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Flexible and multifunctional electronic devices have been proven to show potential for various applications

including human-motion detection and wearable thermal therapy. The key advantages of these systems are

(1) highly stable, sensitive and fast-response devices, (2) fabrication of macroscale devices on flexible

substrates, and (3) integrated (lab-on-chip) and multifunctional devices. However, their fabrication

commonly requires toxic solvents, as well as time-consuming and complex processes. Here, we

demonstrate the low-cost, rapid-prototyping and user-friendly fabrication of flexible transducers using

recyclable, water-resistant poly(vinyl chloride) films as a substrate, and ubiquitously available pencil

graphite as a functional layer without using any toxic solvents or additional catalysts. The flexible heaters

showed good characteristics such as fast thermal response, good thermostability (low temperature

coefficient of resistance) and low power consumption. The heaters with their capability of perceiving

human motion were shown to be effective. The proof of concept of other functional devices such as

vibration-based droplet sensors and drag-force air flow sensors was also demonstrated. Results from

this study indicate that a wide range of electronic devices fabricated from the environmental-friendly

material by this simple and user-friendly approach could be utilized for cost-effective, flexible and low

power consuming thermal therapy, health monitoring systems and other real-time monitoring devices

without using any toxic chemicals or advanced processes.
1 Introduction

Conventional brittle materials such as silicon and silicon
carbide are valuable for the development of electronic devices
with high sensitivity, fast response, as well as miniaturization
and integration capabilities.1–6 However, alternative materials
for future electronics rely on exibility, stretchability, wear-
ability and environment-friendliness7 for more versatile appli-
cations such as thermal therapy and thermal management,8–14

health monitoring devices15,17–24 and wearable energy harvesting
systems.25 Recently, the research community has paid a great
deal of attention to metal nanowires,8,9,12–14 carbon nano-
tubes,15,16,26 and conductive bers,20,21 graphene11,17 and hybrid
materials,27,28 which are constructed on exible and stretchable
substrates such as paper25,29,30 and polydimethylsiloxane
(PDMS),9,15 because they offer excellent mechanical and elec-
trical properties with various potential applications. For
instance, recent research facilitating thermal therapy services
has focused on metal nanowire-based exible and wearable
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heaters owing to their excellent transparency and low voltage
supply.8,9,11,13 These heaters hold a great potential to replace
conventional wraps and packs which have been employed for
the treatment of human symptoms such as pain, swelling and
muscle weakness.8,31,32

Moreover, highly exible and stretchable train sensors have
been intensively developed and applied in tactile sensing for the
detection of human/robot motions.15,17–24,33,34 In addition, the
integration of multiple functions in a chip/device (lab-on-chip)
has rmly been recognized as an inevitable trend, not only for
conventional electronics but also for a new generation of
portable electronic devices.35,36 The huge potential of these
emerging wearable monitoring devices has led to their
construction on thin and exible substrates (e.g. polyethylene
naphthalate (PEN) and polydimethylsiloxane (PDMS)),
including power generators25,37,38 and strain sensors.39

In addition, electronic devices fabricated by conventional
coating methods such as screen printing,40 inkjet printing41 and
spray coating42 might offer a good performance. However, these
fabrication methods involved solvent-based inks consisting of
toxic chemicals which can lead to various environmental issues.
Furthermore, the processes also require various complex steps
such as dispersion of expensive functional materials (e.g. Ag
nanoparticles) in a particular solvent utilizing ultrasonication
and an advanced stirring process, which are sophisticated and
RSC Adv., 2016, 6, 77267–77274 | 77267
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time-consuming. In these steps, it requires relatively high-
temperature annealing process, and washing time to remove
surfactants. In addition, advanced plasma treatment has been
employed to improve wettability and adhesion. All above
disadvantages of the conventional coating methods have
limited their specic applications.

To address the challenges in the solvent-involving or
complex fabrication of these electronic devices, the pen-based
writing approach has been developed with increasing perfor-
mance and decreasing cost. For example, ubiquitously available
pencil graphite drawn on printing papers has successfully been
demonstrated to be able to construct thermoresistive sensors,43

chemiresistors,44 microuidic devices,45,46 eld effect transistors
and lters.47,48 It is true that manually drawing is a time-
consuming process. However, by using, for example, a simple
2-dimensional plotter, large area deposition of pencil graphite
and mass production of these devices can be achieved. The
successful demonstration of these devices indicates that there
is an emerging and huge demand to develop other cost-
effective, eco-friendly, wearable and multifunctional electronic
transducers utilizing this approach. In addition, the disadvan-
tages of the paper-based drawn devices include the permeability
of paper to moisture and gases or hydrophobic properties,
henceforth constraining their utilization for specic on-site
applications.

