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1  Introduction

The accurate measurements of wind speed and direction 
are essential to various aspects of daily life and industrial 
production (Connell 1982; Aylor 1990; Zhao et  al. 2004; 
Arritt et al. 2007; Kumar et al. 2008). Therefore, wind sen-
sors are widely used in different fields such as agricultural 
production, transportation, energy acquisition and equip-
ment manufacturing, etc. In recent years, with the develop-
ment of microelectromechanical systems (MEMS) technol-
ogy, a variety of new MEMS wind sensors are emerging 
(Nguyen 1997). Among them, MEMS thermal wind sen-
sors have drawn a great attention because of their advan-
tages of non movable structure, high initial sensitivity, 
small volume and low cost (Zhu et  al. 2014). However, 
thermal wind sensors also have a main drawback. They 
consume much more power than their counterparts such as 
mechanical and ultrasonic anemometers because the sensor 
chips need to be heated to above ambient temperature. This 
limits their application in embedded autonomous wireless 
sensor networks, mobile meteorological measuring equip-
ments and other low-power occasions. To address this 
issue, numerous power-dissipation decrement approaches 
have been developed, categorized as using anisotropic wet 
etching of sensor substrate from either front-side or back-
side (Baltes et al. 1998; Kim et al. 2003; Sabaté et al. 2004; 
Adamec and Thiel 2010; Cubukcu et al. 2010), using low 
thermal conductivity substrates (Kaltsas et  al. 2002; Shen 
et  al. 2010; Vilares et  al. 2010) and elevating the thermal 
elements away from the surface of the sensor substrates 
(Ebefors et  al. 1998; Chen and Liu 2003; Sadeghi et  al. 
2013; Liu et al. 2015). Although these methods effectively 
reduce the power consumption of thermal wind sensors, 
there are also a series of drawbacks, including the need of 
protecting the sensor structures (i.e., hot-wires, cantilevers 
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and thin membranes) from the thermal stress caused by 
temperature changes, the contamination from dust and 
moisture in the air or being destroyed by the vibration and 
mechanical shocks (Li and Jiang 2008). Besides, the wire 
bonding wires used in the electrical connection between 
MEMS chips and the external circuit are usually exposed 
to the environment directly, which is not reliable for some 
applications in high temperature or high humidity condi-
tions (Harman 1993).

To obtain a robust and low power thermal wind sensor 
that can be applied in practice, a glass-in-silicon reflow 
process has been introduced to fabricate the device (Zhu 
et  al. 2016). The sensor takes a low thermal conductiv-
ity glass substrate to minimize the invalid heat loss and 
employs vertical silicon through-wafer interconnects to 
replace the bonding wires on the front surface of the chip. 
Besides, a passivation layer of nitride is deposited on the 
surface of the wind sensor to prevent direct exposure of 
the sensing elements to harsh media. The measurement 
results show that the sensor can be operated with a heating 
power as low as 4.8 mW. However, the drawbacks of this 
wind sensor is that it can only detect airflow speeds of up 
to 17.5 m/s, which is not satisfactory for many application 
situations. Thus, in this work, we present a measurement 
range enlarged thermal wind sensor which is based on the 
calorimetric principle. The sensor contains four orthogo-
nally placed heaters and nine thermistors. Eight thermistors 
measure the temperature differences between the upstream 
and downstream surface of the sensor while one thermistor 
is positioned at the center to sense the average temperature 
of the chip. Because of using the same reflow process, the 
sensor also features of low power consumption and high 
reliability. On top of that, the thermal wind sensor and its 
package is analytically modeled, which is important for 
the sensor design and has not been done in previous works. 
The whole work is organized as follows: In Sect. 2 the sen-
sor structure design and its package are presented. Moreo-
ver, the fabrication process and results of thermal wind sen-
sors are discussed; Sect. 3 first gives the analytical model 
of the sensor, and then presents the design criterion of the 
sensor in accordance with the model. At last the validity of 
the model is verified by FEM simulations made with COM-
SOL Multiphysics software; Sect. 4 discusses in detail the 
experiment results of the DC characterization and output 
characteristics of the wind sensor; Sect.  5 finally summa-
rizes the paper in a conclusion.

