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ABSTRACT: The development of highly elastic spongy con-
ductors is attractive for use in piezoresistive sensors due to their
low cost, easy fabrication, and wide sensing range. However, the
combination of high sensitivity and broad sensing range in a single
piezoresistive sensor, though highly demanded, is challenging
because they are contradictory in principle. Herein, a highly elastic
spongy conductor with sponge-hosting polyaniline (PANI) fluff-
like array microstructures is fabricated through cryopolymerization.
The as-obtained sponge-hosting conductors exhibited an excellent
elasticity under high compression strain and stress of up to 80%
and 101 kPa, respectively, covering typical deformation ranges for
detecting complex human activities. Benefiting from the presence
of the sponge-hosting fluff-like PANI arrays, the as-prepared sponge-hosting conductors for piezoresistive sensors possessed a high
sensitivity of 0.54 kPa−1 in a broad pressure range of 0.1−101 kPa, ascribing to the formation of the sponge-hosting fluff arrays with
graded conductive network structures of array contacts and sponge-skeleton contacts at low and high compressions, respectively. As
a result, the as-assembled piezoresistive sensors were demonstrated for tactile sensing and human-motion monitoring. This work
reveals new approaches for tailored fabrication of sponge-hosting conducting polymers with tunable fluff-like microstructures for
highly sensitive and wide-range wearable piezoresistive sensors.
KEYWORDS: spongy conductor, polyaniline nanoarrays, cryopolymerization, high elasticity, piezoresistive sensor

■ INTRODUCTION

Piezoresistive sensors exhibit broad application prospects in
wearable electronics because of their simple manufacturing
process, easy read-out mechanism, and potential high pixel
density.1−7 The uses of low-intrinsic-modulus elastic matrices
are preferred for manufacturing high-performance piezoresis-
tive materials due to their combined advantages of excellent
flexibility and high designability.8−12 One representative
example is the use of elastic polymer sponges with a low
elastic modulus and high compressive elasticity as elastic
matrices that include polyurethane sponges,13−15 polyimide
foams,16,17 PDMS foams,18 silane foams,19 and melamine
sponges (MSs).20−22 Spongy conductors are mainly fabricated
by the coating of conductive nanomaterials on the skeleton
surface of elastic polymer sponges, and these conductive
nanomaterials might include carbon black,23 graphene,9,16,18

carbon nanotubes,24−26 metal nanoparticles,15 and conducting
polymers.27−29 Responses of electrical signals in spongy
conductor-based piezoresistive sensors usually depend on the
resistance changes caused by the sponge-skeleton contact.30

Therefore, piezoresistive sensors based on elastic spongy
conductors usually demonstrate undesirable sensitivity, espe-
cially in the subtle-pressure region (<1 kPa).

Considerable efforts have been made for improving the
sensitivity of piezoresistive sensors in a wide strain range. An
effective way to solve this problem is to effectively design the
microstructures of elastic conductive materials, and the
conductive network could be significantly changed under
small pressure, thereby improving the sensitivity of the
resultant piezoresistive sensors. In recent years, researchers
have demonstrated examples of microstructure engineering to
construct high-sensitivity piezoresistive sensors, such as
micropyramid arrays,31 hierarchical structures,32 interlocked
microstructures,33 porous microstructures,34 fracture micro-
structures,35 and hollow-sphere microstructures.36 Despite
these achievements, the wide application of the above
microstructured piezoresistive materials is largely limited by
the use of complex manufacturing processes and expensive
conductive materials (e.g., graphene, MXene, metal nano-
particles, metal nanowires).37 Furthermore, the trade-off
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between high sensitivity and a wide sensing range is the key
problem of spongy conductor-based piezoresistive sensors
because the values of the resistance changes before and after
deformation are determined. Therefore, it is of great
significance to explore cost-efficient and easy-fabrication
strategies for the development of customized spongy
conductor-based piezoresistive sensors with high sensitivity
and a large working range.
Herein, spongy conductors of melamine sponge-hosting

polyaniline (PANI) arrays (MS-PANI-A) are prepared by

cryopolymerizion of aniline on commercial elastic sponges,
during which the confined nucleation and secondary growth of
PANI within the boundaries between ice crystals occurred.
The as-grown PANI among the MS-PANI-A demonstrated a
fluff-like array morphology on the sponge skeleton of MS. The
as-prepared MS-PANI-A could be directly used as piezor-
esistive materials, which exhibited both a high sensitivity of
0.54 kPa−1 and a broad detection range of 0.1−101 kPa. The
high sensitivity of the MS-PANI-A piezoresistive sensor is
ascribed to the simultaneous formation of graded conductive