Here, we demonstrate for the rst time, a simple, user-
friendly, recyclable, portable and multifunctional heater for
thermal therapy based on pencil graphite drawn on a poly(vinyl
chloride) (GoPo) substrate without employing any toxic chem-
icals or complex fabrication processes. The unique properties
which enhance the performance of the heater are its thermal
Fig. 1 GoPo material as a flexible platform for heaters. (a) Schematic dia
platform for thermal therapy applications. (c) A scanning electron micro
spectrum of the pencil trace. (e) An optical image of the assembled g
illustration of the as-drawn GoPo heater composed of graphite percolat

77268 | RSC Adv., 2016, 6, 77267–77274
stability with a low temperature coefficient of resistance (TCR),
and fast thermal response. The TCR was found to be at least
three times lower than that of the pencil-drawn-on-paper
devices,43 and the thermal response is even faster than that of
expensive and solvent-involving silver nanowire devices.9,11 The
repeatability and reliability of the heaters were demonstrated by
subjecting the platform to thousands of ON/OFF power cycles.
The heaters can operate with a deformation of up to �0.78%
and are able to monitor human motions which show a great
potential for multifunctional integrated applications. In addi-
tion, the water-resistant properties of the PVC substrate were
employed to successfully develop a exible vibration-based
sensor to measure the mass of a droplet. The solvent-free
fabrication of drag-force ow sensors was also demonstrated
with low power consuming capability. As proven through
various specic novel functions, this simple but effective
approach can be employed to produce low-cost, thermally
stable, eco-friendly, multi-functional exible electronic devices.
2 GoPo materials

Fig. 1a shows a simple fabrication method to achieve a graphite
lm deposited on a polyvinyl chloride (PVC) substrate, using
a pencil. In the drawing process, graphite particles are rubbed
off due to friction between the pencil lead and the PVC substrate
and then, in turn adhere to the PVC surface.44 Therefore,
a pencil lm can be viewed as a percolated network of ultrane
graphite particles on PVC. Fig. 1b shows an as-drawn square
graphite lm on 220 mm-thick PVC substrate, displaying the
transparency of the PVC substrate. Fig. 1c illustrates a scanning
electron microscope (SEM) image of the pencil lm, indicating
gram of graphite transfer to PVC using a pencil. (b) An as-drawn GoPo
scope (SEM) image of the graphite-coated PVC platform. (d) Raman

raphite-based heater showing its outstanding flexibility. (f) Schematic
ion network on a PVC film.

This journal is © The Royal Society of Chemistry 2016
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its full deposition of pencil traces on the surface of the PVC
substrate. A SEM image of the PVC surface is also provided in
Fig. 1, ESI.†

To conrm the quality of the graphite material created with
the pencil drawing process, we examined the Raman charac-
teristics of the pencil lm. Fig. 1d shows the Raman spectrum of
the pencil lm indicating three main prominent peaks at the
wavenumbers of 1350, 1580 and 2725 cm�1 corresponding to
the D, G and 2D bands of graphite material, respectively.46,50,51

The D-band provides information about the number of defects
and boundaries in the graphite lm, and the G band reveals
evidence of the sp2-bonded carbon networks inside the graphite
lm. Furthermore, the 2D peak shows an indication of stacking
type in the direction perpendicular to the as-drawn lm.51 Since
a high ratio (ID/IG ¼ 0.34) was found for the combined D and G
band intensities, this revealed a large number of defects and
boundaries between graphite grains. Fig. 1e indicates the ex-
ibility of the GoPo platform with its excellent robustness under
large bending, which is attributed to the elasticity of PVC. Fig. 1f
shows the heating principle of the graphite percolated network.
As such, when a constant voltage Vdc is applied, heat or
temperature rise occurs owing the resistive properties of the
graphite lm. In addition, the linear current–voltage charac-
teristic of the GoPo platform was observed (Fig. 2, ESI†) and
indicated that this material could be used as a resistive element
for Joule heating-based heaters.

