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Abstract. We present a case study regarding the conversion of a sensor from measuring
magnetic field to measuring acceleration, the said conversion being realized by using 3D
Printing means. It is a new concept by which the functionality of existing sensors can be
extended further, especially for niche application.
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1.

Introduction and preliminary results

MEMS sensors and devices have now entered the period of high volume fabrication for a
large set of applications, the most important ones being ICT, mobile phones, medical disposable
devices, automotive. The challenges and issues associated with the manufacturing of these components are of great interest to manufacturers. It is extremely important to have highly efficient
production lines. On the other hand, there is a need for sensors that can be used, at an affordable
price, in various circumstances, either professional or at amateur level. These sensors must allow
enough performance in order to be useful for the intended application. Each of these sensors is
made according to specific technological steps and is fabricated mainly in Silicon. Sometimes,
there is a need to obtain sensors with better performance by using materials other than Silicon.
This could prove cumbersome since the introduction of new materials in the mature Silicon technology line might prove either expensive or unreliable. There is also another possibility, namely
to combine / adapt an already existing sensor with a material that may improve its functionality.
This is true especially for niche applications and this adaptation should be done at an affordable
cost. On the other hand, 3D Printing has evolved consistently in the last decade and has entered
the field of micro and nanoscale. Today, 3D Printing is used for making even miniature passive
[1–3] and active components [4] as well as sensors [5] and QD-based light sources [6] and may
offer a solution for fabricating low cost sensors.
A question may arise here: what if we could “change” a sensor from one function to another
one? Such a route is to use 3D Printing for “converting” sensors from their initial task to newer
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G. Moagăr-Poladian et al.

ones. For example, if a magnetic field sensor proves accurate enough and has a convenient
price, it may be converted to measure other physical parameters such as acceleration, shock or
pressure with acceptable performance and at a low cost. It is the aim of this paper to present one
such case as a proof-of-concept: the “conversion” of a magnetic field sensor into an acceleration
sensor, based on the paper presented previously [7]. The present work describes in greater detail
how conversion is made and introduces the analysis of the thermal and vibration behaviour of
the converted sensor by using 3Dprinting means. Moreover, some specificities / advantages
provided by this concept of conversion are presented, such as ability to change sensor response
just by changing the material or geometry of the mechanical part.

2.
2.1.

Concept
Structure

Today packages have a passive role. They offer support, robustness and stability for the devices contained therein. Different types of outputs such as electrical, optical, fluidic are possible.
We bring a new concept: that of active packages. It is a package that becomes a functional
part itself, adding functionality to the overall microsystem. In order to prove this concept, we
have chosen to demonstrate how a magnetic sensor is turned into a shock/acceleration one by
changing the package. Since we are working with already encapsulated magnetic sensors, what
we do is in fact an over-package demonstration. Despite of this, the method can be applied also
to un-encapsulated chips.
The concept of sensor “conversion” for the present case is to place the magnetic sensor between two magnets. The magnets are placed in such a way that the magnetic field between them
varies linearly with the distance from magnets. The magnetic sensor is placed inside a seismic
mass that may move in the space between the magnets according to applied acceleration. The
movement is along the distance between magnets. Any axial displacement of the seismic mass
due to acceleration will modify the magnetic field sensed by the magnetic sensor. Thus, its output will be modified according to the displacement, respectively to acceleration. The mechanical
and magnetic characteristics of the system provide the relationship between acceleration and
magnetic sensor output. The seismic mass, its suspension, the overall frame and the magnets
housing are solidary to each other and are made by 3D Printing. In the present case, we have
used polymer Selective Laser Sintering (SLS). The magnetic field sensor (a commercial one – i.e.
fully encapsulated) is simply inserted into its housing within the inertial mass and connected to
outside to power supply and signal collection. In this way, we convert the magnetic field sensor
to an acceleration sensor. The designed device has 3 distinct parts, two identical caps accommodating a pair of magnets, and the core frame sustaining the seismic mass by means of an elastic
suspension composed of 6 springs, as depicted in figure 1.
The displacement of the seismic mass as a function of the applied acceleration (g units)
was simulated, considering thickness of the suspension as a variable parameter. The material
considered for the 3D Printed part is polyamide PA2200 laser sintered polymer. Its properties
are: density = 925 kg/m3 , Youngs modulus = 1.7 GPa, Poisson ratio = 0.4 [8]. All the simulations
performed for this paper were made in COMSOL Multiphysics.
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Fig. 1. Top: 3D model of the device (upper cap not represented); Bottom, left and right: Photo of the
mechanical part of the acceleration sensor. Green – seismic mass and its suspension (springs; Magenta –
central part o the sensor; Dark blue – support part (recessed entry for the central part); Light blue – support
part (upper surface); Orange – slit for introducing the magnetic field sensor (color online).