Figure 1. (a) Schematic illustration of the preparation procedure of the MS-PANI-A in piezoresistive sensors. (b) Photograph showing pristine MS
and MS-PANI-A. Photographs showing the MS-PANI-A under (c) compressing/releasing processes and (d) bending and stretching processes. (e)
Photograph of the MS-PANI-A in piezoresistive sensors.

Figure 2. Ex situ morphological observations and formation mechanism for the MS-PANI-A. SEM images of (a, b) MS-PANI-A1, (c, d) MS-PANI-
A2, and (e, f) MS-PANI-A3 prepared with cryopolymerization times of 2, 6, and 12 h, respectively. (g) Schematic of the formation mechanism of
the MS-PANI-A with the fluff-like array microstructures.
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network structures, including the PANI array junction
variation and the sponge-skeleton contact−separation under
low and high pressures, respectively. The MS-PANI-A
piezoresistive sensor also exhibited high elasticity, fast response
time, and excellent reproducibility for at least 5000 cycles,
demonstrating high potential in wearable sensors for tactile
sensing and human-motion monitoring. This study, therefore,
provides a simple-yet-efficient route for the fabrication of
sponge-hosting conducting polymers for piezoresistive sensors
with both high sensitivity and a broad working range.

■ RESULTS AND DISCUSSION

A schematic of the preparation procedure of MS-PANI-A for
piezoresistive sensors is illustrated in Figure 1a. The MS-
PANI-A was prepared by the cryopolymerization of aniline
using a melamine sponge (MS) as the host. The as-grown
PANI exhibited a unique three-dimensional (3D) fluff-like
array microstructure during the cryopolymerization process.
The MS-PANI-A could well retain the shape and size of
pristine MS, while the color changed from white to dark green
(Figure 1b). Figure 1c,d shows photographs of the MS-PANI-
A when being compressed/released, bent, and stretched,
demonstrating its high elasticity for potential use in wearable
electronics. Copper wires as current collectors were pasted on
the opposite sides of the MS-PANI-A, thus obtaining the
corresponding piezoresistive sensor devices (Figure 1e).
Solution-processed polymerization of aniline produced MS-

hosting PANI nanoparticles (MS-PANI-P) with a granular
morphology of irregular-shaped and aggregated PANI particles
(Figure S1), while PANI arrays were easily formed by using the
cryopolymerization method (Figure 2). Ex situ scanning
electron microscopy (SEM) observations of intermediates at
different reaction stages indicated the possible formation
mechanism of the PANI arrays with tunable microstructures.
At the early stage of cryopolymerization, numerous PANI
nucleation centers and growth sites were uniformly distributed
on the MS skeletons, which were observed in the MS-PANI-A1
with a cryopolymerization time of 2 h (Figure 2a,b). By further
prolonging the cryopolymerization time, these active nuclea-

tion centers and growing sites gradually grew into fluff-like
arrays (MS-PANI-A2, Figure 2c,d). When the cryopolymeriza-
tion time was increased to 12 h, 3D porous and interconnected
PANI skeletons that were closely wrapped on MS skeletons
were observed in the MS-PANI-A3 (Figure 2e,f). Furthermore,
the effects of the aniline concentrations and the aniline/
ammonium persulfate (APS) molar ratios on the resultant
microstructures of MS-PANI-A were also investigated (Figures
S2 and S3). Two controlled samples of MS-PANI-A3-1 and
MS-PANI-A3-5 with aniline concentrations of 0.01 and 0.05
M, respectively, also exhibited typical morphologies of 3D
interconnected PANI skeletons after cryopolymerization for 12
h, which is similar to that of MS-PANI-A3. These results
indicate that the influence of the aniline concentrations on the
final morphology of MS-PANI-A is negligible (Figure S2).
When the aniline/APS molar ratio was changed from 3:1 to
1:1, 3D interconnected and jointed PANI array micro-
structures were clearly observed in the corresponding samples
(Figure S3). This result also indicates that the amounts of
oxidants play an important role in the construction of PANI
microstructures. The construction of 3D PANI array micro-
structures could be achieved by suppressing the nucleation
reaction and, in the meantime, promoting the secondary
growth reaction. Compared to the rough morphology of the
MS-PANI-P, the surface engineering for MS-PANI-A through
cryopolymerization contributed to the formation of the fluff-
like array microstructures of PANI, which is beneficial for
increasing the contact areas and sites of conductive
components in the spongy conductor, thus providing efficient
conductive pathways during compression.
Figure 2g indicates the formation mechanism of PANI arrays