3 Flexible and wearable heaters for
thermotherapy

For thermal therapy applications, the following characteristics
of a heater are required: (1) ability to operate under a low supply
Fig. 2 Electrical heating characteristics of the heater. (a) Temperatur
Temperature as a function of power consumption for the heater. The inse
the film heater under 1000 cycles showing the long-term stability of the
a change in electrical resistance and temperature under an applied DC vo
temperature coefficient of resistance (TCR � 900 ppm).

This journal is © The Royal Society of Chemistry 2016
voltage/power, (2) ability to sufficiently raise temperatures, (3) to
have fast thermal responses, (4) to have good long-term stability
and (5) demonstrated wearability. Therefore, the thermal
performance of GoPo was investigated as shown in Fig. 2. Owing
to the resistive properties of the graphite lm, a constant
voltage of 5, 10, and 15 V was applied at two electrodes within
a time frame of 80 s, to raise the temperature of the heater
(Fig. 2a). It is evident that at a low applied voltage of 10 V, the
heater temperature can reach a steady-state temperature of
approximately 50 �C, which is suitable for thermal therapy. The
temperature of the reverse side of the heater was also found to
be approximately equal to that of the front surface (the surface
with deposited graphite lm). This result conrms that the heat
could be effectively transferred to the human skin when the
heater is employed for wearable therapy. In addition, since the
glass transition temperature of PVC is approximately 80 �C,52

the GoPo platform could be suitable for the thermal treatment
with the required temperatures normally lower than 50 �C.

Fig. 2b indicates a linear relationship between the steady-
state temperature and the power consumption of the heater. A
low power consumption of only 0.65 W was observed to reach
a temperature of 70 �C, which was comparable to and even
lower than that of various other heaters for wearable applica-
tions.8,9 The corresponding heat ux on each side of the
graphite lm was 1040 W m�2. Using Newton's law of cooling
under the assumption that the convective heat transfer was
dominant compared to heat conduction and heat radiation, the
average heat transfer coefficient was found to be approximately
20.8 W m�2 K�1. This is comparable to the conventional heat
transfer coefficients for natural convection in gases.53

For practical applications, the fast thermal response of
a heater is an important parameter which can be attributed to
e profile of the GoPo heater for different applied DC voltages. (b)
t table shows the current–voltage relationship. (c) ON/OFF response of
heater. (d) Electric heating behaviour of the GoPo heater measured as
ltage of 10 V. (e) Thermally-stable characteristics of the heater with low

RSC Adv., 2016, 6, 77267–77274 | 77269
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the thickness of the heater substrate. Theoretical and experi-
mental studies have shown that the thinner the substrates, the
faster the time response of the heater.9,11 By utilizing the 220 mm
thick PVC substrate, we have conrmed that a response time of
approximately 9 s can be achieved (Fig. 3, ESI†) which is
comparable to and even faster than that of advanced stretchable
heaters using silver nanowire on PDMS.9 This response time is
faster than that of various expensive substrate materials such as
graphene on polyethylene naphthalate (PEN)11 and Ag NW on
a ultra-thin glass.54 This fast response is also attributed to the
efficient heat transfer to the polymer substrate and low volu-
metric heat capacity of PVC.55

When the heating power compensates for the heat loss at the
heater interfaces, a high steady-state temperature is maintained
and may lead to the degradation of the heater performance.
Therefore, it is important to evaluate the long-term thermal
repeatability of the heater. Fig. 2c indicates that no signicant
change in heating performance has been observed aer 1000
cycles of the ON (10 V, 60 s) and OFF (0 V, 30 s) power, and
therefore the heater satises the reliability requirements for
practical applications such as thermal therapy.

