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ARTICLE INFO ABSTRACT

Article history: There is an indispensable need for fluid flow rate and direction sensors in various medical, industrial and
Received 11 February 2019 environmental applications. Besides the critical demands on sensing range of flow parameters (such as
Received in revised form 10 June 2019 rate, velocity, direction and temperature), the properties of different target gases or liquids to be sensed
Acc?pted 1 J.une 2019 pose challenges to the development of reliable, inexpensive and low powered sensors. This paper presents
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an overview of the work done on design and development of Microelectromechanical system (MEMS)-
based flow sensors in recent years. In spite of using some similar principles, diverse production methods,
analysis strategies, and different sensing materials, MEMS flow sensors can be broadly categorized into
three main types, namely thermal sensors, piezoresistive sensors and piezoelectric sensors. Additionally,
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1. Introduction

Flow sensors are required to measure the rate and direction
of liquid and gas flows in various applications, including deter-
mination of flow patterns [1], measurement of wall shear stress
[2], viscosity [3], and density measurements [4]. During the past
decades, numerous types of sensing devices have been developed
and become commercially available for flow measurement [5,6].
It is understood that the flow as measured may be influenced by
velocity, pressure, temperature or chemical content of the systems
[7]. Therefore, flow sensing devices are typically based on the direct
detection of volume, mass, velocity, or combination thereof, by
measuring a variety of physical variables [8,9].

Over the past few decades, microelectromechanical system
(MEMS) technology has opened up new avenues in developing flow
sensors for various applications. MEMS devices were firstly pro-
posedin the 1960’s, following the investigation of the piezoresistive
potential of silicon and germanium. The research and develop-
ment in this field have progressively scaled up since the 1980s [10].
MEMS devices offer characteristics such as small size, low-cost and
scalable devices that were not achievable using traditional engi-
neering methods. Recently, microfabrication technologies have
been widely employed to fabricate MEMS sensors for use in a
wide range of applications such as healthcare, physical activi-
ties, safety and environmental sensing [11,12]. MEMS flow sensors
miniaturised devices that can achieve high resolution (up to a
few micro to nanolitre per minute), and offer a low-cost alter-
native compared to the traditional sensing devices [13,14]. Due
to these fundamental advantages, MEMS flow sensors are used
extensively in various applications such as navigation and object
detection on autonomous underwater vehicles (AUV) [15,16], flow
measurement in biomedical surgery, diagnostic devices, chemistry
and therapeutic areas [17], liquid dispensing systems [8,18], and
gas monitoring systems [19,20].

MEMS flow sensors have been developed in the past using both
silicon and polymer materials, and by applying various sensing
elements and structural designs. The most common sensing meth-
ods are thermal [21,22], torque [23,24] and drag force based [25]
flow sensing. Also, MEMS hot wire anemometer sensors have been
widely used for air and water flow sensing applications [26,27]. In
addition, with the advances in micromachining technology using
polymers and non-silicon materials, it has become possible to
mimic the stimulus transmission mechanisms of biological sens-
ing systems, such as hair cells and the lateral-line of blind cave fish
[28], leaf veins [29], seal whiskers [30], and human hairy skin struc-
ture [31] in order to develop miniaturised yet sensitive fluid flow
Sensors.

In this paper, we provide a comprehensive review of the vari-
ous micro/nano-scale flow sensors developed to date which falls
primarily into three broad categories, depending on the sens-
ing principle employed. The categories are: thermal flow sensors,
piezoresistive flow sensors, and piezoelectric flow sensors. We have
discussed each of these sensing principles based on the sensing ele-
ment material for the device. The sensitivity of the sensors has been
progressively improved over time by the use of different sensing
principles and new sensor structures that enhance the interaction

between the sensor and the surrounding fluid. Finally, in section
5, we discuss the challenges, and possible solutions and future
perspective of MEMS flow sensors as the next generation sensing
device.

2. MEMS thermal flow sensors

Thermal flow sensors utilize the heat transfer intensity in order
to determine the flow velocity. This principle provides high sensi-
tivity and accuracy in measurement with low output signal drift. In
addition, such sensors feature the advantage of being able to sense
without the need for any mechanically moving micro-components
[18]. In general, thermal flow sensors consist of two basic parts,
namely heaters and sensing elements (Fig. 1.A). A sensing ele-
ment detects the variation in heat transfer between the heater and
the working flow, therefore, the sensitivity of the device improves
when more heat is transferred to the working fluid. It appears
that one of the most important limitations on accuracy applying to
the conventional temperature-based flow sensors is maintaining
the temperature on the sensing element accurately [32]. Another
challenge associated with thermal flow sensors is their inability
to measurement low flow velocities [33]. Sensing elements in tra-
ditional hot-wire and hot-film sensors have a high specific heat
capacity making it hard to follow the weak heat convection transfer
resulting a poor frequency response.

In view of the different methods of heater control and various
evaluation modes, three types of thermal flow sensors have been
characterised in the past. The first type is hot-wire and hot-film
(H-type) sensors which measure the flow by either change of heat-
ing power with constant temperature or change of temperature
with constant heating power. The difference between them is due
to structural design: in hot-wire sensors, the metallic wire resistor
is free from the substrate and placed within the flow, whereas in
hot-film sensors the resistor is deposited on a membrane placed
adjacent to the flow. The second type is calorimetric (C-type) sen-
sors, which evaluate the flow through assessment of changes in
heat profile around the heater. The third type is time-of-flight sen-
sors, which assess the flow using the detection of heat pulses in
a defined distance from the heater. In this section, the two MEMS
thermal flow sensors are detailed.

2.1. Hot-wire/film MEMS thermal flow sensors

Both hot-wire and hot-film flow sensing systems use heated
resistive elements in the form of wire or thin film. Their common
operating principle is measuring the heat loss in elements due to
thermal convection generated by the ambient fluid, that loss having
a direct relationship with the flow rate [34]. In order to provide a
reasonable sensitivity in various thermal conditions, heat-sensing
elements should have a high-temperature coefficient of resistance
(TCR). Therefore, MEMS thermal flow sensors are typically com-
posed of silicon or metallic based materials [34] (Table 1).

2.1.1. Silicon-based hot-wire/film MEMS thermal flow sensors
Silicon flow sensors are highly attended in development of
MEMS devices, because of their simple and efficient thermal and
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Fig. 1. MEMS thermal flow sensors. (A) The components of a basic thermal mass flow meter including two temperature sensors (upstream and downstream) and a heater. (B)
Perspective view of an implantable catheter flow sensor with the ability to anchor onto the inside of the animal’s bronchus via its legs [56]. (C) Schematic cross-section view
(not to scale) of a thermoelectronic airflow sensor [60]. (D) Schematic view of a calorimetric airflow sensor chip integrated with a metal finger head placed in a tube [92].
(E) Schematic showing an equivalent circuit of a silicon-based thermal wind sensor composed of eight symmetric thermoresistors arranged in two Wheatstone full-bridges
[94]. (F) Schematic presentation of a sensing array mechanism, 3-D structure and experimental design of three- mode biocompatible liquid sensing system based on parylene
membrane [78]. (G) Schematic drawing and photography of Dual-mode micro thermal flow (DMTF) with the sensing potential in both hot-film and calorimetric mode [71].
(H) Schematic view of an octagonal Eight-Trigrams symbol and the layout of a MEMS thermal wind sensor inspired by this structure [107].

electrical properties. Indeed, poly silicone-based heat elements can
be adjusted due to the proper demand by using different type and
concentration of dopant [35,36]. An initial study in this field was
conducted by Van Oudheusden et al. who described the develop-
ment of a two-dimensional thermal flow sensor consisting of a
thermally isolated floating membrane. This could be considered
the first generation of micromachined thermal flow sensors [37].
With four suspension beams, the developed sensors allow mea-
surement of flow for a full range of 360° and sensitivity of 5mV K~1.
In a later work, Moser et al. aimed to enhance the sensitivity of
conventional bipolar type thermopiles by developing silicon-based

gas flow sensors utilizing industrial complementary metal-oxide-
semiconductor (CMOS) technology [38]. Yoon et al. developed a
MEMS-based thermal flow sensor, where an integrated mass flow
sensor with on-chip CMOS circuits was paired with a gas type sen-
sor [39]. This sensor was able to measure the gas type, flow velocity,
direction, temperature, and pressure. In another effort, Kaltsas et al.
presented a CMOS compatible silicon flow sensor with porous
silicon for thermal isolation [40]. The device consisted of two ther-
mopiles made up of two series of aluminium/p-type polysilicon
thermocouples, which provided a sensitivity of 6.0 mV/(m/s)W.
Iderj et al. [41] developed a device by mounting two dual MEMS
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Table 1

Hot-wire/film MEMS thermal sensors for detection of fluid flow rate and flow direction.
Sensing element material Configuration Fluid type Detection range Sensitivity Ref
Si thermopile .
Pt electrode Hot-film Air 12-63m/s NA [37]
3C-SiC thin film heater .
Ni electrode Hot-film Air 0-9m/s 0.091 1/(m/s) [19]
Polysilicon resistor Hot-film Air 10-30m/s NA [21]
polycrystalline silicon resistor Hot-film Air 0-30m/s NA [41]

