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Cantilever structures were reported to be used for flow sensing purposes. Herein, we present silicon
nanowire (SiNW) based cantilever flow sensor. Five cantilever flow sensors with different depths are
modeled and simulated (fluid-structure) with water flow velocity from 50 cm/s to 200 cm/s. SiNW is
embedded in the cantilever as piezoresistive transducer at the anchor, and a maximum resistance
change of 11.2% is obtained. Based on the results, increasing depth will not only contributes to
lager cantilever deformation at fixed flow velocity, but also improves its sensitivity. However when
the depth become larger to certain degree, this effect tends to saturate.
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1. INTRODUCTION

The flow measurements are usually needed in all fields
of engineering. Various flow sensors were designed in
the past few years, such as lift force sensor, drag-force
sensor, impedance-based flow sensor, and haircell sensors
and so on.1–4 Piezoresistive transduction method is one
of the methods to convert flow-induced strain into resis-
tance change. When the semiconductor industry migrates
from microfabrication technology to nanofabrication tech-
nology, the silicon nanowire (SiNW) is appeared as a
new generation of peizoresistive sensors because of its
nano-scale features and superior piezoresistive sensing
properties. In 2006, He and Yang reported the giant
piezoresistance effect of �111� direction P -type SiNW
with largest value of −3550× 10−11 Pa in the longitudi-
nal direction.5 By using the �110� direction SiNW, Reck
et al. showed an increase in the piezoresistive effect of
633% compared to the value of bulk silicon in 2008.6 In
2010, Neuzil et al. reported the electrically enhanced giant
piezoresistance in �110� SiNW.7 It is a rational approach
that a cantilever is integrated with the SiNW as transducer
to form a microelectromechanical system (MEMS) flow
sensor. To investigate influence of cantilever in flow and
the flow sensor characteristics, a quasi-3D fluid-structure
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interaction modeling is deployed in this paper. In the pro-
posed curved-up cantilever flow sensor design, the effects
of sidewall depth underneath the cantilever on the velocity
vector of the flowing fluid are mainly discussed. Besides,
the SiNW resistance change versus flow velocity is inves-
tigated computationally.

2. DESIGN, MODELING AND SIMULATION

The three dimensional (3-D) model was built using Solid-
works, the cantilever is suspended in the middle of the
top edge of a block as shown in Figure 1(a). The block
length and width are 360 �m and 80 �m respectively. To
investigate the effect of the underneath sidewall depths, the
block of different sidewall depths are built, i.e., 20 �m,
50 �m, 100 �m, 200 �m and 400 �m. The cantilever is
assumed to be made of silicon oxide with length 250 �m,
width 12 �m and thickness 2 �m, while the SiNW is
embedded within the cantilever at its anchor. Due to the
residual stress of silicon oxide, the cantilever will curve up
after fabrication. In this model the cantilever is assumed
to have circular profile with free end curved up to 80 �m.
Figure 1(c) shows a tube with diameter of 6 mm for liquid
or gas to pass through. The location of cantilever sensor
chip is set to be at the entrance of this tube as shown in
Figure 1(c).
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Fig. 1. (a) The cantilever flow sensor model; (b) Zoom-in cantilever
with embedded SiNW at the anochor; (c) The schematic drawing of 3-D
tube model with cantilever flow sensor chip at inlet.

Figure 2 shows the flow behavior-simulation by using
Finite Element Modeling (FEM) software ANSYS Flu-
ent. The model in the ANSYS Fluent is meshed using
Gambit, and the element type is Tet/Hybrid. Figure 2(a)
shows that the liquid flows into the tube and cross the can-
tilever and the top surface of the block. The arrow marks
with different colors represent the fluidic trajectory (veloc-
ity vector), showing magnitude and direction. The flow
behavior can be easily observed accordingly. Figure 2(b)
shows the zoom-in region near by the cantilever flow sen-
sor. Water was deployed as the liquid with density of
1000 kg/m3 and viscosity of 0.0007 kg/m-s in the mod-
eling. In ANSYS fluent, all the model surfaces are con-
sidered as rigid, which means that they have no deflection
under the fluidic impact. However, in real applications the
mechanical behavior of structure under certain flow envi-
ronment needs to be taken into account. To address this
problem, the pressure distribution on the cantilever top
and bottom surface elements are extracted from the fluidic
simulation results and then fitted using Matlab. Later the
same pressure distribution was applied to the cantilever
solid body model with identical dimensions using FEM
software Abaqus as shown in Figure 3(a). In the Abaqus

Fig. 2. Results of ANSYS Fluent model show the fluidic behavior:
(a) The whole scene of the model; (b) zoom-in region nearby the can-
tilever flow sensor.

