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Abstract—We present a biomimetic angular acceleration sensor
inspired by the vestibular system, as found e.g. in mammals
and fish. The sensor consist of a fluid filled circular channel.
When exposed to angular accelerations the fluid flows relative to
the channel. Read-out is based on electromagnetic flow sensing
(pseudo Hall effect). The sensor is made out of two 3D printed
parts which, when put together, form a channel and which
allow for easy mounting of permanent magnets and electrodes
to measure the flow induced potential difference. Experiments
indeed show an acceleration dependent output voltage. However,
we find strong contributions from other than electromagnetic
sources which, due to their nature and magnitude, are interesting
for further research.

I. I NTRODUCTION
Despite the maturity and low-cost availability of micromechanical rotation-rate sensors based on Coriolis forces, the
3D printed sensors developed in this project are of high
interest since they can be easily integrated in (soft) robotic and
prosthetic structures, are unaffected by linear accelerations,
are rather robust and insensitive to mechanical loading and
can potentially be operated at low powers and low voltages
compared to resonating structures [1].
In previous work we have shown that the vestibular sensing
principle, where angular acceleration is exposed by inertia
driven fluid flows, can be used for rotation acceleration sensing. However, that sensor was made by MEMS fabrication
technology and used a thermal read-out [2]. The sensor presented here is 3D printed in combination with little assembly
anticipating that future printers will allow for fully integrated
sensors, customizable on unit-level and low-cost even for
single devices.

II. T HEORY AND MODELLING
A. Fluid dynamics
The flow profile inside the channel is governed by the
Navier-Stokes equation for incompressible flow [3]:
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where ~v denotes the flow velocity, µ the fluid’s viscosity, ⇢ its
density and f~ body forces. Because of the fully circular channel we will use cylindrical coordinates to describe the sensor
and assume no pressure gradients (rp = 0). Furthermore,
we assume the velocity to be nonzero only in the direction
normal to the channel’s cross section (the z-direction) and the
channel diameter to be much smaller than the system radius
(d ⌧ Rc ). The system radius denotes the distance from the
center of the channel to the center of the torus. A harmonic
angular acceleration with (angular) frequency ! will result in
a body force in the axial direction [2]:
f~ = ⇢Rc ↵ exp(j!t) êz

in which ↵ denotes the applied (external) angular acceleration
and j the imaginary unit. Combining with Equation 1 yields
an one dimensional equation describing the flow profile:
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which is valid for a Newtonian fluid with a Reynold’s number
in the fully laminar flow regime (⇢dv/µ <200) [4]. Imposing
the nonslip boundary condition at the wall (v(d/2, t) = 0)
provides a solution for the flow profile within the channel [5]:

v(r, t) =
Rc

d

Fig. 1. The 3D printed sensor comprises a fully circular, fluid filled channel.
The fluid flow is induced by inertial forces when subjected to an angular
acceleration.
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in which ⌫ = µ/⇢ is the kinematic viscosity and J0 the zeroth
order Bessel function. For low frequencies, Equation 3 can be
solved by a quasi static expression:
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which is valid only if the frequency is sufficiently low. That
is, when the boundary layer thickness is larger than the
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channel’s radius ( > d/2). From Equation 4 it can be
observed that reads:
r
2⌫
=
(6)
!
Hence we obtain the condition for !:
8⌫
!< 2
(7)
d
So the sensor bandwidth benefits from a small channel diameter (d) and a high kinematic viscosity (⌫).
B. Electromagnetic flow sensing
If the fluid inside the channel is conductive and a magnetic
field is applied normal to the direction of flow, the Lorentz
force causes the positive ions to move one way whereas the
negative ones will go the other. This charge separation leads
to an electric potential which can be measured [6].