. ) CV mode0.1433 x 104 A(m/s) !/
Pt sensor Hot-wire Air 1.5-11m/s CC mode 7.98 x 10-3 V(m/s) 2 [61]
Pt/Ni/Pt thermal element . .
Cr/Au electrical lead Hot-wire Alr 0-20m/s NA (62]
Pt thermal element Hot-wire Air 0-20m/s NA [63]
Pt thermal element Hot-wire Air 13-16.5m/s NA [64]
Pt nanowire Hot-wire Air 5-45m/s NA [50]
Au/Cr heater Hot-wire Air 0-42.46 m/s NA [54,55]
Ni/Pt/Ni/Pt/Ni thermistor . .
Au/Ti heater element Hot-wire/film Air 10-40m/s NA [2]
Au/Cr heater Hot-wire Air 0-6.37m/s NA [65]
Au/Cr heater Hot-wire Air 0-0.11m/s NA [56]
Ti/Pt sensing element Hot-film Air 0.1-10m/s NA [66]
. . . R LF mode: 1.61V/(m/s)
Al/Si bond wire Hot-wire Air 0.01-17.5m/s HF mode: 0.586 V/(m/s) -
. . . LF mode: 1.11V/(m/s)
Pt bond wire Hot-wire Air 0.01-17.5m/s HF mode: 0.196 V/(m/s)
Ti/Pt/Au & Ti/Cu/Au resistor ~ Hot-wire Air 2.5-10m/s NA [67]
Ni/Pt resistor . i
Au heater Hot-wire/film Air 0-40m/s NA [68]
Cr/Pt sensing element Hot-wire Air NA NA [58,59]
Pt resistor .
Al lead element Hot-film Air 5-15m/s NA [57]
W heater . .
Diode sensing elements Hot-wire Air NA NA [60]
Au/Cr heater Hot-wire Air 0-0.11m/s NA [69,70]
Polysilicon heater N R
Diode sensing elements Hot-film Oil and Air 0-08m/s NA [45]
Polysilicon micro heater Hot-wire/film Gas, N2 0-73m/s NA [71]
Si0,-Si3N4/SiNy membrane Hot-wire Natural gases 0-6m3/h NA [72]
. Anemometric
Pt thermistors Calorimetric Gas 0.05-10m/s NA [73]
Cu line resistors Hot-wire Carrier gas NA NA [74]
Polysilicon heater 3
AujCr detector Hot-film Gas 0.01-5m/s 6.8 x 1073 1/(m/s) [39]
Al/polysilicon thermocouples 5
Polysilicon heater Hot-film Gas, N, 0-0.4m/s 6 x 103 V/(m/s)W [40]
Ni resistors Hot-film Different gas mixtures 0-5m/s 2.6 x 1072 V/(m/s) [47]
Gas, N, 0.34-34.72m/s
Au heater Hot-film DI water 0.5-0.028 m/s NA [75]
B-doped Polysilicon heater Hot-film DI water 0-8.25x 103 m/s 0.87V/(m/s) [42]
polycrystalline Si resistor Hot-film Water 0-30.96 m/s NA [18]
Pt sensing element Hot-film DI water 0-0.01m/s 0.153V/(m/s) [76]
Ni/Pt thermal element Hot-wire Water NA NA [48]
Ni/Fe thermal element Hot-wire Water 0-0.25m/s NA [77]
W/Ti/Pt thermal Hot-film - "
element Time-of-flight DI'water 0-0.013m/s 2.14x107° V/(m/s) (78]
Pt resistive Hot-wire Water 10-6-10m/s NA [79]
Pt heater
Hot-film Blood 0-2.2x 1073 m/s NA [80]

Cr thermocouple

Al, Aluminum; Au, Gold; B, Boron; CC, Constant-current mode; CV, Constant-voltage mode; Cr, Chromium; Cu, Copper; DI water, Deionized water; HF, High flow (>2 m/s);
LF, Low flow (<0.5m/s); NA, Not available data; Ni, Nickle; ; Pt, Platinum; Re. No: Reynolds numbers; Si, Silicon; SiO,, Silicon dioxide; Si3Ny, Silicon nitride; Ti, Titanium; W,

Tungsten.

hot-film sensor chips on a cylindrical probe, where each chip was
embedded in to a concave surface to minimise the thermal interac-
tion between the two sensitive elements. They showed the sensor
performance of the device in the range 0 to 30 m/s (speed) and
5.6 x 10~4 ° RMS (root mean square error) (direction). The power
consumption of the device is 80 mW. Wu and co-workers devel-
oped a MEMS thermal flow sensor that measured liquid flow rate
in the range of nanolitre per minute [42]. The sensor consisted
of a polysilicon thin-film heater that was placed on the wall of a
microchannel fabricated on a silicon substrate. The sensor oper-
ated on the principle of convective heat transfer from the heater to
the liquid flow in the microchannel, in which the liquid flow rate

was measured by detecting the change of temperature. This device
reached the highest temperature to flow ratio of 0.026°/nl min”!,
by using arelatively long boron-doped polysilicon thin filmin a sus-
pended microchannel, which effectively improved the sensitivity of
flow velocity measurement.

In the case of thermoelectric flow sensors, the presence of
a diode/transistor provides an excellent platform to locate the
sensor in the hottest zone of the heating element, which dramat-
ically improves the sensitivity of the device [34]. However, due to
some serious drawbacks such as high power consumption and low
heat flux, only limited studies have been focused on applying this
method [43-45]. By contrast, thermoresistive sensors have been
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widely used in thermal sensing mechanisms. As a novel approach,
a thin film of silicon carbide (SiC) on a Si substrate formed a highly
sensitive, economical and simple thermal flow sensor [19]. In this
study, the direct growth of a single crystalline layer of 3C-SiC was
followed by patterning of a nickel electrode structure; hence, the
effect of different geometrical futures of heater was also analyzed.

2.1.2. Metallic-based hot-wire/film MEMS thermal flow sensors

In general, metals present a positive TCR in the range of 4000
to 7000 ppm/K; However, based on their temperature to electrical
resistance ratio, metallic-based heat sensing elements are normally
composed of platinum, nickel, copper and gold [46]. As a prelimi-
nary work in this field, Qiu and colleagues [47] developed a micro
flow sensor with an integrated heat sink and flow guide on the
backside of the micro sensor. The heat sink and flow guide were
constructed from a thin electroplated gold layer. In another study,
Pandya et al. developed a biomimetic artificial lateral line system
of MEMS hot-wire anemometer flow sensors [48,49]. The sensing
principle of this sensor relied on convection cooling of an ini-
tially heated metallic hot-wire element when it was exposed to
a flow medium as the heat was transferred from the element to
the fluid hence, causing a resistance change. In this study, a model
was developed for the MEMS hot-wire anemometers by using a
Gaussian mixture model. The training approach produced more
accurate results via the measurement results, and can be imple-
mented on static and real-time systems directly. However, this
approach was cumbersome to fabricate and more costly more for
a system-level implementation. In [50], a 100 nm x 2 pm x 60 p.m
wire is fabricated to improve the device performance and measure
the frequency response. However, the length of the hot-wire is rela-
tively small, leading to a quantity of heat loss at the edge of the wire,
restricting the sensitivity and accuracy of the sensor. Bonding hair-
like hot-wire structures on the substrate by utilizing integrated
circuit (IC) packaging technique formed cheap and easy processing
anemometers with a higher area for air flow detection [51]. This
instrument composed of a variety of wire loops, which present the
possibility of flow direction detection using this sensor. Aluminium
wire sensors achieved an accuracy of 2.5%, in high flow regime,
while platinum wire sensors had superior performance (0.06%) in
low flows.

Numerous miniaturized flow sensors have been developed for
monitoring biomedical signals, such as blood or intraocular pres-
sure, intravascular blood flow, aspirated- and inspired-air flow, and
breathing characteristics [52-55]. In this regard, an implantable
catheter flow sensor established by Shikida et al., which was
specified to sense breathing parameters of animal models after
anchoring in the airway by means of legs [56]. The instrument was
fabricated by insertion of patterned of an Au/Cr hot-film anemome-
ter sensor into a heat shrinkable Teflon tube. It was evaluated inside
the bronchus of a rabbit (Fig. 1.B).

Even with the substantial development of hot-film sensors, the
devices still suffer from heat losses in the membrane on which the
hot wire is deposited. Various materials have so far have been used
to address this issue such as silicon nitride [57], or flexible poly-
mers [58,59]. Nonetheless, these sensors are often used for flow
separation detection and wall shear stress measurement as they
are robust and easy to mount flush to a surface. More recently, De
Luca et al. designed a CMOS thermoelectronic flow sensor based on
five central hot-wire resistors made of tungsten inserted into a fully
Si3N4- SiO; dielectric membrane to make a highly sensitive MEMS
chip (Fig. 1.C) [60]. Hot-wire sensors are generally free from the
substrate which enables an optimal heating uniformity and high
sensitivity, but they are more fragile than hot-film sensors.

2.2. Calorimetric MEMS thermal flow sensors

Calorimetric flow sensors use two or more thermal sensors
placed around a heater measure the temperature asymmetry
caused by the passing fluid. Therefore, this method measure the
velocity of fluid indirectly. Unlike hot-wire/hot-film sensors, calori-
metric flow sensors show excellent performance in low flow rate
measurement but they tend to saturate at higher flow rates, which
limits their dynamic range. Depending on the material used to
develop the sensing element, these sensors can be divided into two
general categories of silicon and metallic forms (Table 2).

