buckling force under the
pin-joint conditions, whichwas described as:

P EI L 2cr
2 2 ( )/p=

where I is themoment of inertia,E is the Young’smodulus in thewet region, and L is thewidth of aCPC strip.
Critical buckling stress was obtained by dividing Pcrwith the cross-sectional area (thickness xwidth). According
to the numerical results (figure 3(d)), the compressive stress could cause the buckling of a specimenwider than
1.9mm.Over the critical width, the CPC specimen could buckle due to the increased aspect ratio (width/
thickness=19). The buckling increased the Poisson’s ratio and auxeticity. The numerical results agreedwith
the experimental results.When thewidthwas greater than 3mm, theCPC specimen could be buckledwith a
periodicity (supplementary information, figure S3), which could reduce the thickness increase. As a result, the
capacitance increase was proportional to thewidth for the specimenswider than 3mm.

3.2. Characterization of resistive and capacitive changes for humidity
To investigate the resistive and capacitive changes to humidity for various axial strains, the CPC samples with the
applied strain of 0.1, 0.12. 0.15, 0.18, and 0.24were exposed to RH-35∼100% (25 °C). The 0.1-strainwas an
initial value because a positive capacitance valuewasmeasured for awater-printedCPC specimen. According to
the programmed humidity infigure 4(a), both resistive and capacitive changes weremeasured (figures 4(b)–(f)).
For theCPCwith 0.10, 0.l2, and 0.15, the resistance gradually increased as the humid air was supplied and
reached a plateau at 50 s.When the humid air was removed at 70 s, the resistance increased again. As the applied
strainwas greater, the duration time of the increasing resistance value expanded. Under humid air, the resistance
increase was originated from the swelling offibers coatedwithMWCNTs due towatermolecules. The

Figure 2. (a) and (b) SEM images of the cross section of 5mm-wide CPC specimens at the strain levels of 0.12 and 0.18, respectively. (c)
Normalized thickness changes according to axial strain for 5-mmwideCPC specimenswith andwithout water printing. (d)Effective
Poisson’s ratio according to specimenwidths (N=3). (e)Capacitance values at strain 0.24 according to specimenwidths (N=3). (f)
Comparison of effective Poisson’s ratio and capacitance.
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hydroexpansion of cellulose fibers enlarged the distance betweenCNTs and broke the percolation network,
which prevented electrical interactions amongCNTs, therefore increasing the composite resistance [22]. In our
experiment, the resistance changewas even greater because the auxeticity at fracture produced a greater water
absorption through the larger surface area. Although humid air was removed at 70 s, plenty of watermolecules
were absorbed, and part of themwere left in thefibers.With the larger expansion, we observed a longer time of
the second leap of the resistance increase.

The reason for the second leapwas that, as the larger an axial strainwas applied, themore surface areawas
generated because of the auxeticity. The longer time of resistance rise was achieved by swelling due to the extra
amount of absorbedwatermolecules. Notably, it was found that the resistance values suddenly increased or
decreased due to the fragilemolecular junctions created by the broken fibers. The exposed fibers behaved as
compliant cantilevers, whichwere extremely sensitive to environmental intervention, including humidity,
pressure, and airflow.When the high intensity of humid air was supplied, the structure and shape of thefiber
network in the crack domain could be changed abruptly to increase the resistance for the samples with 0.12, 0.15,
and 0.18 strain.

For theCPCwith 0.24-strain, the specimen showed extreme binary characteristics between capacitance and
resistance (figure 4(f)). At this strain, the resistancewas infinite, but the capacitancewas generated among very
closely located fibers. For plotting purposes, the beginning point of resistancewas set as 500MΩ, whichwas the
maximummeasurable resistance. Upon exposure to humidity, the resistance value decreased from infinity to a
fewMΩ because of watermolecules trapped betweenfibers. A direct electric currentflowed throughwater
molecules upon humidity exposure.Without humid air, the junctions were not connected and behaved as a pure
capacitor. According to the square input of RH-35∼100%humidity, the response timewas 3s and the recovery
timewas 83s (supplementary information, figure S4).

