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In  this  paper  we  present  Finite  Element  models  to  optimize  the  Lorentz  force  actuation  of  a  micro  Coriolis
mass  flow  sensor.  These  models  specify  six  different  configurations  for the  permanent  magnets  used  to
create  the  magnetic  field  for  the  actuation.  The  models  are  used  to compare  the  various  configurations
in  terms  of  the  strength  of  the  Lorentz  force  used  for  actuating  the  vibrational  modes,  and  in  terms  of  the
sensitivity  to misalignment  of  the magnetic  field  of  the  magnets.  The  simulations  show  that  the  Lorentz
ptimization
inite Element Analysis

force  actuation  can  be  increased  significantly  by  improving  the placement  of the  magnets  and  that  the
actuation  is insensitive  to misalignment  of  the  tube  in relation  to the  magnetic  field.  By  applying  the
models  to  a fabricated  sensor,  the  magnetic  field  outside  the  sensor  area  has  been  reduced  by  6  orders  of
magnitude.  Due  to the  smaller  size  of  the  new  permanent  magnets,  the  footprint  of the  chip,  including
actuation,  has  been  reduced  by a factor  3. The  models  of two  magnet  configurations  without  misalignment
have  been  validated  with  measurements.
. Introduction

We previously presented a micro Coriolis mass flow sensor
apable of measuring a flow range of 10 mg/h up to more than
000 mg/h [1,2]. The sensor uses a vibrating tube to measure the
ass flow. This vibration is actuated by the Lorentz force caused

y an electrical current through a metal track on top of the tube,
hich is placed in a magnetic field caused by permanent magnets.

The sensor presented in this paper showed significant improve-
ents compared to earlier work on micro Coriolis mass flow

ensors [3,4] in terms of range and accuracy. However, key draw-
acks of the design were the large package needed because of the

arge permanent magnets (12 mm  long, 5 mm diameter) and the
arge magnetic field outside the sensor caused by these magnets.
hese drawbacks are highly undesirable in the delicate systems the
ensor is intended for. Therefore, we investigated the Lorentz actu-
tion in terms of the type of magnets that were used, the placement
f the magnets and the influence of misalignment of the magnetic
eld. Fig. 1 shows a photo of the previously presented sensor with

arge permanent magnets (Fig. 1a) and the improved design with

mall (1 mm3) permanent magnets mounted directly on the chip
Fig. 1b).

∗ Corresponding author at: University of Twente, P.O. Box 217, 7500AE Enschede,
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2. Theory

2.1. Coriolis mass flow sensing

A Coriolis mass flow sensor uses a vibrating tube to measure the
mass flow through the tube. A fluid that flows through the tube
results in a small Coriolis force, which can be detected. Fig. 2 shows
a schematic drawing of a Coriolis flow sensor based on a rectangular
tube shape. The tube is actuated in a torsional mode (also known
as twist mode), indicated by angular velocity ωam, by Lorentz force.
The mass flow ˚m through the tube results in a Coriolis force FC on
the tube segment with length Lx along the x-axis. The Coriolis force
is calculated using Eq. (1).

�FC = −2 · Lx · ( �ωam × �̊
m) (1)

The Coriolis force induces an out-of-plane mode (known as the
swing mode) with amplitude proportional to the mass flow. Comb-
fingers attached to the tube and to the (static) bulk of the chip form
a capacitance that is dependent on the location of the tube rela-
tive to the bulk. These comb structures are located on both sides of
the rotational axis. For a purely twisting motion, this will result in
two  periodically changing capacitances that change in anti-phase.

A swinging motion will then induce a phase-shift between the
two  signals, that is proportional to the relative amplitude of the
swinging motion. A detailed discussion of the capacitive read-out
is presented in [2].

dx.doi.org/10.1016/j.sna.2012.01.010
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:j.groenesteijn@ewi.utwente.nl
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ig. 1. Photographs of: (a) the previously presented micro Coriolis mass flow sensor

.2. Lorentz actuation

The tube is actuated using Lorentz force actuation. Due to the
agnetic field �B, an alternating current �ia through a metal track on

op of the tube will cause twisting motion around ωam. Ideally, the
agnetic field is homogenous over the whole tube area and along

he x-axis as shown in Fig. 2. In that case, there will only a Lorentz
orce on the two tube segments of length Ly along the y-axis and
he strength can be calculated using Eq. (2).