2.2.1. Silicon-based calorimetric MEMS thermal flow sensors

To protect fragile sensing elements, a silicon MEMS chip sensor
was enclosed by Bruschi et al. in a PMMA cylinder composed of
a specific configuration of channels. With this structure, the wind
speed and direction be calculated via monitoring the distribution
of airflow pressure by two distinct classical microcalorimeters [81].
Subsequently, this device was further miniaturized by integrating
two thermal microstructures into a single chip using a commercial
microelectronic process [82]. Furthermore, a more recent analytical
study suggested two-dimensional directional anemometers based
on fluidic structures capable of averaging the differential pressure
developed by the wind across distinct diameters of the cylinder
for flow direction detection [83]. In order to economically monitor
nitrogen flow, Xu et al. reported a Temperature-compensated Ther-
moresistive Micro Calorimetric Flow (T2MCF) sensor, fabricated
using a commercially available 0.35 wm 2P4M (two-poly layers,
4 metal layers) CMOS MEMS technology [84]. In this structure, the
central polysilicon micro heater is constantly warmed, and mod-
ification of the fluid’s thermal profile is monitored precisely by
three pairs of thermoresistive sensors composed of polysilicon and
aluminium layers.

2.2.2. Metallic-based calorimetric MEMS thermal flow sensors

One of the first studies in development of metallic-based calori-
metric flow sensors was conducted by Ernst et al. who developed
a high resolution Bio-MEMS device that was able to measure flow
rates down to 100 nL/h, particularly for low thermal stable medical
and biological liquids [85]. The sensor was made up of a 1.4 um
thick silicon nitride membrane on which all sensor structures were
arranged and covered with a low temperature 700 nm plasma-
enhanced chemical vapor deposition (PECVD) nitride layer. Later
on, to achieve a wide range of detection, Sabaté et al. employed
three pairs of sensing elements on a thin Si3N4 membrane [86].

Another study conducted by Dijkstra and colleagues developed
a calorimetric miniaturized thermal flow sensor that was capable of
detecting low liquid flow rates accurately [87]. The sensor consisted
of a freestanding surface microchannel and a micro heater. The flow
velocity was found by measuring the change in resistance between
two upstream and downstream resistors due to the temperature
disturbance. The sensor was tested for a range of DI water flow
rates ranging from 0 uLmin~! to 2 uLmin~!. The results demon-
strated a linear response up to 300nLmin~! and a sensitivity of
218 uV/(uL min=1).

In addition to mean flow measurements, shear-stress sensors
can be used to measure the fluctuations of the wall shear stress on
the surface [88]. This is particularly important when the flow state
transitions from laminar to turbulent, or when the flow is fully tur-
bulent. This is because the magnitude of wall shear stress in the
turbulent boundary layer is larger than that in the laminar bound-
ary layer [89]. However, these devices typically measure wall shear
stress in order of Pascals, which is insufficient for most aerodynamic
applications where the wall shear stress can be of the order of tens
of Pascal or even much more when the flow speed is increased
[88]. Generally, calorimetric flow sensors show excellent perfor-
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Table 2
Calorimetric MEMS thermal sensors for detection of fluid flow rate and direction.
Sensing element material Configuration Fluid type Detection range Sensitivity Ref
polysilicon heater n /p-polysilicon Calorimetric Air 0.5-50m/s NA [81]
thermopiles
P-polysilicon heater Al/p-polysilicon Calorimetric Air 0.4-7.9m/s NA [82]
thermopile p-polysilicon/n-polysilicon
thermopile
P-doped polysilicon thermopile X X X Silicon substrate: 3.04 x 102 V/(m/s)
W/Ti heater Calorimetric Air 0-50m/s Soldered: 5.1 x 10~* V/(m/s) (100]
Adhesive bonded: 2.01 x 10~2V/(m/s)
Pt heater and detector Calorimetric Air 0-10m/s NA [95]
Pt resistors Calorimetric Air 0-4x 1073 m/s 1.44 x 10-2 V/(m/s) [87]
Ni resistors Calorimetric Air 0-1.4m/s NA [93]
Si3 Ny, membrane Calorimetric Air NA NA [92]
Ge resistors . . .
Ti/Au/Ti heater Calorimetric Air 0.005-0.1 m/s 116.38V/(m/s)W [101]
Ti/Pt resistor Calorimetric Air 0-25m/s 3.04 x 1072 V(m/s)"1/2 [98]
Ti/Pt resistor Calorimetric Air 0-30m/s 0.164K/(m/s) [99]
Ni resistor Calorimetric Air 0-30m/s 2.93 x 1072 V/(m/s) [94]
Pt resistor Calorimetric Air 5-25m/s 50- 225K/(m/s) [88,102]
Cr/Pt resistive Calorimetric Air 0.016-0.167 m/s 9.4 x 1073 V/(m/s) [96]
Pt resistor Calorimetric Air 0-33m/s NA [97]
Poly-Si micro heater . .
Al/poly-Si thermocouple Calorimetric Gas, N2 0-11m/s 230V/(m/s)/W [84]
Ti/Ni resistor Calorimetric Gas, N, 3-237m/s 1.35 x 103 V/(m/s) [86]
SOI wafer Calorimetric
CMOS wafer Hot-wire/film Gas, N2 0-73m/s NA (71]
Pt thermistors Calorimetric Gas 0.5-1.5m/s NA [103]
. Anemometric
Pt thermistors Calorimetric Gas 0.05-10m/s NA [73]
Pt sensing element Calorimetric DI water 0-0.01m/s 2.137V/(m/s) [76]
W/Ti/Pt sensing element Calorimetric DI water 1.33x102m/s 2.14 x 1076 V/(m/s) [78]
Al/Si heater . . o
Polysilicon thermopiles Calorimetric Liquid 0-0.058 m/s NA [53]
Ge thermistors . . Low thermal stable
Cr heater Calorimetric liquids 0-1.4m/s NA [85]
Luminescent sensor layer Calorimetric Liquid 4.5x1074-0.457 m/s 216.5K/(m/s) [104]

Al, Aluminum; Au, Gold; B, Boron; Cr, Chromium; Cu, Copper; DI water, Deionized water; Ge, Germanium; GPM, Gallons per minute; NA, Not available data; Ni, Nickle;; Pt,
Platinum; Re. No: Reynolds numbers Si, Silicon;; Si3Ny, Silicon nitride; SOI, Silicon-on-insulator, Ti, Titanium; W, Tungsten.

mance with high sensitivity at low flow velocity measurements but
tend to saturate at higher flow rates and thus suffer from limited
dynamic range [90]. There have been several efforts reported in the
past to improve the performance of flow sensors by combing two
sensing principles such as calorimetric principle to hot-wire or hot-
film to enable both increase of the sensitivity at low frequency and
extension of measured flow range; thereby enabling higher signal
to noise ratio over a wide dynamic range [90,91].

The MEMS thermal flow sensor was further developed by
Hedrich et al. by producing a sensor that operated on a calorimetric
principle that was suitable for sensing rapid flow velocity in spiro-
metric applications with high accuracy, short response time and
low power consumption at higher pressures [92]. They applied a
venturi nozzle for measurement of turbulent breathing flow and
formed a uniform flow over nozzle by the implementation of mesh
screens at both sides of the sensing part. The sensor was composed
of a thick low-pressure chemical vapour deposition (LPCVD) silicon
nitride layer on a thin oxide as the membrane material, which was
located on a silicon flow sensor chip. To prevent high-temperature
disturbing effects, the sensor chip was enclosed in a metal head
with a fluid channel used as a bypass. The metal head was designed
to favour laminar flow and the silicon chip was located coplanar
to the housing in order to avoid turbulence in the bypass channel.
Fig. 1.D illustrates the schematic diagram of the sensor structure.

In another study, a microchannel integrated flow sensor was
presented by Yu et al. to enhance flow measurement accuracy
[93]. The flow sensor operated based on the calorimetric princi-
ple and consisted of a heater between two sensing elements on a
diaphragm. Flow velocity was monitored by measuring the temper-

ature difference between the two sensing elements. In this work,
a microchannel was constructed under the diaphragm to allow air
to flow on both sides of the diaphragm in order to generate forced
convective thermal transfer between the diaphragm and the fluid.
The flow sensor consisted of a Si3N4 and SiO, diaphragm, nickel
resistors as heater and sensing elements, mounted on a silicon
substrate base. Measurements showed a temperature difference
between upstream and downstream sensing elements of 38.6 K for
flow velocity of 3m/s. In [94] an innovative strategy was used to
improve the efficiency of thermal wind sensors. This was based
on fabrication of trenches on a silicon substrate by deep reactive
ion etching (DRIE) [94]. As a perspective view of the chip shows in
Fig. 1.E, insulation spaces between a heater and eight thermistors
minimized the lateral heat convection, and along with full-bridge
measurement configuration, achieved higher performance.

There have been several attempts at developing thermal flow
sensors to detect both flow velocity and direction. In the research
conducted by Kim et al. [95], a circular thermal flow sensor was
developed to measure both flow velocity and direction. This was
implemented by fabrication of a silicon dioxide layer on the sili-
con diaphragm and forming a gap between heater and detectors.
The flow velocity was measured from the power needed to over-
come the temperature gradient of flow. The sensitivity of the sensor
was determined to be 14 pV/°. In addition, Li et al. developed
a five-wire micro-fabricated anemometer with 3D directionality
based on the calorimetric principle to detect low flow velocities
and flow directionality [96]. They could achieve a velocity sensi-
tivity of 9.4 mV/sm, with a relative direction sensitivity of 37.1 dB.
Relative direction sensitivity is the minimum directional sensitiv-
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ity of the sensor, which was calculated using the polar coordinate
plot of relative sensitivity as a function of flow direction. In addi-
tion, Ye et al. show a significant improvement in the accuracy of
their developed thermal flow sensor by increasing the number of
heaters and thermistors in their device [97].