2 � Sensor description

Figure 1 shows the schematic of the cross-section view of 
the proposed 2D thermal wind sensor. The wind sensor 
mainly consists of four parts, including a glass substrate 

with embedded vertical silicon vias, metal pads, Si3N4 pas-
sivation layer, and metal resistors for heating and sensing 
temperature. When the sensor is operated, the heater heated 
the chip to above the ambient temperature. At zero flow 
velocity, the temperature profile around the heaters is sym-
metric, but forced convection will transport the heat down-
stream when a fluid passes over the heater. As a result, the 
temperature profile around the heaters will be asymmetric. 
The sensing resistors up- and downstream the heater will 
read different temperatures, and this temperature difference 
among the sensing elements can be used to determine the 
magnitude and direction of the wind. Because the passi-
vation layer is extremely thin and the thermal conductiv-
ity of the glass substrate is very low, the thermal interac-
tion between the proposed sensor and the airflow can be 
achieved effectively, and the unwanted heat loss from the 
heater to the surroundings is decreased. In this manner, 
the sensor can be operated with very low power dissipa-
tion and has a high sensitivity. Besides, the proposed sen-
sor employs vertical silicon through-wafer interconnects to 
replace the bonding wires on the front surface of the chip, 
which enables the MEMS thermal wind sensor have more 
reliable electrical connections. Figure  1 also shows the 
package conditions of the proposed thermal wind sensor. 
As shown in the figure, the sensor was placed on the central 
opening of a PCB board with face upward, and wire bonded 
to the PCB board through the metal pads on the back side. 
In order to achieve good environmental isolation, the bond-
ing wires were encapsulated by the packaging resin of poor 
thermal conductivity. Furthermore, a metal cover with a 
square hole in the middle was placed on the wind sensing 
side of the chip to obtain a smooth flowing surface and a 
plastic base provided the mechanical support for the sensor.

The proposed wind sensors could be fabricated with a 
glass reflow process (Zhu et al. 2016), as shown in Fig. 2. 
The main process flow can be divided into several steps: (a) 

Fig. 1   Schematic cross-section view of the packaged thermal wind 
sensor
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the area of silicon vias for electrical conduction were firstly 
defined on the wafer surface using 10  µm thick AZ4620 
photoresist in photolithography. (b) Then deep reactive 
ion etching (DRIE) process was then carried out to etch 
the silicon to obtain the cavities with a depth of 250 µm. 
(c) After that, a Borosilicate glass wafer of 500 µm thick-
ness was anodically bonded to the etched silicon wafer at 
400  °C and high vacuum level (about 5  mTorr). Before 
anodic bonding, the wafers need to be cleaned in oxygen 
plasma for 15 min. (d) The bonded glass was then reflowed 
in a furnace at 950 °C for 2 h. (e) Finally, the wafer was 
lapped to be 180–190 μm thick so that the through-wafer 
silicon vias would be exposed entirely. (f) 200 nm thick Pt 
was sputtered and patterned on the substrate by the lift-off 
process for the heaters and sensing elements of the sen-
sor. 20 nm thick Ti was sputtered on the substrate before 
Pt to enhance the adhesion between the Pt layer and the 
substrate. (g) A low-stress 3000 Å-thick Si3N4 film was 
deposited utilizing a low temperature Plasma Enhanced 
Chemical Vapor Deposition (PECVD) process to form a 
passivation layer of the sensor. This passivation layer can 
prevent direct exposure of the sensing elements to harsh 
media and enhance the reliability of the wind sensor. (h) 
After that, a 300 nm thick Au film was deposited and pat-
terned on the other side of the sensor chip as the bond-
ing pads. Figure 3a shows the enlarged photograph of the 
fabricated wind sensor. The overall dimension of the sen-
sor chip is 4.6 mm × 4.6 mm × 0.18 mm, and the sensor 

consists of four heaters and nine thermistors. A central 
thermistor senses the average heater temperature, while the 
other eight, which are distributed symmetrically around the 
heaters, measure the temperature differences between the 
upstream and downstream surface of the sensor. Figure 3d 
shows the wind sensor was packaged in a protection shell, 
which protects them from the environment.