�
L = Ly · (�ia × �B) (2)

The simulations described in Section 3 will analyse the non-ideal
ase in which the magnetic field is not homogenous.

.3. Fabrication

The micro Coriolis mass flow sensor consists of a silicon nitride
icro channel that is freely suspended over an etched cavity in the

ilicon substrate. Fig. 3 shows the outline of the fabrication process
sed to make the sensor. A more detailed description can be found

n [5].
Starting with a highly doped 〈1 0 0〉 p++ wafer, a 500 nm

hick, low-stress LPCVD silicon-rich silicon nitride (SixNy) layer is
eposited. Then the fluid inlet/outlet holes are etched from the
ackside of the wafer using deep reactive ion etching (DRIE). The
ixNy layer at the top side is used as etch stop (Fig. 3a). Next, a

 �m thick TEOS (tetraethyl orthosilicate) oxide layer is deposited
nd removed from the front side of the wafer. Then a 50 nm layer
f chromium is sputtered on the front side of the substrate. This

hromium layer is patterned using a mask containing arrays of

 �m × 2 �m holes, spaced 3 �m apart. This pattern forms the cen-
reline of the final channel. The pattern is then transferred into the
itride layer by reactive ion etching and subsequently the channels

ig. 2. Schematic view of a micro Coriolis mass flow sensor showing the relevant
arameters.
large magnets and (b) the micro Coriolis mass flow sensor with miniature magnets.

are etched in the silicon using isotropic plasma etching (Fig. 3b).
The TEOS layer and chromium mask are then removed and another
SixNy layer is grown with a thickness of 1.8 �m to form the channel
walls and seals the etch holes in the first nitride layer (Fig. 3c). A
10 nm layer of chromium and 200 nm layer of gold are sputtered
(chromium serving as the adhesion layer for gold) and patterned
to create the metal electrodes for actuation and readout (Fig. 3d).
Next, the release windows are opened by reactive ion etching of
the SixNy layer (Fig. 3e) and the structure is released by isotropic
etching of silicon (Fig. 3f). Fig. 4 shows a SEM photo of a fabricated
Coriolis mass flow sensor.

3. Modelling and simulations

3.1. Models

To optimize the Lorentz actuation, Finite Element models were
made of several different configurations of both large and minia-
ture magnets to investigate the different influences on the Lorentz
force actuation. The six different configurations are shown in Fig. 5.
The first configuration has the large permanent magnets of the pre-
viously presented sensor. The second configuration with two small
magnets has been constructed and measured to compare with the
model. A short description of each configuration is given in Table 1.
Except for the first configuration, all configurations are based on
the use of cube magnets with sides of 1 mm.  Further improvements
to the magnetic field might be achieved by adding a yoke of high
permeability material. However this option has not yet been inves-
tigated due to the complexity of implementing such configurations.

From these models, a measure can be found for the actuation of
the twist and swing modes. The best configuration will have a high
component for the twist mode while it actuates the swing mode as
little as possible to minimize crosstalk to the Coriolis sensing. Since
the Coriolis force will be 90◦ out of phase with the Lorentz force, the
swing mode that is actuated by Lorentz force can be compensated

for in the read-out electronics of the sensor. In practise the actuated
swing motion cannot be fully compensated, resulting in a zero-flow
offset. The exact influence of this has not yet been investigated.
The current analysis focusses mainly on the actuation of the twist

Table 1
Description of the various magnet configurations used in the models, as shown in
Fig. 5.

# Description

1 Two large magnets next to the chip as previously used in the sensor
2  Two miniature magnets on the chip; one on each side of the tube
3  Four miniature magnets on the chip; two  on each side of the tube
4 Three miniature magnets on the chip inside the tube area
5  Configuration 3 and configuration 4 combined
6 11 miniature magnets aligned both around and inside the tube area
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Fig. 3. Schematic view of the fabrication steps. Left: through-wafer cross-se

ode with a side note that the twist actuation should be as large as
ossible compared to the actuated swing mode. Section 3.3 shows
he simulated effects of misalignments of the magnetic field on the
esulting Lorentz force actuation.

The actuation of both vibrational modes will result from a torque
round a rotational axis. Fig. 6a and b illustrates this for the twist
nd swing mode respectively.