Zhu et al. fabricated a thermal wind sensor for low power appli-
cation, capable of detecting wind direction with an accuracy of 6°,
and whose total power consumption was only 24.5 mW (subse-
quently improved to 20 mW) [98]. The sensitivity of this system
was further improved by decreasing the thickness of the glass sub-
strate using wet etching process, the enhancement principally due
to the lower conductive but higher convective heat transfer [99].

Moreover, in the literature there are a few studies intended to
compare different thermal sensing strategies in micromachined
devices. Meng et al. designed a parylene MEMS thermal sensor
array that was able to detect small flow velocities by applying three
popular flow sensing methods (hot film, calorimetric, and time-
of-flight) [76,78]. The sensor consisted of seven platinum sensing
elements arranged in a linear array, which were suspended in a
Parylene C membrane on one side of a micromachined channel for
measurements of hot-film mode. Fig. 1.F illustrates the schematic
diagram of the parylene thermal flow sensor. The sensor utilized
the heat transfer principle with three different modes of action.
Through (i) constant temperature and (ii) constant current hot film
methods, the convective heat loss from the heated resistive sensor
was measured. While (iii) the calorimetric method utilized at least
two sensing elements as upstream and downstream sensors and
one heater to monitor the temperature profile displacement around
a heating element in the presence of fluid flow. Fig. 1.F compares
key parameters of the sensor for different modes of action, with
calorimetric techniques showing the best resolution in low flow
rates. Xu et al. have developed an advanced dual-mode micro ther-
mal flow (DMTF) sensor that provides a great capability for wireless
measurement of gas flow [71]. Through the combination of C-Type
and H-Type modes, the DMTF system could support a flow range
of 0-73 m/s of N2. Fig. 1.G shows the schematic view, photograph,
and SEM image of a DMTF sensor using InvenSense 0.18 pum CMOS
MEMS technology. This device opens up the possibility of using [oT
(Internet of Things) techniques for energy monitoring of buildings.

Another interesting strategy to indirectly monitor the behavior
of unsteady flows adjacent to a wall surface is focused on sensing
of shear stress using the high-frequency response of thermal film
sensors [59]. Several self-made MEMS thermal film sensors were
applied to flexible skins, which provided a great ability for flow
measurement, independent of any calibration processes and drift
issues [63,64,105]. One of the interesting studies in this area has
been done by Leu et al. who fabricated a miniaturized flexible ver-
tical axis wind turbine (VAWT) to analyze types of unsteady flow
in the boundary layer on pitching airfoils [58].

2.3. Challenges and perspectives on MEMS thermal flow sensors

In general, thermal flow sensors are considered as the most pop-
ular sensor type for monitoring velocity and direction, due to their
low-cost, reliability, and higher accuracy. MEMS technology offers
the ability to develop low-cost, scalable, and small device footprint
thermal flow sensors with high sensitivity for both liquid and gas
applications. These sensors, due to their high sensitivity, robust-
ness, accuracy and fast response rate, have significant applications
in area such as aviation, automation, oil and gas, which are chal-
lenging to measure with other technologies. MEMS-thermal flow
sensors application is often limited to a non-corrosive environment
to prevent them from degradation and avoid irreversible damage.
There have been some efforts to develop thermal flow sensors for
a harsh environment such as in gasoline and diesel by protecting
the sensor using silicon carbide [106].

Another known issue with thermal flow sensor was the disabil-
ity to accurately measure low flow velocities. Several platforms
in design and fabrication of micro-electronic based devices have
been suggested to overcome pivotal limitations of traditional ther-
mal flow sensors, namely for monitoring gas flow in low velocities.
Most thermal wind sensors rely on reducing the unwanted heat
conduction in the chip in order to maximise the temperature dif-
ference produced by the airflow. These methods include etching
the substrate to form an insulation trench [94], suspending the
sensing element on membrane [101], and fabricating the device on
a low thermal conductivity substrate [67]. Furthermore, the heat
loss increases the power consumption and reduces the device sen-
sitivity. To eliminate this issue, several improvements have been
reported on MEMS- heat flow sensors on developing thermocou-
ples and mesh-membrane structure [19,32,40,79].

Despite the impressive developments in fluid flow sensing using
MEMS thermal sensors, there are still some concerns which limit
their commercialization opportunities, including undesirable heat
conduction, complex fabrication processes and poor sensitivity
at low flow rates [107]. Several strategies have been employed
to improve these factors which are mainly concentrated on the
reduction of undesired thermal conductivity of the substrate by
modification of the silicon layer or by using alternative materials
with a lower thermal conductivity [51,75,94,98,101]. In prac-
tice, these improvements often resulted in fragile devices, which
reduced the yield and compromised the potential for large scale
production. To overcome this drawback, Shaun et al. reported a
pillar-like microstructure on the silicon-based chip with low ther-
mal conductance and great sensitivity [79]. Also, a recent Eight
Trigram'’s inspired sensor shows high accuracy through an inno-
vative design, as shown in Fig. 1.H [107]. More details on MEMS
thermal flow sensors can be found in [106,108].

3. MEMS piezoresistive flow sensors

Piezoresistive materials are those that exhibit a change in resis-
tivity when subjected to external stress or strain. The applied strain
changes the internal atomic and lattice positions of material and
hence, changes its resistivity. Piezoresistive materials have been
widely used in the development of MEMS/NEMS flow sensors in lit-
erature [109,110]. The ability of piezoresistive materials to change
resistance in response to applied stress makes them attractive to
use for flow sensing. In a flow sensor configuration, the change in
resistance can be converted to a voltage, which varies with the flow
velocity. In the past, piezoresistive flow sensors were investigated
for use in various applications including air fluid flow monitoring
[8] and water flow monitoring [111-113]. Most of the reported
piezoresistive sensors can be categorised into cantilever (Table 3) or
diaphragm structure (Table 4), which are reviewed in this section.

3.1. Cantilever MEMS piezoresistive flow sensors

The first type of MEMS piezoresistive flow sensor developed
was the cantilever-based structure, mainly made from silicon by
means of microfabrication processes (Fig. 2.A). As pioneer studies,
Svedin et al. presented a lift-force silicon-based flow sensor that
was designed for acceleration insensitivity [114,115]. The sensor
structure consisted of two airfoil plates connected to a rigid cen-
ter beam through two flexible, stress-concentrating beams for each
plate. As a result of airflow, both plates experienced small deflec-
tion, which was then detected by the polysilicon piezoresistors and
converted to flow velocity. In 2002, Su et al. presented a highly
sensitive ultra-thin micromachined silicon cantilever flow sensor
[116]. The sensor consisted of a silicon cantilever beam with a strain
gauge resistor integrated into each cantilever arm. The deflection
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Table 3

Cantilever MEMS piezoresistive sensors for detection of fluid flow rate and direction.
Material Configuration Fluid type Detection range Sensitivity Ref
Ti/Al resistor Cantilever Air 0.01-0.03 m/s NA [123]
Polysilicon strain gauges . . 7.4x10°6
Al resistor Cantilever Air 0-6m/s 1/(m/s)? [114]
Au/Cr cantilever beam Cantilever Air NA NA [124]
Al resistor . . 0.65-4.49 x 10>
PZT film disk Cantilever Air 0.7-21m/s 1/(m/sy [116]
Cr/Pt piezoresistive . R 0.0284
Cr/Au electrode Cantilever Air 5-45m/s Q/(m/s) (1171
P type Si piezoresistor Cantilever Air 20-40 m/s 0.204 x 1073 V/(m/s) [120]
SOI sensing cantilever Cantilever Air 2-20m/s NA [122]
Polysilicon strain gauges . . 7.4%x10°6
Al resistor Cantilever Gas 0-701/min 1/(m/s)® [24]
single crystalline Si piezoresistor Cantilever Water 0-0.23m/s 150-350 2/(m/s) [118]
Membrane cantilever beam array Cantilever Water 0.3-3.5m/s NA [121]
SOI sensor chi

P Cantilever Water 0.07-0.35m/s NA [8]

Stainless steel cantilever

Al, Aluminium; Au, Gold; Cr, Chromium; pcb); NA, Not available data; PI, Polyimide; Pt, Platinum; PZT, Pb(Zr, Ti)O3; Si, Silicon; SOI, Silicon-On-Insulator; Sio2, Silicon dioxide.