The inset table in Fig. 2b suggests that the heater has
a steady resistance of approximately 351 U, which agrees with
the value of the heater resistance recorded through the Joule
heating process, as illustrated in Fig. 2d. The resistance changes
were approximately 2% when a voltage of 10 V was applied and
a temperature of 50 �C was reached. Fig. 2e shows a good
thermally-stable characteristic of the GoPo platform. The
temperature coefficient of resistance (TCR) dened by the
relative resistance change to temperature variation,56 was found
to be approximately 900 ppm K�1 (Fig. 2e) for temperatures up
to 50 �C. Thus, Fig. 2a–e show that the graphite lm has stable
thermal properties.
Fig. 3 Flexible and wearable heater demonstration. (a) Infrared pictures
tions: compression (left), tension (centre) and torsion (right). (b) Tempe
human twist at neutral (left), outward bending (centre), and inward bend

77270 | RSC Adv., 2016, 6, 77267–77274
It is believed that the thermal response of the GoPo platform
(Fig. 2e) is attributed to the large thermal expansion of the
polymer substrate57,58 (thermal expansion coefficient of �1.2 �
10�4 K�1) with increasing temperatures, which leads to the
positive value of TCR. The expansion of the substrate caused the
increase in the electrical resistance of the platform due to the
piezoresistive effect of graphite which has been reported in
literature.29,44,49 The increase of the temperature could also lead
to a decrease in the graphite resistivity due to the contribution
of the thermionic emission current.43 However, the TCR of the
GoPo platform was observed to be small because of the contri-
bution of both thermal expansion of PVC and the thermally
activated conduction of graphite. This thermal stability is
valuable in developing other functions such as the measure-
ment of human motions at a body temperature of approxi-
mately 37 �C.

As thermal therapy devices are usually attached to human
skin, exibility is an essential factor for the heater. The under-
lying GoPo platform is exible and lightweight. In order to test
its functionality under typical in-service loading conditions, the
heater was bent under compression, tension and twisting.
Fig. 3a indicates that the heater is mechanically robust yet
bendable and wearable due to the exible nature of PVC. In
addition, as PVC is bio-compatible and has no adverse effects
on human skin and the immune systems,59,60 we have demon-
strated the feasibility of using GoPo for wearable thermal
therapy by directly affixing the heater to a human wrist and
observing its operation under various physical disturbances
such as bending and twisting. Fig. 3b shows the temperature
distribution of the heater under three different operating
conditions including bent outward, neutral and bent upward.
The ESI Movie 1† validates the operation of the heater under
these conditions. In addition, no signicant temperature
of the graphite-based flexible heater under mechanical-stress condi-
rature distribution images of the wearable GoPo platform affixed to
ing (right).

This journal is © The Royal Society of Chemistry 2016
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change has been observed aer 500 cycles bent outward and
upward, which indicates a long term stability of the heater
under bending conditions.

The low supplied voltage and power, fast thermal response,
excellent thermostability, as well as the exibility and bio-
compatibility of the heater have proven the feasibility of using
GoPo for thermal treatment purposes.
4 Strain sensors for human-motion
detection

Apart from the capacity for forming exible heating elements
for thermal therapy, the GoPo platform also holds a potential
for making wearable devices to perceive human motions
because of its thermal stability having no signicant
temperature-effect on electrical resistance of the platform when
attached to the human body. The following section discusses
the strain characteristics of the GoPo platform and demon-
strates its strain-sensing applications. The principle of a wear-
able GoPo strain sensor is based on the piezoresistance of the
graphite layer as shown in Fig. 4a. The idea of the piezoresist-
ance in the graphite trace is that the deformations of a graphite
trace can lead to a change in the number of connected graphite
chains. As such, any outward tension in the graphite trace can
stretch and effectively separate the graphite particle network,
leading to a decrease in the number of graphite chains; hence
there would be an electrical resistance increase in the graphite
lm. However, a compression can tighten the particle network
Fig. 4 GoPo platform functions as a flexible strain gauge. (a) Schematic
varies depending on the types of mechanical deformation. (b) Electric
indicating a gauge factor of approximately 12. (c) Motion response of th
Dynamic response of the output voltage from four-point measurement

This journal is © The Royal Society of Chemistry 2016
and increase the number of graphite chains, resulting in
a decrease in the electrical resistance.44

Fig. 4b shows the strain characteristics of the GoPo platform
with the strain range from�0.78% to +0.78%, which is obtained
by wrapping the GoPo sensors around cylinders with different
diameters. The applied strain 3 can be calculated as 3 ¼ �t/2r,
where t is the thickness of the PVC and r is the radius of the
cylinders. To estimate the sensitivity of GoPo, the gauge factor
(GF) was used and expressed as GF ¼ DR/R � 1/3, where DR/R is
the relative change of resistance and 3 is the mechanical strain
applied to the sensor. A linear electrical resistance change was
observed with applied strain, corresponding to a gauge factor of
approximately 12, which was six times higher than that of most
metals (�2), and also even better than recently reported
advanced graphene and carbon nanotube based strain sensors.
This result indicates that the GoPo platform can serve as
a strain-sensing element. The long term stability of the GoPo
sensors under applied stresses was also observed (Fig. 4, ESI†).