Fig. 3. Abaqus FEM modeling. (a) Pressure distribution applied to the
cantilever top and bottom surfaces. (b) The stress distribution map along
the cantilever.

modeling, the cantilever end at the anchor is fixed, and the
curved-up end is free. The material property and the ele-
ment type of the cantilever are silicon oxide and C3D8R
respectively. The above modeling methodology is valid
when the deflection of the cantilever is small enough that
the flow behavior could be approximately considered as
unchanged. Figure 3(b) shows the cantilever strain distri-
bution results, in which the red part indicates the largest
strain area of the whole cantilever. As mentioned above,
the SiNW was made on surface at the junction of block
edge and the anchor of the cantilever, where the maxi-
mum strain lies. By measuring the change in the nanowire
resistance due to the strain of cantilever, the correlation
between the strain of cantilever and flow velocity can
be further obtained. Following this approach, an approxi-
mate fluid-structure interaction relationship, and curves of
SiNW resistance change versus flow velocity relationship
can be derived finally.

3. RESULTS AND DISCUSSION

3.1. Net Force Applied to Cantilever

Since the cantilever is very thin in thickness compared
to its length, only the pressure distribution along its top
and bottom surfaces is included in the calculation for
extracting forces. The forces on both top and bottom sur-
faces of the cantilever along the direction perpendicular
to the flow inlet direction are extracted. The net force is
obtained by summing the top and bottom forces together.
Figure 4 shows the net force application under fixed flow
velocity when the depth varies from 20 �m to 400 �m.
The negative net force means the net force pushes the can-
tilever downwards. The four fitting curves represent flow
speed varies from 50 cm/s to 200 cm/s respectively. In the
low flow rate region, e.g., 50 cm/s, the flow above and
below the cantilever will contribute similar force to the top
and bottom surface which may offset each other. Thus we
observed the result of blue curve in Figure 4. In the higher
flow rate region, e.g., 150 cm/s to 200 cm/s, the influ-
ence of sidewall depth is obvious. The net force increases
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Fig. 4. The relationship between the net force applied to cantilever and
its underneath sidewall depth at various flow velocities.

as the sidewall depth of block becomes higher, indicating
higher deformation of the cantilever, and larger resistance
change of the embedded SiNW as well. This indicates that
for this kind of cantilever flow sensor design, larger space
arranged underneath the cantilever will improve its perfor-
mance. Moreover, the curve at velocity of 200 cm/s gives
that the net force on the cantilever increases quickly when
the depth changes from 20 �m to 200 �m; but the net
force change does not increase so much from 200 �m to
400 �m. However, when the sidewall depth increases to
certain degree, the net force in the high flow rate region
will be saturated at maximum value eventually and is not
affected by the sidewall depth, e.g., the curve of 200 cm/s
in Figure 4. Because the water below the cantilever tends
to be more stationary as the sidewall of block increases,
the underneath water will apply less lifting force to the
cantilever.
In Figure 5, it shows that the cantilever undergoes higher

net force as expected when the flow velocity increases.
Furthermore, the net force changes more rapidly as the
sidewall depth increases, indicating that the sensitivity
of the cantilever flow sensor becomes higher. Thus, we

Fig. 5. The relationship between the net force applied to cantilever and
the flow velocity with respect to various sidewall depths.

concluded that increasing the underneath depth will not
only gain larger deformation of the cantilver, but also
improve its sensitivity.