induced by cryopolymerization. The growth of PANI arrays
experienced the nucleation and growth stages during the
cryopolymerization process.38,39 Initially, the aniline monomer
solution was homogeneously adsorbed on the MS hosts due to
the hydrogen-bonding interaction between melamine and
aniline. Then, the MS with sufficiently adsorbed aniline
monomers on the skeleton surface was mixed with oxidants
and then quickly frozen. Considering the dilute monomer

Figure 3. (a) Compressive stress−strain curves of the MS, MS-PANI-P, and MS-PANI-A with an ultimate strain of 80%. (b) I−V curves of the MS-
PANI-A1, MS-PANI-A2, and MS-PANI-A3 without the loading. (c) I−V curves of the MS-PANI-A2 under various applied pressures. (d)
Photographs showing the MS-PANI-A in its initial, compression, and recovery states as a conducting wire in a circuit for illuminating two LED
bulbs.
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concentration and confinement effect of ice crystals, the most
active nucleation centers of PANI were formed on MS
skeletons. This also minimized the interfacial energy barrier for
the subsequent growth of PANI on MS skeletons.40 The
growth stage was largely suppressed due to cryopolymerization
under quite low reaction temperature (−30 °C). The slow
growth rate is in favor of the growth of PANI along the active
nucleation centers generated on MS skeletons; thus, the PANI
nanowire arrays were gradually formed within the boundaries
between ice crystals in the subsequent secondary growth stage.
Finally, the initially formed fluff-like PANI arrays fused to form
a 3D porous and interconnected network.
Chemical structures of the PANI array and MS-PANI-A

were characterized by Fourier transform infrared (FTIR)
spectroscopy (Figure S4). The presence of PANI components
within the MS-PANI-A was identified by the presence of
typical peaks, including the quinonoid ring vibration at 1491
cm−1, the benzenoid ring vibration at 1572 cm−1, and the C−H
stretching vibration on the benzene ring at 790 cm−1.41 The
FTIR peaks at 1283 cm−1 (C−N stretching vibration) and
2910 cm−1 (C−H stretching vibration) of the MS-PANI-A
shifted to relatively high wavenumbers, suggesting the
formation of the C−H···N−C hydrogen bonds between the
MS substrate and PANI.
The MS, MS-PANI-P, and MS-PANI-A are expected to

demonstrate excellent deformation-tolerant performances.
Figure 3a exhibits the compressive stress−strain curves of

MS, MS-PANI-P, and MS-PANI-A under high compression
strains of up to 80%. The compressive stress−strain behaviors
of all of these samples exhibited three featured deformation
regions, which are always observed in an open-cell sponge
structure, namely, an elastic behavior with a linear relationship
at the low compression strain (<10%), a typical plateau region
due to cell collapse at intermediate compression strain (10−
60%), and plastic stiffening at high strain (>60%).42 The MS
exhibited the compressive stress of 40 kPa under an 80%
compression strain. After the growth of PANI particles and
arrays on sponge skeletons, the resultant MS-PANI-P and MS-
PANI-A exhibited largely enhanced compressive stresses of 53
and 101 kPa, respectively. The reinforcement of MS substrates
by using the PANI arrays was stronger than the PANI particles,
which is ascribed to the formation of sufficient contacting
joints for the PANI arrays. These contacting joints could
dramatically contribute to efficient energy dissipation, thus
enhancing the mechanical strength and toughness of the
resultant sponges. The pressure caused by complex human
motions can be divided into four pressure regimes: (1)
ultralow pressure of <1 Pa (like the sound-caused pressure);
(2) subtle pressure from 1 Pa to 1 kPa (like the pulse or
heartbeat); (3) low pressure from 1 to 10 kPa (like the daily
activity); and (4) medium pressure from 10 to 100 kPa (like
the human weight, joint movements).1 The as-prepared MS-
PANI-A with wide compressive strain (0−80%) and stress (0−
101 kPa) ranges is able to detect the whole range of human