Based on the above mechanical sensing properties of GoPo,
we demonstrated its potential for wearable strain sensors which
can detect human motion. We assembled a graphite sensor on
a human arm and examined the dynamic monitoring of the arm
bending movements. Fig. 4c shows a real-time response of the
sensor under different angles (30�, 45�, 60�, 90�), which showed
an increase in the output voltage with increasing bending angle
and reversible characteristics aer returning to the initial
position (0�). The rapid response and repeatability of the strain
sensors with their capability of working in different environ-
ments (e.g. in air and under water) were observed, which
drawing shows that the number of connected graphite particle chains
al resistance changes under compression and tension up to 0.78%,
e sensor under different bending angles of human arm (the insets). (d)
of the heater affixed to human twist (frequency ¼ 1.5 Hz).

RSC Adv., 2016, 6, 77267–77274 | 77271
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conrms the possibility of using GoPo to detect the human
motion (Fig. 5, ESI†). We also demonstrated the integration of
the wearable heater for human motion detection using a four-
point measurement method with a large output signals.
Details of the measurement setup are provided in Fig. 6, ESI.†
The inward and outward bendingmotions of the human twist at
a frequency of 1.5 Hz were monitored as shown in Fig. 4d. The
average output voltage change of up to 0.5 V was observed,
indicating that the motion at the injury joint of patients can be
recorded to evaluate its impacts to the efficiency of thermal
treatment process. The above results conrm the suitability of
utilizing GoPo for multifunctional wearable applications.
5 Mass sensors and flow sensors

We also demonstrated that GoPo can be employed for low-cost
portable mechanical sensors such as mass sensors and ow
sensors. As mentioned above, the demonstrations have showed
the motion signal frequency of up to 1.5 Hz, corresponding to
a time response of approximately 700 ms, and thus GoPo holds
promise for high frequency and fast time response mechanical
sensors. Fig. 5a exhibits the time dependent vibrations of the
strain sensor induced by the water droplet, which indicates
a damped vibration. In principle, the natural resonance
frequency of the cantilever does not depend on the excitation
method (e.g. droplet falling). On one hand, a very small falling
height can lead to a small vibration amplitude. On the other
hand, a high falling height can result in a large variance of the
Fig. 5 Resonant-based mass sensors and drag-force flow sensors. (a) Ti
shows the schematic diagram of a vibration cantilever under the insertion
the data in the panel (a), indicating a resonant frequency of 9.8 Hz. (c)
performance of the flow sensor; the inset shows the schematic diagram

77272 | RSC Adv., 2016, 6, 77267–77274
impact location, and even spillage at high impact speeds.64 Both
of above cases cause an inaccurate measurement of the droplet
mass added to the cantilever. Therefore, in the vibration
measurement, an appropriate height (�50 mm) was employed
to obtain the time response shown in Fig. 5a. The vibrational
frequency of the droplet on the GoPo cantilever was found to be
9.8 Hz (Fig. 5b), using Fourier transformation. Consequently,
a response time of approximately 50 ms was obtained, which
was comparable with the response time of nanowire devices,61

and even faster than that of the various devices with response
time ranging from 100 to 3800 ms.62,63 The damping ratio was
determined from the experimental data by calculating the log-
arithmic decay, which depended on the amplitude of vibration
and the number of cycles between peaks. The damping ratio
value was calculated to be approximately 1.2% corresponding to
only 50 ppm difference between the natural resonant frequency
and the damped frequency, which can be neglected. The reso-
nant frequency of the cantilever with a mass at the free end is

estimated as64 u ¼ b2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EI

mbeaml þmdrop

s
1

L3=2
; where mbeam and

mdrop are the beam mass per unit length and the mass of the
droplet, respectively. b is a pre-factor. E, I, L are the Young
modulus, inertial moment, and distance from the xed end of
the PVC cantilever to the centre of the droplet, respectively. The
relative position of the cantilever and the syringe was carefully
xed to make sure the droplet impacts 3 mm from the free end
of the cantilever to avoid edge spilling during impact. Moreover,
ambient air currents are minimized to reduce the deviation of
me dependent intensity of the oscillations of a water droplet; the inset
of a droplet. (b) The spectral density obtained by Fourier transforming
Responses of the flow sensor under different flow velocities. (d) The
of flow-induced displacement of the cantilever.