2.2.

Simulation results

2.2.1.

Magnetic field simulation

First of all, magnetic field simulations were performed in order to check out that the magnetic
field between them varies linearly. A pair of commercially available cylindrical NdFeB magnets
of grade 45 (Br = 1.35 T) are placed in opposition/repulsive mode (N to N or S to S facing). The
magnets have the following dimensions: D = 15 mm, h = 3mm. The distance between them is
6,4 mm. The simulation results are depicted in figure 2.
We have checked the simulation experimentally (see Annex). The experimental results proved
to be in excellent agreement with the simulation ones provided that: a) the distance between magnets is at most half their diameter; b) the sensor is placed at a radial distance of at most one third
of the magnet radius (moiunting preferably on the symmetry axis of the circular magnets).
A key aspect is the placement of the magnetic field sensor in the space between magnets.
Since the magnetic field between the two identical magnets is zero at the centre of the structure,
the magnetic field sensor housing is realized in an eccentric manner, so as the sensor position
at rest lies out-of-centerline in a region of non-zero magnetic field, more precisely in a region
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where the magnetic field (initially - as resulting from simulation) is several times higher than
the magnetic field value corresponding to the sensor noise. This caution is necessary in order
to ensure a correct / accurate reading of the magnetic field. A schematic of the magnetic field
regions between the two magnets is shown in figure 3.

Fig. 2. The dependence of the z-component of the magnetic field on the distance, in the region between the
magnets. For the central part where the sensor movement takes place, the coefficient of linear regression of
the curve is 0.9999 the sensor is highly linear (color online).

Fig. 3. The regions of the magnetic field between the two magnets. Only the orange regions are useful for
the magnetic field sensor. The thick black oblique line represents the variation of the magnetic field with
distance, between the two magnets (color online).
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Thermal simulations

Because the sensor has to be applied practically, we need to verify how it behaves when temperature variation is taken into account. The thermo-mechanical simulations were performed in
order to find out the impact of temperature on mechanical behavior of the acceleration sensor and
consequently on its sensing performance. The considered temperature range for all performed
analyses is from –40◦ C to 120◦ C. The reference temperature was set to 20◦ C. No mechanical
constraints were set and no temperature dependent properties of the materials were considered.
In our analyses, the main effects of temperature are due to dimensional changes: the distance
between magnets, the position of the magnetic sensor between magnets and the suspension’s
stiffness (for geometrical reasons).
From simulations, the distance between the magnets increases linearly with temperature and
it is independent of the applied acceleration (Figure 4).

Fig. 4. Distance between magnets as function of temperature.

Also, the distance between the magnetic sensor and each of the magnets increases linearly
with temperature increase, but in this case the sensor’s position between magnets is obviously
dependent on acceleration as well. In Figure 5 are shown the distance dependencies for different
values of acceleration.

Fig. 5. Distance between one of the magnets and the magnetic sensor as function of temperature, for
different acceleration values.
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The slopes of the linear regression lines in Figure 4 are very close to each other. They varies
from 0.5744µm/◦ C (for a=1g) to 0.5914µm/◦ C (for a=60g).
In order to analyze the sensing behavior as function of temperature, the dimensional modifications were also used in a magnetic simulation. First, due to the modified distance between
magnets as function of temperature, the gradient of the Bz component of magnetic flux density
also changes (Figure 4). First of all, magnetic field simulations were performed in order to check
out that the magnetic field between them varies linearly. The simulation results are depicted in
figure 6.

Fig. 6. The gradient of the magnetic flux density as function of temperature.