3.2. Eddy Currents

An eddy current is the flow induced in swirls. For example,
when dragging an oar breadthwise, eddy current appears.
In modeling, eddy current was observed as shown in
Figure 6. Plane 1 and Plane 2 respectively show the flow
behavior right across the cantilever and the region nearby
the cantilever in Figure 6(a). In both cases, eddy current
occurs. It indicates that cantilever is not the reason causing
eddy current. According to the simulation data, there are
two major combinations of parameters for results of appar-
ent eddy current. The 1st combination is that the sidewall
depth is 200 �m, and the flow velocity is 100 cm/s or
higher; and the 2nd combination is that the sidewall depth
of 400 �m at all kinds of velocity investigated in present
study. It is concluded that the flow velocity and under-
neath sidewall depth is the main contributing factors to
the eddy current, i.e., the eddy current is easily observed
under higher sidewall depth and velocity. However, the
eddy current doesn’t seem to contribute to higher lifting
force or to be able to make the cantilever bend upwards
as we suspected initially. It appears as a minor effect from
the aspect of flow sensor application.

3.3. Strain of Cantilever and Resistance
Change of SiNW

To directly reveal the relationship between the cantilever’s
maximum strain and the flow velocity, Abaqus simulation
is used to investigate the data of the flow sensors with
depth 50 �m, 200 �m and 400 �m in a more accurate way.
As introduced above in the modeling part, the pressure

Fig. 6. (a) Top view of the flow sensor in which the red line indicates
the cutting plane across the cantilever, the green line refers the plane
without across the cantilever; (b) and (c) The fluidic trajectories corre-
sponding to the two cutting planes. The inset shows the legend of flow
velocity (m/s).
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Fig. 7. The relationship between the strain measured at the cantilever
anchor and the flow velocity.

distribution is exported from ANSYS Fluent and applied to
the cantilever top and bottom surfaces accordingly for its
mechanical deformation in Abaqus. As shown in Figure 7,
the strain is derived at the anchor of cantilever versus the
flow velocity. Larger strain is introduced by higher flow
velocity. Moreover, the strain increases more rapidly in
the case of larger underneath sidewall depth, indicating a
higher sensitivity. This result coincides with the former
analysis using the net force applied on the cantilever, and
it is more convincing and straight forward.
The silicon nanowire embedded at the anchor of can-

tilever is supposed to experience an indentical strain as the
cantilever. For bulk silicon the piezoresistive coefficient in
longitudinal direction is 71.8E-11 Pa−1. Based on Reck’s
report, an 633% increase of piezoresistance coefficient is
found in �110� direction SiNW compared with bulk sili-
con. Under such conditions, the relationship of resistance
change versus flow velocity can be further obtained using
Eqs. (1) and (2),

�l =
�R

�R0

(1)

Fig. 8. The relationship between the resistance change of the SiNW and
the flow velocity with respect to different block sidewall depths.

Fig. 9. The relationship between the deflection of cantilever free end
and the flow velocity when the block sidewall depth is 400 �m.

� = E� (2)

where �l is the longituginal piezoresistance coefficient,
R is the SiNW resistance, � and � are the longituginal
stress and strain application to the SiNW, E is Young’s
modulus of silicon. Figure 8 shows the SiNW resistance
change versus various flow velocity when the block side-
wall depth are 50 �m, 200 �m and 400 �m respectively. It
is observed that a maximum of 11.2% resistance in SiNW
is achieved when the depth is 400 �m at flow velocity of
200 cm/s. Based on the above results, among all the flow
sensor models, the one with 400 �m sidewall depth gains
the largest strain at any given flow velocity. Thus to anal-
yse the cantilever deflection in respect to the flow velocity,
the flow sensor with 400 �m underneath sidewall depth
is selected for such purpose. As shown in Figure 9, the
maximum deflection of the cantilever free end is 3.5 �m
in downward direction, in which it is only 4.4% of the ini-
tial curve-up height of the cantilever free end. In the case
of such small deflection, the fluidic behavior is reasonably
expected to be remaining the same. This means that other
flow sensors with lower underneath sidewall depth should
have even smaller deflection, indicating the modeling is
valid for all the cases studied in this paper.

4. CONCLUSION

In this paper, a fluid-structure interaction modeling is
introduced by using an approximation approach. Five
cantilever flow sensor with different underneath depths
are simulated with water flow velocity from 50 cm/s to
200 cm/s. Silicon nanowire is embedded at the anchor of
the cantilever as a piezoresistive transducer, and a maxi-
mum change of 11.2% in resistance is obtained. Based on
the results, Increasing underneath sidewall depth will not
only contributes to lager cantilever deformation at a fixed
flow velocity, but also improves the sensitivity. However
when the sidewall depth is larger enough, e.g., 400 �m,
this contributing effect does not affect a lot.
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