Table 4
Diaphragm MEMS piezoresistive sensors for detection of fluid flow rate and direction.
Sensing element material Configuration Fluid type Detection range Sensitivity Ref
Si sensing membrane S .
Au strain gaugeHA-MA hydrogel cupula Non-polymeric hair cell Air 0.1-1m/s NA [136]
CNT coated nanofiber
Au/Pd electrodes Non-polymeric hair cell Air 0-10m/s NA [125]
Glass microcapillary
NiCr strain gauge . . . 5
Cr/Au electrode Polymeric hair cell Air 0-30m/s 6 x 10~ 1/(m/s) [140]
LCP sensing membrane . . R 3
Au piezoresistors Polymeric hair cell Air 0.1-10m/s 3.695 x 1073 V/(m/s) [146]
PEDOT:PSS micro hair
Pd reference electrode Polymeric hair cell Air 0.66-0.97 m/s NA [126]
Au working electrode
LCP piezoresistive film . . R . .
Cr/Au strain gauges Polymeric hair cell Air 8-1601/min 0.004V/(1/min) [9]
Si piezoresistive strain gauge .
Ti/Au electrode Non-polymeric hair cell Air 0-20m/s NA [134]
Water 0-0.4m/s 6.98V/(m/s)
Si substrate . .
PDMS | " Non-polymeric hair cell Air 0.12-2.51/min NA [151]
S lamellas Water 0.1-1 ml/min
LCP sensing membrane
. . » 5
ﬁl:\_straln gauge Polymeric hair cell Air 0-9m/s 4341072 V[(m/s) [112,145]
MA Water 0-0.5m/s 0.077V/(m/s)
b@H&ensing membrane
. _ -3
el in eauge Polymeric hair cell Air 0-10my/s 0.9x107 V/(m/s) [149]
aﬁbﬂfi‘ gaug Water 0-0.4m/s 0.022V/(m/s)
Lee s'ensmg.membrane Polymeric hair cell Air/Water NA NA [111]
Au piezoresistor
B-doped Si piezoresistive Non-polymeric hair cell Water 0-1m/s NA [144]
Si cantilever Non-polymeric hair cell Wat 0.075x103-0.1mjs 1.6 x 107 V/(m/ [137]
PEG hydrogel cupula poly ater DX -o.mys X (m/s)
Si sensing membrane Non-polymeric hair cell Water 0.5and 0.75m/s NA [152]
Si cantilever
- ic hai -4
Doped Si strain gauge Non-polymeric hair cell Water down to 1074 m/s NA [131]
Si deformable membrane Non-polymeric piezoresistive Water 0.09-53.07 m/s NA [110]
Si cantilever PEG hydrogel cupula Non-polymeric lateral-line ~ NA NA NA [138]
Lee Sensing mgmbrane Polymeric hair cell Water 0-0.6m/s NA [147]
Cr/Au piezoresistors
Polyurethane resistor . .
Au electrode Polymeric hair cell Water NA NA [141,142]
B-doped SOI piezoresistive Polymeric hair cell Water 0.6 x 10-3-0.08 m/s NA [143]
LCP sensing membrane . . D)
Au strain gauge Polymeric hair cell Water 1.7 x1072-0.14m/s NA [16]
LCP sensing membrane . . 5
Au gauge strain Polymeric hair cell Water 0.05,0.1,0.2m/s 90.5 x 1073 V/(m/s) [148]
PDMS dome-shape sensing membrane Polymeric
Cu electrode peizoresistive Water 0.1-04m/s NA [153]
LCP3850 sensing membrane polymeric hair cell Liquid 100-500 mL/h NA [150]

Cr/Au gauge line

Ag, Silver; Al, Aluminium; Au, Gold; B, Boron; CBPDMS, Carbon black-PDMS Composite; CNT, Carbon nanotube; HA, Hyaluronic Acid; HA-MA, Hyaluronic acid methacrylic
anhydride; LCP, Liquid crystal polymer; LED, Light-emitting diode; PCB, Printed circuit board; Pd, Palladium; PDMS, Poly-dimethyl siloxane; PEDOT:PSS, Poly(3,4-
ethylenedioxythiophene): Poly(styrenesulfonate); Si, Silicon Ti, Titanium.
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Fig. 2. MEMS piezoresistive flow sensors. (A) Basic structure of a MEMS flow sensor with a freestanding micro-cantilever structure. (B) Schematic illustration of a gas flow
sensor (Upper figure) and its sensing operation diagram (Lower figure) [117]. (C) Schematic and detailed view of a cantilever water sensor formed by an array of inverted
trapezoidal membranes [121]. (D) Schematic view of components of an SOI-based piezoresistive flow sensor [8]. (E) Schematic illustration of a waterproof airflow sensor
designed to be used in to seabird bio-logging equipment [122]. (F) Schematic presentation of the general structure of a 3D polymer-based artificial neuromast sensor [136].
(G) Exploded drawing view of the main functional parts of the MEMS hair cell encapsulated in modified hyaluronic acid hydrogel cupula [112]. (H) Schematic presentation
(not to scale) and top view photograph of individual micro-sensors be arranged in a lateral-line structure [148]. (I) Schematic drawing of a single hair cell structure (not to

scale) and arrangement in a lateral line array [149].

and twist of the cantilever beam were measured by a piezoresistive
strain gauge, and flow velocity determined from the strain gauge
response. Furthermore, Wang et al. also developed a microcan-
tilever flow sensor for air sensing [117]. The sensor consisted of
a freestanding silicon microcantilever with a silicon nitride layer
deposited on the silicon wafer and a platinum layer deposited on
the silicon nitride to form a piezoresistive layer (Fig. 2.B). When the
cantilever was subject to air flow past it, it was deflected down-

wards resulted in a change of resistance of the piezoresistive layer.
The cantilever beams were produced in three different widths of
400 um, 1200um, and 2000um for comparison. The cantilever
beams with 2000 um width demonstrated the highest sensitivity
0f 0.0284 £2/m/s.

To measure a low flow rate with high sensitivity Zhang et al.
fabricated a self-bent silicon microcantilever flow sensor [118].
This microcantilever sensor consisted of two silicon dioxide layers
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constructed from silicon-on-insulator (SOI) wafers with a silicon
piezoresistor sandwiched between the silicon dioxide layers. Water
flow caused the microcantilever to bend due to drag and/or lift
forces applied to the sensor, which leads to a change in resistance.
Differential pressure sensors can detect flow rate based on the pres-
sure difference between the upper and lower sides of cantilevers.
Compared to traditional methods, applying piezoresistive compo-
nent on cantilevers using micromachining techniques improved
the sensitivity and resolution of detection, as reported by Takahashi
et al. [119]. System simulation studies among various different
shapes of paddles revealed the triangular forms had the highest
sensitivity, due to the maximal stress generated [120]. However,
Tian et al. reported the best numerical and modelling results for
inverted trapezoidal membrane cantilever beam array (Fig. 2.C), in
comparison to three common cantilever structure in MEMS flow
sensors [121].

Given the importance of sensing ocean turbulence and mon-
itoring water flow velocity, a Silicon on insulator (SOI)-based
piezoresistive sensor has been constructed by Tian et al., which was
composed of a nylon sensing head, stainless steel cantilever beam,
SOI chip, printed circuit board, half-cylinder gasket, and stainless
steel shell [8]. The simple schematic design of the main elements
is presented in Fig. 2.D. Among different analysed structures, short
triangular-long strip (STLS) cantilever and cylinder-ellipsoid (CYEL)
nylon head produced the highest stress, so highest sensitivity in
simulation tests. In general, the operation of the sensor was depen-
dant on the deformation of the sensing head, which caused strain in
the cantilever which was detected by four piezoresistive elements
on SOI sensor chip.

A particular pitot tube-type sensor was fabricated by Takahashi
et al. and was attached to a bio-logging system in order to mon-
itor airflow velocity during seabird flight [122]. Apart from high
sensitivity and low power consumption, the compact and water-
proof construction of this sensor was promising for extensive use in
studying seabird performance. As shown in Fig. 2.E, two SOl sensing
cantilevers on a chip were combined to a nano-hole arrayed anodic
alumina membrane in the tube inlets. Attachment of the membrane
resulted in a reduction in sensitivity, but there was still sufficient
remaining for the investigative purpose.

3.2. Diaphragm MEMS piezoresistive flow sensors

Scientists have long made considerable attempts to use nature
asamodel forinnovation and problem-solving. In the last few years,
more systematic studies are being conducted to understand various
sensing mechanisms found in nature, for the purpose of intro-
ducing increasingly sophisticated capabilities to artificial sensor
technology. Nature’s materials and processes are often highly opti-
mised. Each living creature is a laboratory that processes chemicals
from the surroundings and produces multifunctional structures
like bones, collagen, silk, leather, honey, wax, fur, etc. which are
made through environmentally friendly processes with minimal
waste, and result in strong, biodegradable and recyclable mate-
rials. [125]. The broad spectra of diaphragm-based piezoresistive
sensors were invented through inspiration from biological flow
sensors such as inner ear and outer ear hair cell and the lateral
lines of blind cave fish, which greatly improved the performance of
traditional flow sensors [126,127].

Given the interesting abilities of blind cavefish, a number of
experiments have been conducted in the past to understand lateral
line mediated behaviour of the species [38,128-130]. With aware-
ness of surrounding flow velocities, pressure, and variations in each,
the fish is able to perform rheotaxis, determine predator from prey,
swim in schools, and navigate in the most energy efficient manner
possible. Several biomimetic lateral-line structures have employed
an array of artificial piezoresistive hair sensors mounted on a sub-

strate to improve the efficiency of water flow measurement by
detecting underwater pressure fluctuation [131].

In most bio-inspired sensors developed in the past, flow was
measured by transferring the momentum induced on the hair cell
by water flow, which caused deflection in the sensing membrane.
The amount of deflection was usually measured by a strain gauge
and converted to voltage output using a Wheatstone bridge circuit.
Diaphragm-based piezoresistive flow sensors are generally char-
acterized by the presence of a high aspect-ratio standing structure
(perpendicular to the substrate plane). This configuration makes it
possible to build a densely distributed array of flow sensors with
minimal intrusion to the flow field, which distinguishes them from
other non-biomimetic MEMS flow sensors. Various fabrication and
assembly processes have been demonstrated for developing stand-
ing structures, which are generally composed of polymeric or
non-polymeric sensing materials. They include wire bonding, plas-
tic deformation magnetic assembly [124], 3D-printing [9], transfer
moulding, and photolithographic patterning. The key point is that
these structures should be robust to harsh underwater environ-
ment while being sensitive to the flow around it.