Second, the position of the magnetic sensor between magnets changes as function of temperature.
From design, there is an initial offset of the magnetic sensor in respect to the middle of distance between magnets at reference temperature. This positional offset induces a magnetic offset
(the value of the magnetic flux density at that position, different of zero). Thus, the second effect
of temperature is a shift of the initial magnetic offset. From design (considered at reference temperature), the positional offset is of 0.4 mm that means a magnetic offset of 21.8 mT. The results
of simulation of the temperature dependent offsets (positional and magnetic) are summarized in
graphs below (Figures 7–8).

Fig. 7. Shift of the positional offset as function of temperature.
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Fig. 8. Magnetic offset as function of temperature.

Third, due to dimensional changes, the stiffness of the elastic suspension carrying the inertial
mass and the magnetic sensor also changes, and modify the displacement function in respect to
acceleration. The results of simulations are represented in Figures 9–10. The curves are almost
identical that means there is a small influence of dimensional change on the stiffness of elastic
suspension.

Fig. 9. Displacement of the inertial mass as function of acceleration and different temperatures (color
online).
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Fig. 10. Displacement of the inertial mass as function of acceleration and different temperatures – A closer
view at high acceleration values (color online).

A closer view on the plots at higher acceleration levels shows the actual differences in respect
to temperature. The curves representing displacement as function of acceleration are very well
fitted by second order polynomial functions. In fact that was expected because a linear elastic
model of the material was used and the displacements are too small and as a consequence the
geometric nonlinearities are small. For the reference temperature and extreme temperatures these
functions are as follow:
T = −40◦ C
T = 20◦ C
T = +120◦ C
2.2.3.

:

y = 0.024173x2 − 7.580838x
y = 0.023775x2 − 7.540952x

:
:

y = 0.022922x2 − 7.463866x

Modal simulations

Except of temperature, vibrations are yet another disturbing factor. In the following we perform the modal analysis of the sensor for determining its resonance frequencies.
First 6 vibrational modes of the movable part of the sensor were simulated and their frequencies determined. Here, we have considered only the central part of the sensors (that containing
the seismic mass) and not the overall packaged sensor. The simulated mode shapes are shown in
Figure 11 and the Eigenfrequencies are listed in Table 1.
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Fig. 11. Modal structure (first six modes) (color online).
Table 1. The frequencies of the first six resonant modes
Mode Frequency [Hz]
1
184.2
2
1110.9
3
1233.4
4
1327.3
5
1871.7
6
1872.9

As is seen, the frequency of the first mode is quite low and may pose some restrictions when
the sensor is used in practical applications.
Because the temperature changes dimensions, we have performed also a thermal analysis
in order to decipher how resonance frequencies are affected by the temperature variation. The
temperature variation gives rise to thermal expansion. The variation range for temperature is
similar as above. Data is presented in table 2. This time, we have considered the whole sensor,
including packaging. While for table 1 we have considered only the central part containing the
inertial mass and fixed boundary conditions at its margins, in table 2 we have considered the
whole sensor including encapsulation and fixed the boundary conditions at its external edge.
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Because of this, the frequency of the first mode at 20◦ C varies as compared to table 1.
Table 2. Temperature dependence of the first mode’s frequency
Temperature [◦ C] Frequency [Hz]
-40
180,39
0
179,70
20 (Reference)
179,30
40
178,92
60
178,67
80
178,27
100
177,88
120
177,49

2.2.4.

Comparison with existing sensors

We present in Table 3 a comparison between our simulated results and a commercially available sensor (SensoNor SA20 [9]). We have considered a Honeywell SS495 magnetic field sensor
[10].
Table 3. Comparison of our sensor with a commercially available one
Parameter
SensoNor SA20
3D Print (magnetic)
Range
–50g. . . 50g
–60g. . . 60g
Nonlinearity 0.5%
0.01%,(based on linear regression curve)
Nominal
0.25 mV/g
13 mV/g (out of resonance)
sensitivity
Noise
0.1g
0.06g
(p-p)
Size
16x20x1.5
60x40x15 (not optimized)
(mm)

As can be seen from table 3, our 3D Printed sensor compares quite fair with the commercial
sensor. We may affirm that the result is encouraging and further optimization of our sensor can
bring better results and a 3D Printed sensor that is useful for practical applications.

3.