3 � Modelling and simulation

3.1 � Analytical model

For better understanding the working principle of the sen-
sor and providing the guidelines to the design of the sensor, 
a simple one-dimensional analytical model of the thermal 
wind sensor and its package structure is established. Fig-
ure  4a shows the schematic layout of the sensor model, 
in which ①, ② and ③ respectively represents the fluid 
region, the sensor chip region and the package resin region. 
A heater of the length 2Lh lies in the middle of the sen-
sor chip. Two temperature sensors are placed upstream and 
downstream the heater with a distance of L0. When the fluid 
flows over the sensor, a momentum boundary layer and a 
thermal boundary layer will be established above the sur-
face of the sensor chip. δx is the thickness of the momen-
tum boundary layer, and δt,x is the thickness of the thermal 
boundary layer. In the model of the above described wind 

Fig. 2   Fabrication process of the proposed thermal wind sensor
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sensor, we make the following assumptions (Lammerink 
et al. 1993; Nguyen and Dötzel 1997): (i) The heater gener-
ates a steady and constant heat power P0 (DC condition); 
(ii) The magnitude T represents the over-temperature with 
respect to the ambient temperature T∞ and flow in region 
① is laminar and fully developed with average velocity U; 
(iii) The width of the chip is much larger than the thickness 
of the thermal boundary layer and the chip, i.e., w ≫ δt,x, 
tm. Hence, the heat flow is considered to occur only in the 
xy-plane, i.e., the flow in the z-direction (out-of-plane in 
Fig. 4a) is neglected; and (iv) All structures in Fig. 4a have 
the same width w. These assumptions allow describing 
the system in terms of lumped elements. Figure 4b shows 
the lumped element of the model. As a result of the steady 
state, the total power entering the small section in Fig. 4b is 
zero, that is:

Assuming that the flow velocity profile is linear within 
the momentum boundary layer and the temperature pro-
file is linear within the thermal boundary layer and the 
package resin, then the following equations can be 
obtained based on Fourier’s law:

(1)
Pcond,x,air + Pcond,x,sub + Pcond,x,pack + Pconv,air

+ Pcond,y,air + Pcond,y,pack = 0.

(2)Pcond,x,air = −kairw
δt,x

2

dT

dx

(3)Pcond,x,pack = −kresinw
h

2

dT

dx

(4)Pcond,x,sub = −ksubwtm
dT

dx

Fig. 3   The photograph of the fabricated wind sensor: a before packaging, b packaged in the protection shell

Fig. 4   a Schematic layout of the wind sensor model, b lumped element
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 where kair, ksub, kresin are respectively the thermal con-
ductivity of the air, the sensor chip and the package resin. 
h and tm are the thickness of the sensor chip and the pack-
age resin. T is the over-temperature with respect to the 
ambient temperature, and w is the width of the chip.

The power carried by convection can be expressed as:

where ρ and cp are respectively the density and specific 
heat capacity of the air, U is the wind speed.

Combining Eqs.  (1)–(7) and differentiating Eq.  (1) 
yields the final differential equation:

with

The magnitude keq represents the equivalent thermal 
conductivity in the x-direction while teq corresponds to the 
equivalent of the whole model. If the temperature of the 
heater is assumed to be homogeneous at T0, after solving 
Eq. (8), the temperatures up- and downstream are:

(5)
Pcond,y,air =

kairwTdx

δt,x

(6)Pcond,y,pack =
kresinwTdx

h

(7)

Pconv,x,air = ρcpw

∫

δt,x

0

TyUydy

= ρcpw

∫

δt,x

0

T ·

(

1−
y

δt,x

)

· U ·

y

δx

dy

= ρcpwTU
δ
2
t,x

6δx

(8)6keqteq
d2T

dx2
− ρcpU

δ
2
t,x

δx

dT

dx
− 6

(

kair

δt,x

+

kre sin

h

)

T = 0

(9)

keq =
kair

δt,x

2
+ kre sin

h
2
+ ksubtm

teq
=

kair
δt,x

2
+ kre sin

h
2
+ ksubtm

δt,x+h
2

+ tm

(10)Tu(x) = C1exp(�1x)+ C2exp(�2x) (x < −Lh)

(11)Td(x) = C3 exp(�1x)+ C4 exp(�2x) (x > Lh)

(12)

�1,2 =

ρcp
δ
2
t,x

δx

(

U ±

√

U2
+

144keqteq·δ2x
(ρcpδ

2
t,x)

2

(

kair
δt,x

+
kre sin
h

)

)

12keqteq

The boundary conditions for Eqs.  (10) and (11) is as 
follows:

Where ξ is the distance from the edge of the heater to 
the border of the chip.