For theCPC samples at each strain, the capacitance showed a relatively smooth transition. As soon as humid
air was supplied, the capacitance increased.When humid air was removed, the rising trendwas instantly
changed to a descending trend. Sometimes, a sudden capacitance dropwas showndue to a temporary electrical
connectionwithwater vapor. Note that the capacitance values for all the samples changed in a similar fashion
butwith differentmagnitude. Themagnitude of the capacitance change due to humidity decreasedwith the
larger axial strain. The peak values of capacitance were 2.98, 3.94, 2.22, 0.88, and 0.45 pF for theCPC specimen

Figure 3. (a) Stress distribution on a 1-mmwide-CPC specimen. (b) Stress distribution on a 3-mmwide specimen. (c)Compressive
stress is built across the width of a 5-mmwide specimen. (d)Comparison of average compressive stresses and critical buckling stresses
according to specimenwidths.
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Figure 4. (a)Programmed humid air and detected humidity change. (b)∼(f)Capacitive and resistive characteristics for CPC
specimens with 0.1, 0.12. 0.15, 0.18, and 0.24-strains.
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with 0.1, 0.12, 0.15, 0.18, and 0.24-strains, respectively. The highest capacitive sensitivity of the CPC sensor was
at the 0.12-strain, whichwas right after a fracture.

3.3. Cyclic humidity test for a capacitive sensor
Figure 5(a) shows the capacitance change for a CPChumidity sensor for the first four cycles of RH40∼90%.
Except for thefirst cycle, themeasured capacitance values were stable and reproducible. The normalized
capacitance change (ΔC/C0) at the tested RHwas 0.47±0.03. During the humidity test, the temperature
changewas less than 1 °C (supplementary information, figure S5). The capacitive change due to the temperature
change could be neglected.

Figure 5. (a)Capacitance change of a fracturedCPC sensor according to cyclic humidity change. The 5mm-wideCPC sensor ismade
of 0.24-strain. (b)Relationship betweenRHandΔC/C0 (N=6). the red line shows the empirical equation. (c)Comparison of a CPC
sensor response to a commercial sensor response for the staircase input of humidity. (d)Comparison of a calibratedCPC-humidity
response to a commercial sensor for 10 cycles. (e) SEM images for aCPC sensor fracturedwith 0.24 strain.molecular crossing
junctions to detect humidity without absorptionmedium.
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Figure 5(b) shows the normalized capacitance change (ΔC/C0) for the cyclic test of RH40∼90% (N=6).
Based on the graph, the empirical equation (r2=0.93) between the normalized capacitance value and the
relative humidity was:

RH x x106.6 6 30.1778 ( )= -

where x is the normalized capacitance value (ΔC/C0).
When a staircase input of humidity was given, the responsewas similar to that of a commercial sensor

(DHT11) (figure 5(c)). TheCPC sensor gave amore rapid response to the humidity change at the beginning and
followed the similar trend to a commercial sensor.

In comparison to other capacitive humidity sensors, the normalized capacitance changes (ΔC/C0) at RH-
40∼80%are summarizedwith the electrode andmediummaterials in table 2.Most capacitive humidity
sensors were fabricated in the formof a dielectric layer between two electrodes. Dielectricmaterials and
electrode surfaces weremodified to enhance sensitivity. Also, interdigitated electrodes (IDE), porousmaterials,
and nanomaterials contributed to sensitivity improvement. For themodification of a dielectricmedium
[23–26], the sensitivity was linear with a relatively small change ofΔC/C .0 Thin-film coating [27] on electrodes
could drastically increase the capacitance changewhenRHwas elevated because of the higherwater absorption.
When IDEwas usedwith an additional coatingmaterial [28–30], the sensitivity increased nonlinearly. Inkjet-
printed IDE on paper substrate [31] showed a linear response to humidity but with a delayed response time of
250 s at RH-40∼100%.A capacitive humidity sensorwith amodified hydrophobic dielectricmaterial showed a
humidity response [32, 33]. In summary, our CPC sensor showed a relatively higherΔC/C0 of 0.225 at RH-
40∼80%. Since our sensor did not require an absorptionmedium, the fabrication process using a tensional
fracturewas simple and rapid.