generally not the case for pipeflow. A more extensive analysis
by Shercliff and Kolin demonstrates, however, that Equation
10 is also valid for a non-uniform flow profile, as long as it is
symmetrical over the width of the channel, which is the case
for pipeflow [7], [8]. We then find:
V =

vavg Bd

(11)

in which vavg is the average flow velocity over the channel.
So the measured potential difference depends linearly on
the flow velocity and therefore on the angular acceleration.
This linear relation makes electromagnetic flow sensing an
interesting readout mechanism.
Equation 11 is valid only for a constant flow velocity,
which is not the case for a harmonically actuated sensor.
Two major effects become apparent: the skin effect due to
the self inductance and displacement currents. The skin effect
can be neglected if the (angular) frequency is sufficiently
low compared to the conductivity, magnetic permeability and
channel diameter [9], [10]:
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in which
is the fluid’s conductivity and µm its magnetic
permeability. The effects of displacement currents can be
neglected if they are much smaller than the conduction current.
As described by Shercliff this is the case when the frequency
is low compared to the fluid’s conductivity and permittivity
[7]:

v

Fig. 2. Illustration of the principle of electromagnetic flow sensing. The
magnetic force causes the charges to separate. This separation of charge gives
rise to an electric potential.

The total force F~tot in equilibrium reads:
~ + ~v ⇥ B)
~ =0
F~tot = q(E

(8)
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in which q denotes the charge, ~v the flow velocity, E
~ the applied magnetic field. For a stationary
electric field and B
situation the Lorentz force induced by the magnetic field (the
~ term) will be canceled by the one induced by the
q~v ⇥ B
~ term) due to the separated charge carriers.
electric field (the q E
~ we
If the magnetic field is aligned in such a way that ~v ? B,
find:
Ftot = q(E + vB) = 0 ! E =

vB
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Hence the induced voltage V reads:
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For a fluidic channel with a diameter in the (sub-)millimeter
range filled with (tap) water, Equation 7 is, however, the dominant limiting condition on the threshold angular frequency.
!⌧
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in which d is the width of the channel. Note that this
expression is valid only for an uniform flow profile. This is

III. D ESIGN AND FABRICATION
A key parameter in designing the sensor is the responsivity
S. For the angular acceleration sensor, it is defined as
S=

@V
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=
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(14)

So the sensor benefits from a large system radius (Rc ), a large
channel diameter (d), fluids with a low viscosity (µ) and high
density (⇢) and magnets with a large magnetic field (B).
The sensor is 3D printed in frosted ultra detail plastic
from Shapeways. This technique makes it possible to create
engraved, rectangularly shaped channels of minimally 100⇥
100 µm. The channel should be as low as possible for two
reasons. First, in this fashion the permanent magnets are as
close as they can get, hence maximizing the magnetic field
inside the channel. Second, the smaller the channel, the higher
the threshold frequency (refer to Equation 7). If the height of
the channel is small, the width should be large to maintain a
high responsivity.
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The sensor is fabricated from two separately 3D printed
parts with predefined room for the permanent magnets of
approximately 250 mT each (Supermagnete) and trenches for
the electrodes. Alignment markers on the bottom and top parts
ensure proper alignment. The platinum electrodes and the two
3D printed parts are assembled and fixated by UV sensitive
glue.

A lowpass filter (Stanford Research System Model SR650)
has been set to 30 Hz and an output gain of 20 dB. Next,
the voltage was measured by a multimeter (HP34401A). The
sensor’s channel has a cross section of 0.4 ⇥ 3 mm and the
system radius measures 15 mm. The measurements are performed with tap water ( =450 µS cm 1 ) at room temperature.
The results are shown in Figure 6.
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Fig. 3. Design of the two separately 3D printed parts (left) and the assembled
sensor (right).

Apart from the angular acceleration sensor, a straight channel
configuration, which is actuated by means of a flow controller,
has been designed as well.

Fig. 4. The design of the straight channel is very similar to the angular
acceleration sensor. However, here the flow is applied by an external flow
controller rather than an angular acceleration.