With the boundary conditions Eqs.  (10) and (11) can 
be rewritten as follow:

Since two temperature sensors are located up- and 
downstream at a distance L0 from the heater, the tempera-
ture difference between these two locations is given by:

The heater temperature T0 in Eqs. (15) and (16) can be 
determined by considering the total power entering and 
leaving the heater:

For small Lh, it can be assumed that Pin,conv = Pout, conv. 
Therefore, all the generated heat of the heater is dissi-
pated mainly by diffusion, and Eqs. (18) can be rewritten 
as follow:

In this equation, the first and second terms of the right 
side account for the heat diffusion in y-direction, while 
the third term of the right side describes the heat diffu-
sion in x-direction caused by the temperature gradient 
up- and downstream the heater. Therefore, the tempera-
ture of the heater can be expressed as:

(13)Tu(−Lh) = T0 = Td(Lh)

(14)Tu[−(Lh + ξ)] = Td[Lh + ξ ] = 0

(15)Tu(x) =
T0
[

e�1x − e(�2−�1)(Lh+ξ)+�2x
]

e−�1Lh − e−�1(Lh+ξ)+�2ξ
(x < −Lh)

(16)Td(x) =
T0
[

e�1x − e(�1−�2)(Lh+ξ)+�2x
]

e�1Lh − e(�1−�2)(Lh+ξ)+�2Lh
(x > Lh)

(17)�T = Td(L0 + Lh)− Tu(−L0 − Lh)

(18)P0 + Pin,conv = Pout,cond + Pout,conv

(19)

P0 ≈ Pout,cond =

2kairwLh

δt,x

T0 +
2kre sinwLh

h
T0

+ keqteqw
(

C3�1e
−�1Lh

+ C4�2e
−�2Lh

−C1�1e
�1Lh

− C2�2e
�2Lh

)

T0

(20)
T0 =

P0

2kairwLh
δt,x

+
2kre sinwLh

h
+ keqteqw

(

C3�1e−�1Lh + C4�2e−�2Lh − C1�1e�1Lh − C2�2e�2Lh
)
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To ease the analytical solution of the above equation 
the parameters δt,x can be substituted by the average 
height of the thermal boundary layer,

Combining Eqs.  (21)–(23), the average height of the 
thermal boundary layer could be calculated,

where α is the thermal diffusivity of the air, and ν is the 
kinematic viscosity of the air.

Figure  5a shows how the temperature profile T(x) 
changes according to Eqs.  (15), (16) and (20) as the flow 
velocity increases. The parameters used for these curves 
are summarized in Table  1. As expected, due to the 
increased convection, the heater temperature T0 decreases 
with increasing velocity. Besides, upstream the tempera-
ture decay becomes steeper whereas downstream the tem-
perature decay becomes flatter due to the forced convec-
tion. If the temperature sensors are located at a distance 
L0 = 0.6 mm from the heater, the resulting ∆T is as shown 

(21)δt,x =
1

2(Lh + ξ)

∫ Lh+ξ

−Lh−ξ

δt,x(x)dx

(22)
δt,x

δx

=

1

1.026

−1/3

Pr =

1

1.026

(

cpµ

kair

)

−1/3

(23)δx = 4.64(x + Lh + ξ)

[

ρU(x + ξ + Lh)

µ

]

−1/2

(24)

δt,x =
1

2(Lh + ξ)

∫

Lh+ξ

−Lh−ξ

δt,xdx = 4.269(Lh + ξ)
1/2

U
−1/2

α
1/3

ν
1/6

in Fig. 5(b), which shows the typical response of a calori-
metric flow sensor in constant power mode.