Various types of diaphragms for MEMS piezoresistive flow sen-
sors have been developed for different application and sensing
condition. Silicon-based membranes are sensitive and cost-
effective materials with mature fabrication process, which are
widely used in industrial and biomedical instruments [132]. On
the other side, polymeric diaphragms are draw increasing attention
according to their remarkable flexibility along with the notable bio-
compatibility, low-cost and different mechanical properties [133].
These types of piezoresistive MEMS flow sensors are reviewed in
this section.

3.2.1. Non-polymeric diaphragm MEMS piezoresistive flow
sensors

Silicon based piezoresistive flow sensors have been widely used
due to their low-cost, and easy fabrication process. Such sensors
often has a polymer component but the main diaphragm is made
of silicone. For instance, Chen et al. used a high-aspect-ratio SU-8
epoxy cilium combined to a silicon strain gauge with a notable per-
formance enhancement for using in biological applications [134].
However, the application of silicon-based sensors for some harsh
submerged seawater conditions is limited, due to their fragile
character. To address this problem, the sensor was casted into
a polydimethylsiloxane (PDMS) polymer to form a robust tactile
shear stress sensor [135]. Shear force caused the PDMS to bend
and consequently bent the SU-8 hair cell enclosed in the PDMS,
producing bending moment on the cantilever and change in the
resistance of the piezoresistor. This robust sensor produced a lin-
ear response with sensitivity of 50 mV/KPa. They also fabricated
a MEMS artificial neuromast hair cell sensor composed of three
polymeric parts: (i) a sensing silicon membrane, (ii) SU-8 hair cell,
and (iii) modified hyaluronic acid (HA) hydrogel cupula (Fig. 2.F)
[136]. Compared to previously reported hair cells, this structure
presented a higher sensitivity due to the full-bridge circuit on the
membrane and the better mechanical and material properties of
hyaluronic acid- methacrylic anhydride (HA-MA). The sensitivity of
the hair cell flow sensors increases with the use of hydrogel cupula
due to increase of the drag force and larger cross-sectional surface
area exposed to flow in comparison to a naked hair cell, as well
as the material properties of the hydrogel itself [137]. To develop
a sensor more like an artificial cupula, Anderson et al. conducted
a development of hydrogel cupula on the SU-8 hair cells in order
to improve the sensitivity of patterned artificial hair cell sensors
[138]. Poly-ethylene oxide acrylic macromonomer was used in the
fabrication of hydrogel microstructures due to its ability to produce
hydrogel of different shapes and sizes. Electrospun polycaprolac-
tone microfibers were deposited onto the microfabricated hairs in
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order to provide additional support for the hydrogel structures. The
sensitivity of the hair sensor was predicted to increase by about
twice that of the naked hair sensor.

3.2.2. Polymeric diaphragm MEMS piezoresistive flow sensors

It is shown that polymer based piezoresistive materials can
have significant advantages in terms of gauge factor, sensitivity
and durability as compare to silicon based sensors [139]. They
also have lower moisture absorption rate, which makes polymer
based flow sensors ideal for underwater sensing application. Such
devices also offer interesting characteristics such wide range of
elasticity and excellent chemical resistance. A primary artificial hair
cell (AHC) airflow sensor was proceeded by Chen et al. on a sub-
strate of polyimide film that protected a nichrome (NiCr) resistor
and connected it to the cilium [140]. In 2006, Engel et al. reported
an AHC device made entirely from polymers, mainly polyurethane
[141,142]. This sensor was able to detect two-axis deflection of
the vertical high aspect-ratio hair cell by utilizing four carbon-
impregnated polyurethane force sensitive resistors (FSR), which
were located on gold electrodes that measured the resistance.

Tucker et al. developed an artificial hair cell flow sensor consist-
ing of a high aspect-ratio SU-8 cilium and a piezoresistive silicon
cantilever [143]. This sensor operated by transferring the bending
moment on the cilium to the cantilever, which produced strain at
the base of the cantilever and caused change in resistance, similar
to a previous work done by Fan et al. [144]. In 2016 the piezore-
sistive LCP flow sensor was further developed by Kottapalli et al.
by introducing nanofibrils to bond the hydrogel cupula to the hair
cells in order to enhance the sensitivity of flow sensing [112,145].
The exploded view of a hydrogel encapsulated hair cell sensor is
presented in Fig. 2.G. The function of nanofibrils was to provide a
good bonding between the cupula and the hair cell so that they
were kept intact even for a high flow velocity beyond 1 ms~1.

Kottapalli et al. [146-148] also developed a MEMS pressure sen-
sor applied to flexible arrays used to measure flow for underwater
surveillance. The individual sensor consisted of liquid crystal poly-
mer (LCP) as the sensing membrane and a gold strain gauge, which
are schematically shown in Fig. 2.H. Recently LCP has gained atten-
tion as an alternative to silicon for use as the sensing membrane,
because of its better characteristics for underwater applications
in terms of robustness, hermeticity, and fracture strength, as well
as better sensitivity. The sensitivity measured was 90.5 mV/ms~1,
derived from water tunnel experiments.

Further improvement was made by introducing a hair cell on the
sensor and an artificial canal neuromast [ 149] (Fig. 2.1). The hair cell
made from Si60 formed by stereolithography was mounted on the
LCP membrane at the centre of the gold strain gauge. The tall hair
cell extended beyond the boundary layer generated by the flow,
which enhanced the sensitivity of the sensor. The artificial canal
neuromast developed in this work was fabricated from PDMS by
the moulding process. The canal neuromast was a housing con-
sisting of pores between the hair cells that were able to filter the
steady-state flow. This significantly reduced the noise generated
from the steady state and enhanced the detection of changes in
the flows generated by moving underwater objects. The general
sensing mechanism conducted by Kottapalli et al. [146] was also
improved to measure the intravenous (IV) flow rate [ 150]. The gold
nanolayer was patterned on top of the membrane to form a strain
gauge and a hair cell was fixed in an IV tube by using a 3D printed
fixture.

3.3. Challenges and perspective of MEMS piezoresistive flow
sensors

MEMS piezoresistive flow sensors are becoming increasingly
popular in chemical and biomedical applications due to their

interesting characteristics such as biocompatibility, small size, low-
power consumption and low-cost of fabrication [154]. Moreover,
such sensors have shown excellent performance in low flow veloc-
ities monitoring [155]. Most reported piezoresistive sensors are
inspired by the lateral line of blind cavefish [156,157] and are
designed to offer similar characteristic as biological hair cells.

The performance of piezoresistive flow sensors can be influ-
enced by temperature and humidity [158]. This problem became
a critical challenge for using piezoresistive sensors in biomedi-
cal applications as their operational environment is predominantly
vapour or liquid [151]. Particularly, in polymer piezoresistive sen-
sors absorption of water moisture changes the mass of the sensing
element matrix, which affects the mechanical stability, and accu-
racy of the sensor. In addition, MEMS piezoresistive flow sensors
made with SU-8 resist components might be influenced by factors
such as ageing of the SU-8 resist over time, which have adverse
effects on both sensor performance, and durability of the sensors.
There have been significant efforts reported in the literature to
overcome these issues including by using solvent content [159] and
optimising the fabrication process parameters [160].

4. MEMS piezoelectric flow sensor

Piezoelectricity is the property exhibited by some natural and
synthetic dielectric materials, which develop surface distributions
of electric charges when they are subjected to mechanical loads
(direct piezoelectric effect) and, conversely, suffer geometric or
dimensional changes when subjected to external electrical fields
(converse piezoelectric effect) [161,162]. A significant piezoelec-
tric effect can be observed in polycrystalline ferroelectric ceramics
such as lead zirconate titanate (PZT) [161,162] or barium titanate
(BaTiO3) [163] and polymers such as polyvinylidene fluoride
(PVDF)[164,165], which are the most widely used in practical appli-
cations. Piezoelectric flow sensors are self-powered and hence, do
not require a power supply to obtain the sensor output [166]. In
the past, mainly two main materials were used in development of
MEMS piezoelectric flow sensors which are lead zirconate titanate
(PZT) and polyvinyledenedifluoride (PVDF). This section is dedi-
cated to review these two types of MEMS flow sensors, which are
summerized in Table 5.

4.1. PVDF-based MEMS piezoelectric flow sensors

PVDF exhibits impressive, mechanical and electrical charac-
teristics such as piezoelectricity (highest amount the synthetic
polymers), nonlinear optical properties and flexibility [ 167]. During
the last decade, (PVDF) nanofiber has gained remarkable interest
in many applications such as energy harvesting [168], tissue engi-
neering[169] and sensors [170]. PVDF has coupled the piezoelectric
characteristics of PVDF with the flexibility of the PDMS microfluidic
channel presents a flexible gas flow sensing system with interesting
potential for use in microfuel cells or biosensors [171]. Further-
more, PVDF show the capability to convert impulse pressure signals
to electrical charges through the mechanical deformation of PVDF
membrane. Another flexible flow sensor has been developed to
monitor the blood flow rate of the portal vein during liver surgery
[172]. 1t composed of a micro flow sensor fabricated on a spiral roll
of polyvinyledenedifluoride-trifluoroethylene (PVDF-TTFE) piezo-
electric copolymer. The thin PVDF-TrFE film also revealed a reliable
response over a wide range of pressure and showed great poten-
tial for use in catheter devices for intravascular flow measurement
[173].