IV. E XPERIMENTAL
A. Angular acceleration sensor
The angular acceleration sensor is mounted to an in-house
built rotation table, which is able to actuate the sensor harmonically. The frequency of rotation is set by a function generator.
The amplitude of this rotation (and hence the magnitude of the
applied angular acceleration) is determined by measuring the
width of a laser beam projected on a flat sheet next to the
rotation table.
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Fig. 6. Measured voltages as a function of angular acceleration for magnets
up, down and without magnets. A linear fit through the data points has
been made. In this fit the anomaly at 16 Hz for magnets up (approximately
2200 s 2 ) has not been taken into account.

The measurements have been performed with the magnetic
field pointed in one and the opposite direction, and without
a magnetic field at all, see Figure 6(a). Above an angular
acceleration of approximately 1500 s 2 the output voltage
increases clearly with angular acceleration. However, from
Figure 6(b) we also conclude that there is a low pass behavior
which is not associated with the electromagnetic readout.
B. Straight channel
The potential induced by the magnetic field is not necessarily the only source of electrical potential in the sensor output.
Among others, inductive coupling, the streaming potential and
an electrochemical reaction can give rise to electrical potentials
as well [11]. In order to counteract these effects, the potential
is measured differentially. In theory this will double the signal
induced by the magnetic field and cancel other potentials:
V = (Vmagn + Vother ) + (Vmagn Vother ) = 2Vmagn
|
{z
} |
{z
}
V1

(15)
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where V denotes the measured potential. The principle is
illustrated in Figure 7.
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(a) Illustration of the setup.

(b) The angularly accelerated
sensor.

Fig. 5. The setup used to characterize the angular acceleration sensor. By
measuring the width of the projected laser beam and the sensor-screen distance
the amplitude of angular acceleration is determined.

Fig. 7. Measuring differentially amplifies the potential induced by the
magnetic field whereas it cancels a potential induced by an other source.
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The flow controller (PHD Ultra) applies a flow ranging
from 900 mL h 1 infusing to 900 mL h 1 withdrawing with
steps of 300 mL h 1 . Given the channel cross sectional area,
this translates to a flow velocity of ±208 mm s 1 in steps of
69 mm s 1 . This cycle is repeated three times. The control
measurement is performed using a commercial flow meter
(Bronkhorst mini CORI-FLOW M14). The results are shown
in Figure 8.
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VI. C ONCLUSION

0

We have presented a 3D printed angular acceleration sensor with intended electro-magnetic read-out. Measurements
have shown that other effects play an important role in the
generation of the output signal. Current research is aimed at
improving our understanding of the observed effects.
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V. D ISCUSSION
The effect of electromagnetic readout is not clearly observed. The signal does not change significantly when opposing the direction of the magnetic field or even removing the
external magnetic field. In addition, measuring differentially
does not cancel the undesired effects.
A plausible cause of the measured potential could be the
streaming potential, which is induced by surface charge at the
channel wall. It depends on both the flow velocity and the fluid
conductivity and the measured potential is in the same order
of magnitude as could be expected from theory [11], [12].

100

ACKNOWLEDGMENT

0

This research is being carried out within the Coriolis Based
SAS project of NanoNext NL. Contributions from Jan Eijkel
have been valuable.

100
200
300

0

500

1000

1500

2000

2500

3000

Time (s)

R EFERENCES

Fig. 8. Top: the measured voltage for the sensor with no magnets applied to
it (green), the magnetic field oriented in one direction (blue) and in the other
direction (orange). Bottom: the applied flow profile as measured externally in
the control experiment.

Similar to the measurements performed with the angular
acceleration sensor, there is a strong non-magnetic effect that
gives rise to a flow dependent potential. To further investigate
this effect the flow response was measured for water solutions
with various conductivities (deionized water, tap water and salt
water with 11, 450 and 2900 µS cm 1 , respectively) without a
magnetic field applied. The results are shown in Figure 9.
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Fig. 9. Measurements on the straight channel without a magnetic field applied
to it. The signal depends on the solution used.
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Even without magnets there is an appreciable signal, which is
dependent on the solution used, with increasing time-constant
for decreasing conductivity, but strongly related with the fluid
flow. Hence this is an alternative way of measuring fluid flows
and potentially usable for the angular acceleration sensor.
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