As shown in the above analytical model, the output tem-
perature difference of the thermal wind sensor is related 
to some key structure parameters. Therefore, how these 
parameters affect the performance of the wind sensor are 
also investigated in this study. These investigations include 
six variables: the length of the heating element (Lh), the 
width of the heating element (w), the thickness of the chip 
and package resin (tm and h), the size of the chip (Lh + ξ) 
and the distance between the heater and temperature sen-
sors (L0). When one parameter is varied, other parameters 
are kept constant. Results of thses investigations are shown 
in Fig.  6. From Fig.  6, some important conclusions can 
be drawn: (i) the sensitivity of the sensor will decrease 
with the size of the heating element, which means that the 

Fig. 5   a Analytical temperature profile at various speeds using the parameters summarized in Table 1, b analytical sensor output and the heater’s 
temperature of the thermal wind sensor using the parameters summarized in Table 1

Table 1   The structure parameters and material properties related to 
the sensor model

Parameters Value

Lh 0.2 mm

L0 0.6 mm

ξ 1.8 mm

w 4 mm

tm 0.2 mm

h 3 mm

kair 25.24e−3 W/(m K)

ksub 1.13 W/(m K)

kresin 0.48 W/(m K)

ρ 1.164 kg/m3

cp 1.013 kJ/(kg K)

ν 15.7e−6 m2/s
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Fig. 6   Analytical results of the effect of structure parameters on the 
output temperature difference of the thermal wind sensor: a different 
lengths of the heating element (Lh), b different widths of the heating 
element (w), c different thicknesses of the chip (tm), d different thick-

nesses of the package resin (h), e different sizes of the chip (Lh + ξ) 
and f different gaps between the heating element and temperature 
sensors (L0)
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smaller the heating element, the higher sensitivity can be 
obtained; (ii) the sensitivity of the sensor will decrease 
with the increase in the thickness of chip and package 
resin. This is because the thicker the chip and package 
resin are, the greater the heat loss generated in the hori-
zontal direction; (iii) the sensitivity is directly proportion 
to the size of the chip. However, when chip size increases, 
the sensor cost will significantly increase. Thus the sen-
sor should be optimized with the balance of price and 
performance; and (iv) the sensitivity of the sensor is not a 
monotonic function of the distance between the heater and 
temperature sensors, which means that in the design of the 
sensor an appropriate value should be chosen.

3.2 � Finite element analysis

In order to verify the validity of the sensor model, a 2D FEM 
model of the thermal wind sensor including its package struc-
ture was built with COMSOL Multiphysics 4.2 software 
(Comsol Inc., 2016). The sensor model was composed of 
four parts, including a flow channel, a glass substrate, a metal 
heater and a package resin. The heaters were used to heat the 
substrate to a temperature above ambient, while the thermis-
tors were omitted to shorten the solving time of the model. The 
dimensions and material properties of the model structures are 
shown in Table 1. The boundary conditions of the simulation 
model are as follows: the air, the chip and the encapsulation 
structure are defined respectively as the fluid and solid regions. 
The interface between the fluid and solid regions is defined as 
the coupling relationship. At the fluid inlet, the temperature 
was set to the room temperature (293 K) and the laminar inlet 
flow rate was set from 0 to 30 m/s. At the fluid outlet, the tem-
perature boundary condition was set to outflow (convection 
dominated) and the fluid boundary condition was set to zero 
(relative) pressure. The initial temperature on the back surface 
of the sensor was the same as the room temperature. The sen-
sor was operated at constant power (CP) mode and the heating 
power is set as 10 mW.

The simulation results are shown in Fig.  7. Comparing 
the simulation results shown in Fig. 7c with the theoretical 
results shown in Fig. 5b, it can be found that although the 
dimensions and material properties of the model are kept 
the same, the simulated heater’s temperature is higher than 
the theoretical results and the output temperature difference 
of the sensor in the simulation is smaller than its theoretical 
results. This deviation is mainly caused by two factors: (1) in 
the analytical model the regional mean temperature T(x)/2 is 
used to make an approximate calculation of the lateral con-
ductive heat transfer of the sensor. As a result, the conductive 
heat loss in the sensor is overestimated to a certain extent, 
causing the theoretical value of the heater’s temperature is 
less than the simulation result; (2) In the analytical model the 
mean thickness of the thermal boundary layer over the entire 

chip surface is used to make an approximate calculation of 
the lateral convective heat transfer caused by the airflow, 
which makes the thermal convection effect on the upstream 
of the sensor surface is overestimated whereas the thermal 
convection effect on the downstream of the sensor surface 
is underestimated. Thus, when the wind speed increases, the 
temperature decrease on the upstream of the sensor surface is 
greater than the actual value, while the temperature decrease 
of the downstream is less than the actual value. This conclu-
sion can also be verified by the comparison of the tempera-
ture distribution curve in Figs. 5a and 7b. Figure 7d shows 
the comparison between the normalized simulation results 
and calculated results with respect to the output temperature 
difference of the sensor. It can be seen from the figure, the 
two curves are in good agreement, indicating that despite a 
few drawbacks, the analytical model of the sensor can meet 
the need of theoretical analysis on the characteristics of the 
sensor in a certain range.