Figure 5(d) shows the comparison between the calibrated RHdata of a CPC sensor using equation (3) and
that by the reference humidity sensor, which showed a good agreement. Also, six additional sensors were tested
for four humidity cycles in order to evaluate the reproducibility (supplementary information, figure S6). For the
measurement obtained after the initial cycle, the sensor response became repeatable and stable.

The high capacitive sensitivity of the fracturedCPC composite to the humidity resulted from themolecular
junctionsmade by the large auxetic behavior. Themajor contribution of auxetic behavior was to form the
molecular junctions among radial crossing structures (figure 5(e)), which produced an extreme capacitive
sensitivity to humidity. Themolecular junctions were newly generated capacitance from the randomly oriented
fiber network throughwater printing andwetting.When the junctionswere exposed towater vapor, thewater
molecules adsorbed at the junctions worked as themediawith high permittivity. At the larger strain values, the
gap between fibers increased, hence reducing the sensitivity. For example, when themolecular junctions were
eliminatedwith a 1mmdistance between the electrodes, the high sensitivity to humidity disappeared.

To elucidate the capacitive sensingmechanismof humidity, threemoreCPC sensors were prepared as
shown in table 1; CPC sensors coatedwith PAA, a polyester film, and trimmedwith a scissor. Ametallic
capacitive sensor was also prepared by trimming a 100μm-thick aluminum foil with the same dimensions.
Figure 6(a) shows the capacitance change of a fracturedCPC coatedwith PAA. The PAA-coatedCPC sensor
showed themultistage swelling effect.When contactingwithwater vapor, both PAA and fibers could swell with
hydroexpansion, which showed the phase shift. Themagnitude of capacitance changewas∼100 fF, whichwas
much smaller than theCPC sensors without PAA coating. The hysteresis potentially caused by the swelling effect

Table 2.Comparison of capacitive humidity sensors.

ΔC/C0 (RH40∼80%) Electrodes and dielectricmedium

CPC 0.225 Electrode: fracturedCPC (0.24 strain), medium: none

[23] 0.15 Electrode:metal,medium: bis(benzo cyclobutene)
[24] 0.10 Electrode: Au film,medium: carbon black polyimide

[25] 0.09 Electrode: Aluminum,medium: polyimide

[26] 0.05 Electrode: Au layer,medium: polyimide

[28] 0.015 Electrode: interdigitated textile electrodes,medium:metal-organic framework layer

[29] 0.25RH40%–65%75RH65%–85% Electrode: Interdigitated electrodes,medium: crystalline trianglamine hydrochloride

[30] 350 Electrode: coplanar interdigitated electrodes,medium: nanostructured TiO2 thinfilms

[27] 0.5 Electrode: aluminum layer,medium: Cu3(BTC)2film
[34] 0.08 Electrode: printed silver,medium:Ag electroplating withNi or parylene-C

[31] 1.8 Electrode: inkjet-printed interdigitated silver,medium: paper (cellulose fibers)
[32] 0.04 Electrode: copper,medium: graphene oxide-coated silk fiber

[33] 0.016 Electrode: copper,medium: graphene in polyvinylidene fluoride
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became greater to reduce the capacitive change for repeated cycles. Therefore, the capacitive response of
fracturedCPCwas not originated from the swelling effect but could be resulted from the capacitive change on
theMWCNT surface of the fractured fibers.

A scissor-trimmedCPC sensor without fracture (figure 6(b)) showed a change of 10 fF in the given humidity
range. The fracturedCPC coatedwith a PETfilm showed a change of 20 fF because thewater adsorptionwas
blocked by a plastic film (figure 6(c)). The sensitivity was higher than that of a trimmedCPC sensor due to the
higher electric field strength and the larger surface area generated by the high aspect ratioCNT-coated fibers.
Themetallic capacitive sensor showed a 10 fF change similar to the trimmedCPC sensor (figure 6(d)).