Figure 4. (a) Relative current variations and (b) calculated sensitivity values for the MS-PANI-A sensor. (c) Relative current variations of the MS-
PANI-A2 sensor under various ultimate compression stresses. (d) Schematic of the sensing mechanism of the MS-PANI-A under low and high
pressures. (e) Frequency-dependent current responses of the MS-PANI-A sensor under the pressure of 12.34 kPa. (f) Response time of the MS-
PANI-A2 sensor. (g) Cycling stability of the MS-PANI-A2 sensor under repeated loading/unloading processes at the ultimate pressure of 1 kPa.
(h) Comparison of the sensitivity and the ultimate pressure between the MS-PANI-A sensor and other spongy conductor-based piezoresistive
sensors in the literature.
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motions. Figure 3b shows the current−voltage (I−V) curves of
the MS-PANI-A sensors without any external stimulus. The
linear I−V responses of MS-PANI-A indicated its typical
ohmic behavior and stable contact between the conductive
foam, silver paste, and copper wires. With the increase of the
cryopolymerization time, the current output of the MS-PANI-
A sensors increased, which is ascribed to the formation of
efficient conductive pathways within the MS-PANI-A. The I−
V responses of MS-PANI-A sensors under different external
pressures are recorded in Figure 3c. The I−V curves indicated
that the pressure-sensitive sensing performance of MS-PANI-A
was stable under various external pressures. Besides, the
corresponding resistance (slope of I−V curves) of MS-PANI-A
was constant under each pressure. The integration of elasticity
and conductivity in the developed MS-PANI-A indicated its
potential for high-performance piezoresistive sensors. A simple
electric circuit where the MS-PANI-A is connected to two
light-emitting diodes (LEDs) and a power supply is
demonstrated in Figure 3d. The LED bulbs could be lighted
up by an increased pressure that was applied to the MS-PANI-
A sensor with a negative piezoresistive effect, which is
attributed to shortened conductive pathways of the spongy
conductors during the compression process.
The current response to the pressure of the MS-PANI-A was

also evaluated. Figure 4a shows the relative current variations
of the MS-PANI-A under a variety of pressures. The relative
current variations increased sharply within the low-pressure
region (0−25 kPa). The response curves became relatively flat
within the high-pressure range, demonstrating the typical
piezoresistive behavior.43 Among these samples, the MS-PANI-
A2 sensor with the fluff-like PANI array microstructures
demonstrated the optimized sensitivity. In the low-pressure
range of 0−4.2 kPa, the sensitivity (S1) of the MS-PANI-A2 is
calculated to be 0.54 kPa−1 (Figure 4b), which is higher than
the sensitivity of most of the current reported polymer foam-
based piezoresistive sensors. As the applied pressure increased
progressively, the sensitivity (S2, S3) reached 0.12 and 0.03
kPa−1 in the pressure region of 4.2−25.1 and 25.1−101 kPa,
respectively (Figure 4b). The output current signals of the MS-
PANI-A2 sensor under various applied pressures are shown in
Figures 4c and S5. The experimental detection limit of the MS-
PANI-A2 sensor was found to be 102 Pa (Figure 4c). The
output signals of the MS-PANI-A2 sensor maintained almost
similar values during loading and unloading processes under a
relatively large pressure (Figure S5), proving its excellent
reproducibility that is extremely critical for practical
application. For comparison, piezoresistive sensors based on
the MS-PANI-P with rough PANI nanoparticles on the surface
exhibited a relatively low sensitivity, especially in the low-
pressure region. The sensitivity of the MS-PANI-P sensor
reached only 0.01 kPa−1 in the pressure region from 0 to 4.4
kPa (Figure S6). However, the sensitivity of the MS-PANI-A
with fluff-like PANI array microstructures was 54 times higher
than that of the MS-PANI-P in the low-pressure region. For
the MS-PANI-A sensor, the piezoresistive effect is ascribed to
the temporary contacts between the sponge-skeleton branches,
leading to shortened conductive pathways. However, the
contact of sponge-skeleton branches was negligible under small
deformation or low pressure, thus resulting in extremely low
sensitivity in the low-pressure region. For the MS-PANI-A
sensor, the fluff-like PANI arrays evenly distributed on MS
skeletons provided sufficient overlapping points to responding
external pressure stimulations (Figure 4d). For resistive