Based on the design rules concluded from the analyti-
cal model, the final design parameters of the sensor are 
determined as follows: the length of the heating element is 
200 μm; the width of the heating element and the thickness 
of the chip are chosen as 650  and 180 μm, respectively. 
The distances between the sensing elements and the heat-
ers were 270 and 540 μm. The size of the chip is 4.6 mm 
and the thickness of the package resin is 2  mm. The line 
width of the resistors was 15 μm, the same as the spac-
ing between lines. The whole 3D sensor model is shown 
in Fig.  8. Figure  9a–d show the simulation results of the 
thermal profiles on the sensor surface when the wind speed 
is 10 m/s and the wind angles are respectively 0°, 30°, 60° 
and 90°. It can be observed that the temperature distribution 
on the sensor surface varies with the change of the wind 
direction. Besides, the temperature difference of the two 
orthogonal directions (TEW and TNS) all strictly follow the 
sine (cosine) curve, as shown in Fig. 9e. Figure 9f shows 
that the temperature difference signal between the upstream 
and downstream of the sensor surface changes with the 
wind speed when the wind angle is 0°. It can be seen from 
the figure that, with the increase of the wind speed, the 
chip’s temperature decreases rapidly. Meanwhile, the tem-
perature difference between the upstream and downstream 
of the sensor surface also increases with the increase of the 
wind speed. The internal temperature gradient of the chip 
reaches 1 K when the wind speed is 35 m/s.

4 � Sensor characterization

4.1 � DC characterization of the sensor

First, in order to measure the resistance of silicon vias, a test 
structure was designed. As shown in Fig. 10a, one side of 
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silicon vias were connected by a Pt metal film, whose sheet 
resistance is 1.263 Ω per square and the total resistance is 
11.8 Ω. Meanwhile, the other side of silicon vias were not 
connected and only covered by Au pads. A voltage-resist-
ance characteristic curve of the test object can be obtained 
by applying a DC voltage to the two Au pads. During the 
measurement, two test samples were selected randomly. 
The applied voltage varies from 0 V to 1.5 V. Test results are 
shown in Fig. 10b. As can be seen from the figure, due to the 
negative temperature coefficient of the silicon material and 
Joule heating effect, the resistances of silicon vias decrease 
with the increase of the applied voltage. After deducting 
the Pt film resistance, the DC resistance of a single silicon 
vias is about 1.67–1.73 Ω (including the contact resistance 
between the silicon and the metal film).

Fig. 7   Simulation results of the 2D sensor model: a the thermal pro-
files of the wind sensor with package resin, b the temperature distri-
bution curve across the central axis of the sensor surface, c the out-

put temperature difference and the heater’s temperature of the sensor 
versus the wind speed, d comparison between simulation results and 
analytical results

Fig. 8   The 3D model of the proposed thermal wind sensor, including 
the flow channel, the sensor chip and the package resin
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Fig. 9   Simualtion results of the 3D sensor model. The thermal pro-
files on the surface of the wind sensor versus different wind direc-
tions: a 0°, b 30°, c 60°, d 90°, e the temperature difference between 
the upstream and downstream sensor surface versus different wind 

directions when the wind speed is 10  m/s, f the temperature differ-
ence between the upstream and downstream sensor surface and the 
chip’s central temperature versus different wind speeds when the 
wind direction is 0°
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Then, two-point probe measurement was used for inves-
tigating the electrical properties and thermal characteristics 
of the thin film Pt resistors at zero flow rate and ambient 
atmospheric conditions. The resistance of the fabricated 
heaters and sensing thermistors were 500 and 830 Ω at 
room temperature, respectively. To obtain the TCR of the 
sputtered Pt thermistor, the wind sensor was first put into a 
sealed plastic box, then the sealed box was put into a tem-
perature chamber which can offer a steady temperature con-
dition from 233 to 423 K with ±0.3 K fluctuation to 373 K. 
The resistance output of the thermistor was recorded when 
the temperature changed from 273 to 323 K. The results are 
shown in Fig. 11a. As can be seen from the figure, the out-
put of the sensor has a linear relationship with the changes 
of the temperature. After calculation, the TCR value of the 
Pt thin film is found to be 1778 ppm/K.