To further improve the sensitivity of piezoelectric flow sensor, a
sensor inspired by the mechanosensory ciliary bundles of fish has
been developed by Asadnia et al. [174,175]. This artificial ciliary
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Table 5

MEMS piezoelectric sensors for detection of fluid flow rate and direction.
Sensing element material Configuration Fluid type Detection range Sensitivity Ref
Single PVDF sensing nanofiber
e ctrode e Piezoelectric nanofiber Air NA NA [165]
PZT thin film Piezoelectric pressure sensor  Air NA NA [188]
Pyrex glass wafer Piezoelectric hair cell .
Cr/Ti/Au electrode sensor Air 0-8m/s NA [193]
PZT sensing membrane Piezoelectric hair cell Air NA 0.82V/(m/s) (1]
Ti/Pt electrode sensor Water NA 0.22V/(m/s)
PVDF piezoelectric Piezoelectric pressure 41x1072-2.87x10*
PDMS channels sensor N2 gas mjs NA [171]
PVDF-TrFE piezoelectric film Piezoelectric pressure sensor ~ water 14.86-42.46 m/s 4.8 x 107> V/(m/s) [172]
PDMS micro-pillars Pi ) ic hair cell
PVDF nanofiber tip links lezoelectric hair ce Water 10m/s-8 x 102 m/s  0.3V/(m/s) [174,175]
HA-MA artificial cupula sensor
PZT sensing membrane Piezoelectric pressure
Ti/Pt electrode sensor Water 20-0.145m/s NA [16]
Pb (Zros2Tio.4s )O3 piezoelectric thin film  Piezoelectric pressure [162]
Gold electrode sensor Water 0.01-0.062m/s NA [161]
PZT sensing membrane Piezoelectric whisker
Cr/Au electrode sensor Water 0-0.25m/s NA [189]
PZT sensing membrane Piezoelectric whisker sensor ~ Water NA NA [30]
PDMS substrate Piezoelectric lateral
PZT electrode line sensor Water NA NA (111]
PZT sensing membrane Piezoelectric hair cell
HA-MA artificial cupula sensor Water NA NA [190]
ZnO transducers polyimide membrane Piezoelectric pressure sensor ~ water 30-300 pl/h 2.08 (uL/h)/mV [191]

Zn0, zinc oxide; PVDF, polyvinylidene fluoride; PDMS, polydimethylsiloxane; TrFE, Trifluoroethylene; PZT, Pb(Zr, Ti)O; HA-MA, hyaluronic acid-methacrylic anhydride

hydrogel.

bundle was made up of 55 PDMS stereovilli arranged in 10 rows.
The single tallest pillar known as kinocilium was located in the first
row, followed by another 54 stereovilli arranged into 10 rows with
decreasing height in which each stereovilli in the same row has the
same height to each other (Fig. 3.B and 3.C). The tip links in the
artificial stereovilli were formed by electrospinning piezoelectric
polyvinylidene fluoride (PVDF) nanofibers. A hydrogel cupula was
formed to cover the nanofibers in order to increase the sensitivity of
the sensor as well as protecting the fragile nanofibers. The HA-MA
hydrogel cupula increased the surface area and hence, increased
the drag force. Furthermore, the increased height of the hair cells
extended the structure beyond the boundary layer generated by
the body in the flow, which consequently increase the sensitivity.

4.2. PZT-based MEMS piezoelectric flow sensors

Since the discovery of lead zirconate titanate (PZT) or
[Pb(Zr;,Tix)O3] and its subsequent extension into various com-
positions, there has been a continuous attention on using these
composites in MEMS and micro-system technologies such as sen-
sors and actuators. This is largely due to their intrinsic advantages
such as strong piezoelectric effect, low power consumption, high-
energy density, fast response, superior electrical properties and
high Curie temperature [147,176-178]. Different methods have
been invented for PZT ceramic and thin film fabrication such as
sol-gel, mixing, grinding, calcination and forming method [179].
During the recent years, PZT have been fabricated as thick film
[180-183] and thin film [184-187] in many MEMS devices. The
best piezoelectric effect for PZT is reported around X=0.52 also
known as PZT(52/48), that is close to the morphotropic bound-
ary. The airflow sensor designed by Tomimatsu et al. to manage
wake-up signals in wireless sensor network (WSN) nodes applied
a cantilever made up of a popular piezoelectric ceramic material,
Pb(Zr, Ti)O3 (PZT)[188]. Any changes in airflow velocity around the
sensor node caused vibration of the PZT, which in turn produced a
voltage output and signaled the WSN to switch on. The schematic
diagram of the flow sensor is presented in Fig. 3.D.

To improve situational awareness and obstacle avoidance, Asad-
nia et al. fabricated a PZT thin film piezoelectric pressure sensor
array inspired by blind cavefish for underwater vehicles [161,162].
The sensor consisted of a PZT piezoelectric thin film with gold elec-
trode sputtered on it, combined with a floating lower electrode for
detection of very low frequency water disturbance. To form a flex-
ible array of piezoelectric sensor, the sensors were packaged on a
flexible LCP substrate with gold interconnects in an arrangement
of 2 x 5 (Fig. 3.E).

Inspired by the blind cave fish, Asadnia et al. improved the previ-
ously developed piezoelectric pressure sensor by mounting a high
aspect ratio artificial hair cell on the sensing membrane [1]. The
sensor consisted of piezoelectric lead zirconate titanate (PZT) sens-
ing membrane and flexible arrays of Si60 hair cells (Fig. 3. F). For
flow measurement, disturbance of the water resulted in a pres-
sure gradient across the hair cell, which consequently caused the
bending of the hair cell. The bending moment was transferred to
the piezoelectric membrane and generated an electric charge, pro-
ducing a voltage output. Similar to the pressure sensor array, the
artificial hair cell sensors were mounted on a LCP substrate to form
a flexible array of sensors.

The piezoelectric flow sensor was further developed by intro-
ducing an artificial micro-whisker inspired by the whiskers on
harbor seals. In the study conducted by Kottapalli et al. [30,189],
the artificial piezoelectric seal whisker sensor consisted of the pre-
viously developed piezoelectric PZT sensing base and an artificial
micro-whisker fabricated by stereolithography (Fig. 3.G). It was
designed by having similar structure as the real seal whisker instead
of a circular cylinder, with an elliptical cross-section and wave-like
profiles on major and minor axes and variation of the offset angle
along the length of the whisker. The unique geometry of the seal
whisker was able to prevent the vortex-induced vibrations, which
reduced noise in sensing low flow velocities.

A canal neuromast biomimetic piezoelectric MEMS flow sensor
was fabricated by Bora et al., which revealed a good performance
not only for oscillatory flow sensing but also in response to steady-
state flows [190]. The rigid cylindrical Cu pillar was mounted on
a PZT piezoelectric sensing membrane and fitted with a hydrogel
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Fig. 3. MEMS piezoelectric flow sensors. (A) Basic structure of a MEMS micro cantilever piezoelectric flow sensor (B) Schematic presentation of the mechanism of flow
sensing of bundle hair cell sensor [174] (C) And its design composed of different heights cilia connected to each other via PVDF nanofiber tip links and encapsulated by
HA-MA hydrogel [175]. (D) Half-cut view of a piezoelectric flow sensor detecting air flow variation around wireless sensor nodes [188]. (E) Schematic drawing of flexible
pattern of sensing elements on LCP membrane, which was waterproofed by a PDMS coating layer [162]. (F) Schematic array and detailed presentation of a single sensor
structure of MEMS artificial fish skin [1]. (G) Schematic view of a piezoelectric hair cell sensor bioinspired from specific geometrical feature of harbor seal whiskers [189].
(H) Overall schematic figure and exploded drawing view of a MEMS-based flow sensor mimicked lateral line neuromasts of cavefish [190]. (I) Schematic structure of the
particular asymmetric plan of a hair flow sensor works based on detecting resonant frequencies [193].

cupula (Fig. 3.H). The optimized HA-MA artificial cupula improved
the mechanical properties of sensor that resulted in a higher sen-
sitivity and robustness, in comparison to the bare structure. The
nanofibers offer mechanical strength to the soft hydrogel cupula
and enhance its endurance during underwater sensing applica-
tions. The artificial cupula sensors demonstrated a high increment
in sensitivity of the sensor as compared to the naked hair cell
sensors. Flow velocity and flow direction sensing in water is a
more challenging task due to the requirement of waterproofing of

the sensing elements and contacts of the sensor. The biomimetic
approach together with the novel fabrication methods presented in
this paper will form a guide to the development of nature-inspired
micro- and nano- flow sensors in the future.

Apart from commonly use of PVDF and PZT in piezoelectric
MEMS flow sensors, a differential pressure liquid flow sensor has
been developed by Kuoni et al. [191]. This device is composed of
a thin polyimide sheet thermally bonded to a silicon wafer as the
sensor membrane and a ring shape zinc oxide (ZnO) piezoelectric
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thin film as the sensing material. The flow sensing chip consisted
of two pressure sensors with piezoelectric readout, which were
connected to a hydraulic restriction. Flow was measured by detect-
ing the pressure across the fluid, and applying conventional orifice
plate meter flow meter calibration. Following the previous arti-
cle by Tao et al. [192], a recent study has been focused on sensing
airflow velocity by using a two-stage micro-leverage mechanism
[193]. A single hair cell was asymmetrically bonded onto a pyrex
glass wafer and the flow detected through measurement of fre-
quency drifts of two symmetrically patterned resonators (Fig. 3.I).
In comparison with alternatives, piezoelectric hair cell sensors offer
amajor advantage of being self-powered and hence of great benefit
in space constrained UUV applications.