sensing units, variations of the conductive network structures
are the main factors at the initial compression stage.28 The
largely improved sensitivity of the MS-PANI-A2 sensor in the
low-pressure region is ascribed to the unique sensing
mechanism of PANI array junctions during the deformation.
The contact between the adjacent PANI arrays led to
shortened conducting pathways under slight compression
strain or pressure, which could respond to significant current
variations. With the increase of the applied pressures, the
sensing mechanism of the sponge-skeleton contact became the
dominant factor in determining the sensitivity of the MS-
PANI-A2 sensor. The fluff-like PANI array microstructures are
beneficial for increasing the contact areas during the
compression process, thus providing relatively large conductive
variations within sponge skeletons.
The MS-PANI-A2 sensors exhibited stable electrical signals

under the applied pressure of 12.34 kPa, as well as stable
output signals within the frequency range from 0.05 to 0.5 Hz.
These results indicate the reliable frequency-dependent
performance of the MS-PANI-A2 sensors under cyclic
pressures (Figure 4e). Figure 4f demonstrates the fast response
time (<80 ms) of the MS-PANI-A2 sensor during the loading
and unloading processes, ensuring real-time sensing responses
for monitoring the low-frequency human body signals.
Generally, stability under cyclic deformations is the basic
requirement for piezoresistive sensors. The stability of the MS-
PANI-A2 sensor was investigated by applying a pressure of 1
kPa in long-term cycling tests (Figure 4g). The MS-PANI-A2
sensors exhibited highly stable current responses even after
5000 loading/unloading cycles, which are superior and
comparable to other spongy conductors in the litera-
ture.15,17,20,23,25,44−46 Figure S7 shows the current response
of the MS-PANI-A2 sensor at the inception, intermediate
section, and termination during the cycling tests. The stable
current signals indicated that a negligible current deviation
occurred during the stability tests. Moreover, the effect of the
repeated pressure loadings of the MS-PANI-A2 on its
microstructures was investigated by ex situ SEM observations.
From the cross-section morphology, close-packed PANI arrays
were observed to be wrapped on the MS skeleton without any
cracks after 5000 compression/release cycles, proving the high
structural integrity of the sensing materials during long-term
tests (Figure S8). Furthermore, the drift characteristic of the
MS-PANI-A2 sensor was investigated by applying a constant
pressure of 3 kPa for 1 h (Figure S9). Here, the “drift
characteristics” means the relative changes of output current
responses under a certain strain during long periods. For the
MS-PANI-A2, only ∼2% drift of the current variations was
observed when applying a constant pressure of 3 kPa for 10 h,
indicating its capability for long-term applications. The
comprehensive performance of the MS-PANI-A2 sensor is
comparable to most of the recent spongy conductors in the
literature (Figure 4h). The as-fabricated MS-PANI-A sensors
possessed an excellent combination of high sensitivity and a
wide sensing range, offering advantages of simple synthesis,
low cost, and scalable fabrication for piezoresistive materials.
For next-generation sensing devices, functions of tactile

sensing and human-activity monitoring are critical to the
potential application in human−machine interfaces and e-
skin.47 The potential applications of the MS-PANI-A2 sensor
were demonstrated by finger tapping for tactile sensing. To
confirm the feasibility of acquiring spatial information, we built
a 3 × 3 MS-PANI-A2 sensor array shown in Figure 5a. Figure
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5b demonstrates that the MS-PANI-A2 could easily detect and
distinguish unique contact points. Besides, the MS-PANI-A2
sensor could monitor the pressures of wrist pulses in real time
for disease diagnosis. Figure 5c displays the regular and
reproducible signals of wrist pulses when the pressure sensor
was fixed onto a wrist. The high-performance sensing
performance of the MS-PANI-A2 sensor was investigated for
its uses in detecting complex human activities. The fabricated
device could be fixed on various locations of the human body
like the throat, finger, and foot, indicating the fitness and signal
sensing of human body. For real-time monitoring of
swallowing, the as-fabricated sensor device was fastened to
the throat by adhesive tape and subjected to repeated
swallowing processes. Stable output current responses were
observed (Figure 5d), demonstrating the linear dependence of
the output currents to the applied pressure along with
outstanding reproducibility in each successive swallowing
process. Subsequently, similar kinds of pressure tests were
performed by attaching the sensor to the forefinger and foot.
The distinct and stable current responses were recorded during
the finger motion and walking process, respectively (Figure
5e,f). These results indicated that the current of the MS-PANI-
A2 sensor increased almost linearly with the finger motions
and walking. The stable sensing capability of the MS-PANI-A2
for detecting tactile and human activities enables its excellent
application in further wearable electronics.