Finally, a Keithley 2400 source meter was utilized to 
gradually increase the applied voltage to the heater and 

measure the resistance of the heater and the current flowing 
through the heater simultaneously. By using TCR measured 
previously, the temperature of the heater can be obtained 
from the corresponding resistance of the heater. Figure 11b 
shows the temperature of the heater was plotted versus 
the corresponding heating voltage on the heater. As can 
be observed from the figure, the temperature of the heater 
has a quadratic relationship with the heating voltage. This 
result can be attributed to the fact that the Joule heat gen-
erated from the Pt heater is essentially proportional to the 
square of the heating voltage.

4.2 � Output characteristics of the sensor

As shown in Fig.  12, the complete sensor was mounted 
onto the top surface of a circular sample holder, which 
was inserted into a rectangular wind tunnel and exposed 
with the sensor surface to the flow. The wind speed of the 

Fig. 10   a Schematic diagram of the test structure for measuring the resistance of the silicon vias. b The voltage–resistance characteristic curve 
of the test structure

Fig. 11   a Resistance vs. temperature relationship of the Pt heater. b The dependence of the heater temperature on applied heating voltage
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wind tunnel ranged from 0 to 30 m/s, with a resolution of 
0.2 m/s. The direction sensitivity of the sensor was meas-
ured by rotating the sample holder with the sensor around 

its axis under a constant flow velocity in the tunnel. The 
temperature of the airflow in the tunnel can be regulated by 
the cooling and heating system. By using this set-up, the 
operating temperature can be adjusted with ±0.5 °C accu-
racy. In the measurement, a low-offset instrument ampli-
fier AD623 with 300 times amplification first boosted the 
output voltage of the sensor. Thereafter, the analog signals 
were digitized by a 10-bit ADC of the C8051F410 micro-
processor. Finally, the data was displayed on a liquid crys-
tal display (LCD). The readout electronics circuit was 
implemented on a printed circuit board (PCB) and had a 
power consumption of 153 mW.

In order to know the sensitivity and measurement range 
of the proposed MEMS thermal wind sensor, the output 
voltages of the sensor in two directions were recorded 
and plotted versus different wind speeds and wind direc-
tions in Fig. 13a, b. In the experiment, the ambient tem-
perature was about 300 K and the heating powers applied 
on the heaters and the thermistors were respectively 11.5 
and 3  mW. As shown in Fig.  13c, close agreements can 
be observed between the output voltages of the sensor in 

Fig. 12   The photograph of the wind tunnel test equipment and the 
thermal wind sensor tested in the channel

Fig. 13   The sensor’s outputs in two channels under the condition of 
different wind speeds and wind directions: a output voltages in East–
West direction, b output voltages in North–South direction, c compar-

ison of output voltages in two directions, and d comparison of meas-
urement results and simulation results
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two channels, which shows that the structural symmetry 
of the sensor is good. Measurement results also show 
that when the total heating powers of the sensor were 
14.5 mW, the sensor can measure the wind speed up to 
33 m/s and the measured sensitivity at 5 m/s is 20.2 mV/
(m/s) after 300 times amplification. Figure 13d shows the 
simulated and measured output temperature differences of 
the sensor versus wind speeds. As can be seen, the meas-
ured results are slightly smaller compared to the simula-
tion results. Meantime, the measured sensitivities present 
a quicker descending trends than the simulation. The most 
important reason accounts for this phenomenon is that in 
the simulation the sensor model was simplified and in the 
experiment there were still some conductive heat losses 
caused by the conducting paths such as thin-film gold 
leads and metal protective shell.

With the calibrated model (Zhu et  al. 2015) and the 
measured data the accuracy of the proposed thermal wind 
sensor can be determined. The wind sensor was exposed to 
wind speeds of 2, 5, 8, 12.7, 17.5 and 23.9  m/s from 12 
equally spaced angles. Figure 14 shows the error plots for 
the sensor for six wind speeds from 12 angles. Each line of 
the plots shows the error of the sensor at one wind speed. 
The left graph shows the absolute speed error of the sensor; 
the error is smaller than 0.5 m/s in the range of 0–15 m/s, 
and for other wind speeds the error is smaller than 5% 
of the full-scale (FS). The loss of accuracy at high wind 
speeds is attributed to a loss in the sensitivity of the sensor 
with the increase of the wind speed. The right graph shows 
the wind angle measurement error of the sensor. The error 
is smaller than 5° in all cases.