The Lorentz force on each part of the tube has to be multiplied by
he distance r to the rotational axis to calculate the torque. Since the
ctuation current in Eq. (2) will always follow the tube, a measure
or the strength of the Lorentz actuation can be found by multi-
lying the component of the magnetic field perpendicular to the
ube by the distance to the rotational axis and integrating that over
he length of the tube. The resulting torque T for each mode can
e calculated using Eq. (3),  where r is the distance to the rele-
ant rotational axis an Bp is the component of the magnetic field

erpendicular to the tube.

 =
∫

Tube

(r · Bp · |�ia|)dx (3)
long the length of the tube. Right: through-wafer cross-section of the tube.

To make the analysis of the different configurations independent
of the actuation current, �ia is set to unity to remove it from the
equation. What is left is a measure for the strength of actuation
for the twist and swing modes which can be used to compare the
different models.

The residual magnetism �Br of the magnets in the models was  set
according to the specifications of the supplier [6].

3.2. Simulation results

Fig. 7a and b shows the simulated magnetic field strength along
the length of the tube multiplied by the distance to the rotational
axis for the six different configurations for the twist and swing
modes respectively. The horizontal axis is the distance along the
tube from the point where it is connected to the bulk of the chip.
The values on the x-axis correspond to the values shown in Fig. 6.
These graphs show significant differences for the six differ-
ent configurations. They also show that, when integrated over the
length of the tube, the torque on both sides of the rotational axis for
the twist mode will add up, while these torques will partly cancel
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Table 2
Comparison of the simulation results for the six different magnet configurations.

# Twist actuation,
normalized to
configuration 1

Swing actuation,
normalized to
configuration 1

Ratio between
twist and swing
actuation

1 1 1 437
2 0.52  0.35 650
3  0.98 1.21 353

F
f

ig. 4. SEM photo of the micro Coriolis mass flow sensor next to a thermal flow
ensor made in the same fabrication process.

ach other for the swing mode. A notable difference between the
ifferent configurations is that the configurations without a mag-
et inside the area of the tube create a torque on the long side of the
ube with opposite sign to that on the short side on the tube. This

eans that the Lorentz force on the long and short sides of the tube
ounteract each other for configurations 1, 2 and 3. Table 2 shows
he simulation results when the localized torque is integrated over
he length of the tube. To compare the various configurations, the
orque for both the twist and the swing actuation is normalized to

hat of configuration 1. The right column in the table shows the
atio between the twist and swing actuation. The results show that
he twist actuation can be increased by a factor of 1.39 using only
hree miniature magnets. Adding more magnets at the optimum

Fig. 5. Schematic view of the six different magn

ig. 6. Schematic view of configuration 2 showing the arm of the rotation axis of the twist
rom  the starting point in mm.
4  1.39 −0.89 −685
5  2.37 0.74 1405
6 2.66  0.24 4829

location further increases the twist actuation while the actuation
of the swing mode is further reduced. However, the current fabri-
cated chips do not offer sufficient space for magnets inside the tube
area. Future designs will allow magnets to be placed inside the tube
area.

3.3. Misalignment

The simulations results reported in the previous section are
made using the ideal situation when all the magnets are aligned
symmetrically. However, in reality there is a chance that the mag-
netic field due to the magnets is not perfectly symmetrical. Possible
causes for this include misalignment of the magnets or the magne-
tization of the magnets, inaccuracies in the fabrication process or
an external field that influences the local field of the permanent
magnets.

Additional simulations have been done to find the sensitiv-

ity to misalignment for each configuration. The misalignments
were modelled as a rotation of the tube in relation to the mag-
nets (ϕ = 0–5◦ in steps of 1◦) and a displacement in the x- and
y-directions (�x/�y = 0–0.3 mm in steps of 0.1 mm).  The various

et configurations used in the simulations.

 (left) and swing (right) modes. The numbers along the tube represent the distances
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Fig. 7. Simulation results of localized torque for: (a) the twist mode and (b) the swing mode. These values integrated over the complete length of the tube give the torque T
as  calculated in (3).

Table 3
Simulation results of misalignment in the six different configurations.