For humidity sensing, resistive and capacitive sensors are commercially available. Between two electrodes, a
humidity absorption pad is applied to change resistance or capacitance. UsingCNTs, a humidity sensor was
investigated for a resistive sensor due to the changes in the absorption of watermolecules [35]. The resistance
change of CPC coatedwith PAAwas also sensitive to humidity due to a swelling effect [36, 37]. The fractured

Figure 6.Capacitive changes of (a)PAA-coated fracturedCPC, (b) trimmed-CPC, (c)PETfilm-coated fracturedCPC, and (d)
trimmed aluminum sensors for cyclic humidity change.
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CPC capacitive sensor was novel in that the capacitive change to humidity was significant without a dielectric
medium. A capacitive sensor using air as amediumdid not function due to negligible permittivity change of air.
The high electric field and the large surface area contributed to the sensitivemeasurement to humidity.When
the fracturedfibers coatedwithCNTswere blockedwith a polyester film, the humidity changewas still
detectable but had a reduced sensitivity. The experimental results showed that themajor capacitive response
resulted from the change of CNT surface on cellulose fibers. Themolecular junctions of a fracturedCPC sensor
created the significant capacitance changewithout a dielectricmedium,which facilitated a highly sensitive
capacitive sensor as shown in table 2.

3.4. Application to sweat sensing
A fracturedCPC sensor with 0.24-strain could be used to evaluate the sweat evaporation of a human’s skin. To
test a CPC sensor, a small chamber with an evaporation hole to contain a commercial humidity sensor and a
CPC sensorwas constructed (figure 7(a)).When aCPC sensor was placed in the center of the palm, sweat
evaporationwas detected froma human hand. The data obtained from aCPC sensor weremeasured using a
capacitance-to-digital chip (FDC1004) that was controlled by amicroprocessor (Atmega 328).When the
chamberwas placed on the palm, the RH reached 85%. TheRHdecreased to 55%,when the sensor was removed

Figure 7. (a)Chamber tomeasure humidity change on a hand. A commercial humidity sensor is integratedwith a fracturedCPC
sensor. To eliminate the parasitic capacitance from the humanhand, the chamber is coveredwith an electrically grounded aluminium
foil. The test has been conductedmultiple times only for one subject. (b)Capacitance change ismeasured on the palm and in the air.
The humidity change of a capacitive CPC sensor shows a good agreement with that of a resistive commercial sensor. The study related
to sweatmonitoringwas approved by the institutional review board (IRB) at theUniversity ofWashington (IRB ID:
STUDY00010741). The sensor characterization has been conducted according to the approved procedure under the consent of the
study participant.
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from the palm. The calibrated humidity data for CPCwere compared to those of a commercial sensor
(figure 7(b)). The calibrated data showed a good agreementwith the reference commercial sensor. In the
experiment, the sensor chamberwas groundedwith an aluminum foil to avoid the interference from the human
body and other environmental noises. Using the electrically isolated chamber, the selectivity to humidity could
be obtained.

4. Conclusions

The capacitive sensingmechanismof an auxetic CPC composite was investigated under varying humidity
conditions.When awater-printedCPC composite was stretched, the auxetic behavior produced the radial
structures of cellulose fibers embeddedwithMWCNTs. The high aspect ratio fibers of fracturedCPC generated
crossing junctions at the crack of thewater-printed region.Watermolecules introduced on the surface of the
crossing radial structure enlarged the capacitance change among the high aspect ratio electrodes, resulting in the
extreme change of capacitance. The normalized capacitance change (ΔC/C0) for a CPChumid sensor was 0.225
in the relative humidity ranging 40∼80%. Since the auxetic behaviorwas enlargedwith the buckling on the
out-of-plane direction of aCPC composite, the larger width generated a 40 times-capacitance in comparison to
the capacitance of the planarmetal electrodes of the same dimensions. According to our further analysis, the
capacitive sensitivity to humidity was originated from themolecular junctions of the crossing conductive fibers
that trappedwatermolecules. Due to themolecular junctions, a large change of capacitance could be obtained
without a humidity absorptionmedium. An empirical equation between capacitance andRHwas obtained by
calibrationwith a reference humidity sensor. TheCPC-capacitive sensor could be used for sweating
measurements on the hand. The auxetically produced capacitive sensing platform can facilitate awearable
sensormeasuring humidity and sweat.
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