The sensor repeatability refers to the successive runs 
made by using a single sensor to evaluate discrepancies 
in its response (Gao et  al. 2005). The repeatability of the 
sensor was studied in this work by using the same sensor 

to repeatedly measure the wind speed and direction at dif-
ferent times. The time interval is 15 days. Figure 15 shows 
the measured output wind speed and direction for differ-
ent measurement conditions. As can be observed, the sen-
sor’s output results have close agreements among different 
measurements, which indicate that the proposed thermal 
wind sensor has a good repeatability.

Table 2 summarizes performances of 2D MEMS thermal 
wind sensors recently reported which are operated in con-
stant power mode. Thanks to the Glass-in-Silicon substrate, 
the reliability of electrical connection of the thermal wind 
sensor mentioned in this work is excellent, while the reli-
ability of sensor structure is also good. At the same time, 
because the sensing elements are thermally isolated from 
the heaters, small power consumption were needed in the 
measurement, and the measurement range were wided 
directly by selecting the appropriate distance between the 
heaters and the sensing elements. A performance meas-
urement for the micromachined wind sensor was per-
formed and the tested results showed that the sensor had 
a good measurement accuracy and was still well after the 
cycle-testing.

5 � Conclusions

In this paper, we modeled and characterized a robust, 
low-power and wide-range MEMS thermal wind sen-
sor. The sensor was fabricated by the glass reflow pro-
cess and operated in the calorimetric principle. The cal-
culated results derived from the analytical model have 
shown that the structure parameters such as chip dimen-
sion and thickness, heater length and width, and the dis-
tance between the heater and the sensing elements, have 
an important effect on the sensor performance. The little 

Fig. 14   Measured a wind speed errors and b wind direction errors of the proposed thermal wind sensor under the condition of different wind 
speeds and wind directions
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difference between the simulation and theoretical reduc-
tion results validated the rightness and feasibility of the 
theory. From the COMSOL simulation and the experi-
ment data, we can see that the sensor can achieve a wide 
measurement range with a low power consumption. The 
total heating power consumption of the sensor was only 
14.5  mW and the wind speeds were measured up to 
33 m/s with an accuracy better than 0.5 m/s at low speed 

ranges and 5% FS at high speed ranges. Wind directions 
over the full range of 360° were measured with an accu-
racy of 5°.
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Fig. 15   The repeatability of the proposed thermal wind sensor: a wind speed measurement and b wind direction measurement under the condi-
tion of different wind speeds and wind directions

Table 2   Performance comparison of different 2D MEMS thermal wind sensors

References Cubukcu et al. 
(2010)

Bruschi et al. 
(2009)

Kim et al. 
(2003)

Adamec et al. 
(2010)

Dominguez 
et al. (2008)

Shen et al. 
(2010)

Zhu et al. 
(2016)

This work

Measurement 
speed range 
(m/s)

0–5 0.9–8.4 0–10 0–20 0–20 0–10 0–17.5 0–33

Measurement 
angle range 
(°)

0–360 0–360 0–360 0–360 0–360 0–360 0–360 0–360

Power dissipa-
tion (mW)

0.5 4 300 50 52.8 100 4.8–43.3 14.5

Accuracy of wind speed measurement (m/s)

 Low speeds 0.01 ±1% FS Not given ±2% FS 0.3 0.5 Not given <0.5

 High speeds <5% FS

Accuracy of 
wind angle 
measure-
ment (°)

3.5 8 5 Not given 10 5 <6 <5

Substrate 
structure

SiO2/Si3N4 
membrane

Si3N4 mem-
brane

Silicon mem-
brane

Si3N4 mem-
brane

Silicon sub-
strate

Glass sub-
strate

Glass-in-
silicon 
substrate

Glass-in-silicon 
substrate

Reliability of 
electrical 
connection

Low Low Low Low Low Low High High

Reliability 
of sensor 
structure

Low Low Low Low High High High High
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