4.3. Challenges and perspective on MEMS piezoelectric flow
sensors

Piezoelectric materials have been widely used in the develop-
ment of sensors for sensing dynamic flow monitoring rather than
static flow. Such sensors fail to detect static flow due to their large
internal resistance which makes them unable to hold the sen-
sor output [194], therefore they have often been used to measure
oscillatory flows, detection of sound, generation of high voltages,
electronic frequency generation and microbalances. Fig. 3.A illus-
trates the basic structure of a MEMS cantilever piezoelectric sensor.
In this design, a piezoelectric material is sandwich between back
and front electrodes enabling the sensor to receive the maximum
amount of momentum and electric energy from the fluid or wind
flow. These devices are typical Micromachines in the shape of a can-
tilever or thin microdiaphragm, which makes them fragile. There
have been efforts to composite piezoelectric materials in polymer,
which could render production of more robust piezoelectric flow
sensors. On the other hand, piezoelectric devices are self-powered,
which makes the experimental setup needless of using a power
supply. This is due to the interesting behaviour of piezoelectric
materials in response to a mechanical stress, which shifts the posi-
tive and negative charge centres in the material, which results in an
external electric field. Although the piezoelectric coefficient PVDF
is not as high as that of piezoelectric ceramics (such as PZT), PVDF
is still one the interesting piezoelectric materials in MEMS/NEMS
devices due to its high compliance, low thermal diffusivity and low
permittivity [195].

5. Commercialisation avenues and challenges

MEMS flow sensors have a diverse range of applications ranging
from industrial gas flow monitoring, environmental flow sens-
ing, marine hydrodynamic sensing, and biomedical flow sensing
applications. The small size, low-cost, high sensitivity, and batch
fabrication compatibility of MEMS flow sensors make them very
attractive for industrial and commercial applications. In addi-
tion, some of the soft polymer MEMS sensors reviewed in this
manuscript are biocompatible, opening avenues for commercial-
ization in biomedical and clinical applications.

There is a huge demand for MEMS flow sensors in clinical
respiratory flow sensing applications such as sleep apnea diag-
nostic devices, ventilators, nebulizers, and oxygen supply systems.
Wearable respiration monitors with embedded MEMS flow sen-
sors capable of measuring flow velocities and flow rate are also
in demand for athletic performance monitoring and rehabilita-
tion monitoring. MEMS sensors would also play a quintessential
role in flow velocity monitoring in intravenous infusions to allow
accurate drug delivery in gravity based infusions and avoid acci-
dental erroneous dosages which could be caused by infusion pump
failures. Soft polymer and biocompatible MEMS flow sensors also

pave the way for the development of implantable drug deliv-
ery systems. Conventionally, drug delivery is conducted through
intravenous infusions, oral medication, pulmonary medication, or
injections, all of which need regulated dosage as prescribed by
the physician. The development of MEMS flow sensors, actuators,
and micromachined micropumps and microvalves could lead to
implantable drug delivery systems capable of accurately delivering
drug dosages at desired time intervals. The major concern asso-
ciated with commercialization of MEMS flow sensors within the
biomedical domain is the use of soft polymer materials as sens-
ing structures and sensing elements. While polymer MEMS has
a high market demand in biomedical applications, owing to their
biocompatibility not many polymer MEMS devices been commer-
cialized as yet in comparison to silicon based devices. Repeatability,
fast response, biocompatibility, wireless data acquisition, and high
accuracy are current barriers to wide penetration of the polymer
MEMS flow sensors in biomedical applications.

MEMS flow sensors are also in high demand for environmen-
tal wind flow velocity and flow direction monitoring for smart
architecture and building design. Arrays of MEMS flow sensors
embedded at various locations of a building provide constant mon-
itoring of air circulation patterns within building complexes. Such
information is useful to understand the heat distribution and ther-
mal comfort for living in these dense housing complexes.

The past decade has seen a surge in the development of
biomimetic MEMS flow sensors for hydrodynamic flow sensing.
Inspired by the lateral-line sensors found in fishes, researchers have
developed arrays of MEMS flow sensors which enable underwater
vehicles to achieve artificial vision and energy-efficient manoeu-
vring. Such flow sensors are of great need in marine robotics and
underwater/surface water vehicles where long term sensing with
minimal human intervention is of interest. With the advent of
biomimetic compact robots and swarm robots for surveillance in
marine environment, there is an escalated demand for light-weight
and flexible arrays of MEMS sensors for flow monitoring.

Flow sensors for pipeline leakage monitoring for both drinking
water and oil bearing pipelines is another important application
where the MEMS flow sensors reviewed in this work could have
commercialization opportunities. Such pipelines can run for thou-
sands of kilometers and need numerous flow meters at various
points for reliable and efficient monitoring and detection of leakage
locations, which can be very costly. Moreover, even if such large
numbers of existing commercial flow meters are implemented,
insertion flow meters available today interfere with the flow inside
the pipe due to their large size. Despite the magnitude of the
problem and the great need for flow sensors in pipelines, the com-
mercialization of the MEMS flow sensors for this application has
still been a challenge due to the stringent requirement for high
robustness, remote sensing capability, and long term monitoring.

While a number of MEMS flow sensors are being developed
through research activities, the sensing performance demanded by
each application is unique, and depends on the environmental and
flow parameters. Successful commercialization of the MEMS flow
sensors reviewed in this manuscript requires significant develop-
ments in their capabilities of remote data acquisition, robustness
and repeatability of sensing performance. Through this article, we
only focused on three common types of MEMS flow sensors prin-
ciples namely thermal, piezoeresistive and piezoelectric devices.
There are however few reports on the other types of MEMS flow
sensors such as capacitive [196-198], ultrasonic [ 199,200], coriolis
flow meter [201-203], and turbine [23,204].

Fig. 4.A presents a distribution plot on the number of studies
that have been performed on different types of MEMS flow sensors.
Interestingly, just over a half (51.2%) of reports used the ther-
mal sensing principle, with the calorimetric MEMS flow sensors
slightly the most popular, but with similar numbers for thermal
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hot-wire and hot-film systems. The second most common method,
piezoresistive materials (35.2%), are interesting because of similar
numbers for level for cantilever, hair cell, and lateral line MEMS
flow sensors. Although the piezoelectric sensing mechanism has
been used in the minority of studies (13.6%), it has attracted dra-
matic attention recently, as is seen in Fig. 4.B. However, it should
be noted that the former studies in the field of MEMS flow sensors
were mainly focused on thermal detection methods, which are still
receiving attention currently. The piezoresistive flow sensors have
been present since 1996, and were becoming the major strategy in
this area during 2011-2015. We also found that thermal MEMS sen-
sors were principally concentrated on airflow measurement, while
piezoresistive systems were used for both air and water flow detec-
tion (Fig. 4.C). On the other hand, piezoelectric devices were applied
to water flow sensing in the majority of studies.

Readout electronics associated with MEMS flow sensors could
significantly affect the performance, sensitivity and cost of the sen-
sory system. There have been several efforts of development of
thermal flow meter with the read-out electronics integrated on
the same chip [91,205] some of which have been commercialized
[206]. These devices showed enhanced characteristics such as low
response time and lower power consumption. Pitto et.al. developed
a silicon chip including both the flow sensor and a configurable
electronic interface to reduce the unavoidable offset of the sensing
structures and the effect of pressure by means of the on-chip smart
interface [206]. Recently, a readout integrated circuit (ROIC) was
also reported to enable dual mode flow sensor on System on chips
[207].

6. Concluding remarks

MEMS flow sensors offer numerous benefits compared to
conventional flow sensors, including high spatial and temporal
resolution, compact size, high sensitivity, and accuracy. With the
aim of developing sensors with higher sensitivity, accuracy and

threshold detection limit, researchers have investigated nature
and developed biomimetic flow sensors. They learnt the sensing
principles, morphological geometry, and design principles of the
biological flow sensors in nature and applied them in developing
artificial sensors using MEMS technologies. In this article, we have
summarised the development of three main types of MEMS flow
sensors including thermal, piezoresistive and piezoelectric devices
and critically analysed their performance considering the mate-
rial selection, sensitivity, application and design. A brief insight
into various theories and working principles are detailed. The hot-
wire/hot-film flow sensors exhibit good sensitivity over a large flow
range but suffers from poor sensitivity at low flow rates. Piezoresis-
tive flow sensors show excellent sensitivity at low flow velocity but
they often require a power supply in order to bias the sensor in a
wheatstone bridge configuration, allowing the voltage output gen-
erated due to the flow stimulus to be measured. The power supply
presents difficulties for unmanned underwater robots (AUVs) and
other underwater applications due to its size and weight. Therefore,
a piezoelectric device for underwater flow sensing which provides
a self-powered sensing ability is very attractive. In contrast, a hot-
wire anemometer based design developed in the past performs
flow sensing based on heat transfer and it will be challenging to use
it for underwater sensing. Hair cells on torsional capacitive plates
with thin gaps between moving plates are likely problematic for
underwater applications, due to the complication of the narrow gap
between the plates filling with water, and collapsing of the plates
induced by capillary force. Finally, we cited existing challenges,
outlooks and various applications of hot-wire, piezoresistive and
piezoelectric MEMS flow sensors.
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