# Normalized twist actuation
without misalignment

Relative change in twist actuation with misalignment

ϕ = 5◦ �x  = 0.3 mm �y  = 0.3 mm

1 1 +0.4% −0.6% +0.3%
2  0.52 −0.1% −6.7% +2.5%
3 0.98  +0.4% −7.1% +2.8%
4  1.39 +0.1%@ ϕ = 3◦ −2.1% −1.8%
5  2.37 +0.3% −4.1% +0.1%
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6  2.66 

ypes of misalignment are shown in Fig. 8 in a schematic view of
onfiguration 2. Table 3 shows the simulation results compared
o the simulations in Section 3.2.  The normalized twist actuation
ithout misalignment is shown in the second column. The simula-

ions showed that the effect on the twist actuation increased with
ncreasing misalignment, except for the rotation of configuration
. The three columns on the right show the relative change of twist
ctuation found during the simulation of maximum misalignment,
ompared to the case without misalignment. The table shows that

 misalignment does not have a large influence on the strength
f the actuation. Except for a displacement in the x-direction, in

ost cases the actuation of the twist mode increases slightly.
uring a displacement in the x-direction, the actuation decreases
p to 7.1%.

ig. 8. Schematic view of the three different misalignments that are simulated:
otation (ϕ) and displacement in x- and y-directions (�x and �y respectively).
 −3.2% −0.8%

4. Measurements and discussion

To verify the model, measurements were carried out using sen-
sors fitted with magnets, as in configurations 1 and 2. Two  methods
were used to compare the magnetic fields. First, using a LakeShore
455 DSP Gauss meter, the magnetic fields of several of both the
large and the miniature magnets were measured. The magnetic
field on the chip is caused by two  magnets. Therefore, to find the
total field at each side of the tube, the field had to be measured
at various distances from the magnets and summed. For the large
magnets, these distances are 8 mm  and 12 mm (8 mm + Lx in Fig. 2).
For the miniature magnets, these distances are 1 mm and 5 mm.
Due to the spread in the magnets, there is some deviation in the
magnetic fields for different magnets. For the large magnets the
measured total field is 38.5 ± 2.5 mT  and 20.75 ± 2.25 mT  for the
small magnets. Together, this gives a ratio between the fields of
0.54 ± 0.1. The second method for verifying the model was to com-
pare the amplitude of the vibration while applying an alternating
current with the same peak-to-peak amplitude. The amplitude of
the vibration is proportional to the Lorentz force, which in turn
is proportional to the magnetic field. Using this method, a ratio
between the field of the miniature magnets and large magnets was
found to be 0.59 ± 0.05. The measured values are in accordance with
the factor of 0.52 that was predicted by the models.

The measured magnetic field at the edge of the PCB (Fig. 1a
and b) was 400 mT  when using the large magnets and more than 6
orders of magnitude smaller when using the small magnets. Even

directly outside the sensor chip the magnetic field of the two  small
magnets was only 1 mT.  Mass flow measurements presented in [7],
which were made using a sensor fitted with the miniature mag-
nets, were compared to mass flow measurements performed using
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ig. 9. Mass flow measurements done with micro Coriolis sensors with the magnets
onfigured as in configurations 1 and 2.

 sensor fitted with the large magnets. This comparison shows
hat the performance of the sensor did not deteriorate due to the
maller magnets. Fig. 9 shows the mass flow measurements done
n a range from 10 �l/h up to 1 ml/h. The fluid measured is DI water.
he Lorentz actuation current was adjusted in such a way that the
mplitude of the twist vibration was equal for both sensors.

. Conclusion

We investigated the influence of misalignment of six different
agnet configurations for Lorentz actuation in order to improve a
icro Coriolis mass flow sensor. It has been shown that a significant

ncrease in Lorentz force can be achieved by mounting miniature
ermanent magnets directly on the chip. At the same time, the
agnetic field outside the sensor was reduced by several orders

f magnitude.
Misalignment has been modelled by rotating and displacing the

ube inside the magnetic fields and the effect on the actuation
trength has been investigated. Simulations showed that rotation
p to 5◦ changes the actuation strength by less than 0.5% for all
onfigurations. Displacement of the tube has a larger effect on the
ctuation but, even in the worst case, still changes the actuation
trength by only 7.1%.

Using two miniature magnets (as shown in configuration 2), the
agnetic field outside the sensor area is decreased by 6 orders of
agnitude compared to the previously presented sensor [1,2,5],
hile the sensor area required has been reduced by a factor 3.
easurements showed that this had no negative influence on the

erformance of the sensor.
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