This journal is © The Royal Society of Chemistry 2016
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impact location. In addition, considering an impact location of
3 � 0.5 mm between the droplet and the free end of the canti-
lever, the mass of the droplet was estimated to be 0.033 � 0.003
g. The high mass resolution and fast response time indicates
the feasibility of using GoPo for mass sensors, vibration
measurements and various real-time observing systems
including health monitoring and wearable devices, and robotic
sensors.

The GoPo platform can also be used as a ow sensor as
shown in Fig. 5c. The experimental setup and other conditions
related to the ow testing are described in detail in Fig. 7, ESI.†
The exibility of the GoPo sensor was able to provide sufficient
displacement, and then stress and strain to detect the drag force
generated from the range of ow rates of 1 to 4 m s�1. The
output voltage from the sensor increased with the increasing
ow velocity (Fig. 5d), and was found to be proportional to
velocity of air ow with a sensitivity of 1.25 mV m�1 s�1. This
indicates the possibility of using GoPo for sensitive air ow
sensors.
6 Conclusion

In conclusion, the results presented herein demonstrate the
simple and solution-free fabrication of the economical, multi-
funtional and environment-friendly wearable therapy systems
with thermally stable properties, low power consumption and
fast thermal response. The heaters also functioned as a highly
sensitive human-motion sensing device. The successful
demonstration of the high-resolution droplet mass sensor
indicated the obvious advantage of using a polymeric substrate
for motion sensing in wet conditions. Other functions such as
drag-force air ow sensors were also developed with low energy
consumption. We believe that the devices constructed by this
solvent-free, user-friendly and rapid prototyping approach are
evidence for wearable electronic devices which nd various
practical applications in thermal therapy, healthcare and real-
time monitoring systems with high performance and low cost.
7 Experimental section
Material

8B-type pencil (Faber-Castell) was used to draw graphite lms
on 220 mm-thick PVC (A4, PVC blinding covers) which was
roughened using emery papers. The area where the pencil
graphite would be deposited was manually roughened with an
average applied force of 2 N. The electrical interconnects were
formed utilizing the high conductivity silver paste (1863616, RS
Components).
Heaters and sensors

Square heaters with dimensions of 2.5 cm � 2.5 cm were
fabricated, and the strain sensors were constructed by the 15-
time drawing of pencil traces (3 mm � 40 mm). The strain
sensor was covered with a thin layer of an insulation epoxy
(Araldite Super strength Epoxy, Selleys) to demonstrate the
motion detection under water. First, A shadow mask was
This journal is © The Royal Society of Chemistry 2016
attached to the GoPo platform. An insulation epoxy layer was
then coated on the electrodes and as-drawn graphite sensing
layers. Finally, the devices were dried on hot plate at 60 �C for 1
hour. In addition, the U-shaped strain sensing element (longi-
tudinal length of 3 mm, transverse length of 1 mm and trace
width of 1 mm) was drawn on a PVC substrate and then the
cantilever was shaped using a laser cutter (Speedy300 TM,
Trotecs) with a dimension of 55 mm � 3 mm � 0.22 mm. This
cantilever was used as the mass sensor and ow sensor.
Characterisation

All time-dependent temperature response, thermal images and
wearable thermal heaters were taken by an infrared camera
(GOBI-1513, Xenics Infrared Solutions). Droplets were gener-
ated from a syringe, freely dropped with an acceleration of the
earth and then attached on the top-end of the cantilever. The
time dependent intensity variations measured by the GoPo
cantilever were recorded using an oscillator (MSO-X 3104A,
Agilent Technologies) and analysed using Matlab (Mathworks).
The data were collected with sampling frequency of 1 kHz. An
air blower (LB0115-002, Industrial Equipment and Control)
generated air ow ranging from 1 to 4 m s�1 at room temper-
ature (23 �C) for ow sensor characterization.
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