Sensor adaptability

In the present section, we will present briefly how the sensor response can be tuned without
changing the magnetic field sensor. This can be achieved in several ways:
1. Changing the central part’s material
2. Adding some material to the existing polymer
3. Changing geometry / size or adding some nervures for changing stiffness
We consider the first two cases as an example. First, we change the PA2200 polymer material
with the Ti64 metal alloy, a lightweight and mechanically strong Titanium alloy. The displacement of movable part was simulated as function of applied acceleration and the graph is shown
in figure 12.
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Fig. 12. Comparison of simulated displacements along Z –axis as function of acceleration when the sensor
is made of PA220 polymer and Ti64 alloy, respectively (color online).

From the graph in Figure 12, the sensor’s sensitivity is 14 times less if it is made of Ti64 alloy
compared toPA2200 polymer. Regarding the maximum values of induced von Mises stress in the
deformed structure, the graph in Figure 13 shows its dependence as a function of acceleration
in both cases (PA220 and Ti64 alloy). For Ti64 alloy, the following mechanical properties were
used:
• Young’s modulus E = 114 GPa
• Poisson ratio, υ = 0.342
• Mass density, ρ = 4430 kg/m3
The ratio between the maximum von Mises stresses developed in the structure in the two
cases (at a=50g), is 42.26 MPa / 8.37 MPa = 5.05, and it is constant at any acceleration.
The values of the ultimate tensile strength of the two considered materials, from their datasheets,
are the following:
PA2200: 45 MPa
Ti64: 896 MPa
The second option is to replace part of the inertial mass with another material. For example,
let replace 1/10 of the height of the inertial mass with Lead (Pb), as is shown in figure 14.
The result is that the sensitivity is increased two times while the maximum acceleration and
first resonant frequency are lowered.
What is important when changing geometry / size and/or adding nervures is that all these
are made just at the CAD level on the computer. We don’t need expensive changes at the photolithography mask level. We don’t need to add supplementary and costly technological steps at
the wafer level.
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Fig. 13. Maximum values of the induced stress as function of acceleration (sensor made of PA2200 and
Ti64 alloy, respectively) (color online).

Fig. 14. Sketch of the replacement of 1/10th of the inertial mass of PA2200 with lead (Pb) (color online).

4.

Discussions

Up to now we have considered that magnetization of the permanent magnets does not vary
with temperature. In reality, there could be such a variation especially when the Curie temperature of the magnet is higher than but not far from ambient temperature. In this case, the signal
of the sensor could be jeopardized. The variation of magnetization with temperature can be
overcome by using a modified version for measuring magnetic field. In general, even if the two
magnets are made from the same material and according to the same recipe, their temperature
coefficient of magnetization could vary from one to other due to imperfections / variability of the
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fabrication process. In this case, we will use two magnetic field sensors mounted one atop the
other, having a known distance ‘d’ between them (see figure 15).

Fig. 15. Sketch of the set-up used for mitigation of the magnetization variation with temperature. All this
set-up is inroduced inside the inertial mass in place of the single magnetic sensor (color online).

These two magnetic field sensors are connected to a Digital Signal Processor (DSP). The two
magnetic field sensors and the DSP are mounted as a whole in the inertial mass as previously
described. Their asembly from figure 15 is made by using, for example, either a SMT technique
or a SiP technique.
Let B1m be the magnetic field measured by sensor 1 and B2m the magnetic field measured
by sensor 2. Let also ‘∆x’ be the displacement of the inertial mass (and hence of the sensors)
because of acceleration. As a consequence of displacement under inertial force, the variation of
magnetic field on sensor 1 will be ∆B1m and on sensor 2 will be ∆B2m . Then, the DSP will
compute the ‘∆x’ displacement from the following steps:
• first, the difference ∆Bm is computed from B1m and B2m :
∆Bm = B1m − B2m

(1)

• in the second step, the gradient ‘g’ of the magnetic field is computed (please remember is
a linearly varying field, i.e. the gradient is constant everywhere between the magnets):
g=

∆Bm
d

(2)

• then, the displacement ‘∆x’ is computed:
∆x =

∆B1m
∆B2m
=
g
g

(3)