■ CONCLUSIONS
In summary, we have developed a simple and efficient method
to fabricate a superelastic, highly sensitive, and broad-pressure-
range sensing platform based on MS-PANI-A with fluff-like
PANI array microstructures. The fluff-like PANI arrays with
tunable microstructures could be prepared by regulating the
nucleation and secondary growth process during the
cryopolymerization, which provides a universal and scalable
approach to obtain hierarchical conductive networks within
spongy conductors without any sophisticated and complex

processes. The combination of hierarchical conductive net-
works including the PANI array junctions and the contact−
separation of sponge skeletons endowed the MS-PANI-A
piezoresistive sensors with high sensitivity (0.54 kPa−1) and a
broad working range (0.1−101 kPa). The MS-PANI-A
piezoresistive sensor remarkably exhibited high elasticity
withstanding 80% compression strain, fast response time
(<80 ms), and good reproducibility (over 5000 cycles). Due
to the formation of a versatile pressure sensing platform,
various tactile sensing and human activity monitoring, such as
wrist pulsing, swallowing, finger bending and walking, could be
performed in real time. We believe that this work might
provide a unique preparation strategy for microstructure
engineering with tunable conducting polymer arrays and
inspire new opportunities for the preparation of high-
performance spongy conductors with simultaneous high
sensitivity and a broad working range.

■ MATERIALS AND METHODS
Preparation of MS-Hosting PANI Arrays (MS-PANI-A) and

MS-Hosting PANI Particles (MS-PANI-P). MS-PANI-A was
prepared by the cryopolymerizaion of aniline on MS hosts. A piece
of the MS sample was immersed into 30 mL of 0.1 M HCl solution
with an aniline concentration of 0.03 M. Another 30 mL of 0.1 M HCl
solution containing ammonium persulfate (APS) was added, and the
aniline/APS molar ratio was set at 2. The freshly mixed solution was
then quickly frozen in liquid nitrogen for 10 min and then left
standing at −30 °C for various periods. After being thawed at room
temperature, the as-prepared MS-PANI-A was washed with excess
water to extract residual reactants and by-products and then dried at
60 °C in a vacuum atmosphere overnight. The as-fabricated MS-
PANI-A1, MS-PANI-A2, and MS-PANI-A3 represent the MS-PANI-
A samples that were prepared with cryopolymerizaion times of 2, 6,
and 12 h, respectively. The comparison sample of MS-PANI-P was
prepared by solution-processed polymerization of aniline on MS hosts
at 5 °C for 12 h. Furthermore, the MS-PANI-A3-1 and MS-PANI-A3-
5 represent the MS-PANI-A3 samples that were prepared by 12-h
cryopolymerization with aniline concentrations at 0.01 M and 0.05 M,
respectively.

Figure 5. Demonstration of the MS-PANI-A2 sensors for tactile sensing and human-activity monitoring. (a) Photograph of a 3 × 3 sensor array
based on individual MS-PANI-A2 sensors. (b) Relative current variations in the sensor array versus pixel location during finger tactile identification.
(c) Wrist pulse tactile identification by the MS-PANI-A sensors. The MS-PANI-A2 sensors detecting the motions of (d) swallowing, (e) finger
bending, and (f) walking.
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Assembly and Measurements of Piezoresistive Sensors.
Two copper wires were connected with the as-fabricated sponge
samples (length: 3 cm; width: 2 cm; height: 1 cm) with silver paste to
eliminate the contact resistance. The two copper wires were then
connected to a digital sourcemeter during compression and release
cycles enabled by an Instron universal testing machine. Transparent
tapes were utilized to cover the sponge samples to eliminate
environmental interferences. The I−V curves of piezoresistive sponges
under various pressure loadings were recorded by a Keithley 2601B
sourcemeter.
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