All these considerations are true for the case when temperature variation rate is small enough
as compared to the measurement duration, i.e. as long as the temperature variation during the
measurement time for B1m and BB2m is small enough. This is usually the case in most of the
applications.
As is seen from above, the concept of sensor “conversion” proves to be a useful one. Sensor
performance is promising; however improvement of it is needed. There are three main reasons
for which the sensor behaviour is comparable to a commercial one:
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a) we use polymers for the inertial mass and especially for the suspension part – polymers
are far less stiff than Silicon; this aspect means higher deflection under moderate excitation.
On the other hand, the polymer properties vary with time (solvent evaporation, exposure to UV
radiation, etc.). Polymers present creep, also. Because of these, the sensor range and sensitivity
will vary with time. For solving this issue we may consider the use of better materials or further
reduce the price of the overall device.
b) the sensor has longer suspension part. This means that at a given force, the deflection
of the inertial part is higher than that of a micromachined Silicon sensor. Together with lower
stifness, this comes at the expense of first mode resonance frequency reduction. In other words,
the sensor is more sensitive to low frequency vibrations (i.e. vibrations with frequency below
500 Hz) than micromachined Silicon based ones.
c) the response of our sensor is given also by the performance of the magnetic field sensor –
a commercial one.
Even if we notice that almost every advantage comes with a certain tradeoff, we may say that
these three aspects underline the advantage of our concept: ability to improve performance by
using different materials (3D Printing can be done now on polymers, metal, ceramic) and optimized geometry. All these are achieved at a low cost as compared to traditional microfabrication
of Silicon sensors. Moreover, we can choose any high sensitivity magnetic sensor from the market and adapt it – by new materials and improved geometry – for the purpose we are interested
in, obtaining a very performant sensor fit to the application of a client.
The behaviour of the sensor as a function of temperature is compatible with automotive
requirements, as can be seen from the section above. This means that other type of sensor
conversions can prove similar thermal behaviour, at least as long as the conversion is made by
using polymer as the main component of the mechanical part. If we consider the PEEK polymer
or Ti64 alloy, then the sensor can accommodate the whole temperature range considered for
automotive (–40◦ C ÷ 180◦ C), provided that the Curie temperature of the magnets is high enough.
We have to mention that we have considered polymers because of the 3D Printing facilities
existing at IMT. For practical applications, polymer may prove problematic. For example, creep
might create a signal shift with time at constant acceleration. This can be solved by simply
changing the material from which the sensor is made, thus proving once more the power of our
concept.
Sometimes it could be needed that a unit of signal processing be inserted together with the
commercial sensor (magnetic field in this case). This is because of the fact that the acceleration
sensor output needs calibration. We have a magnetic field sensor that is calibrated, but this
calibration is solely for measuring magnetic fields. Another, supplementary calibration has to
be done in order to obtain the acceleration – output signal curve. 3D Printing may help in this
case also, by introducing a placement for a DSP or FPGA signal processor that contains the
calibration data. We will not give further details as regards this direction but only want to present
a piece of the benefits 3D Printing may bring to the field of customized sensorics.
As mentioned above, a commercially available magnetic sensor was used, containing the
sensor chip and its overall package. This is the easiest and least expensive way of converting
sensors. Further improvement may be achieved, for example, by using the chips / dice directly
mounted on the mechanical part of the 3D Printed part, something that is closer to an advanced
SiP approach. In fact, a combination of SiP and 3D Printed as presented here may represent a
successful way to pursue in the direction of sensor customization at low cost. This approach
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needs more sophisticated tools and is more expensive than the simple approach presented here.
However, it may bring not only “converted” sensor improvement but also a substantial reduction
of its size.
It has to be noted that application of this concept in the field of sensorics is much broader
and encompasses several approaches than those presented here. We will not consider all these in
this paper. Finally, we just underline that several functions to the overall sensor frame may be
added – either by 3D Printing or by 2D printing – such as energy scavenging, wireless communication, etc.
As regards price, we consider the price of the two magnets taken together as being 1 Euro.
The cost of the 3D Printed part by using PA2200 is around 2 Euro. The overall price of the
“converted” sensor is thus equal to the price of the magnetic sensor to which 3 Euro are added.

5.

Cross-sensitivity of the sensor

As demonstrated above, the temperature and vibrations may affect the sensor. It is thus
important to discriminate between the true acceleration signal and the spurious signals produced
by temperature variation or by vibrations.

5.1.

Temperature

We have first to notice that the temperature has a slow variation. Hence, its influence is
predominant when the acceleration has a similar, slow variation with time (or is constant). On the
other hand, the effect of temperature affects many sensors. For example, the magnetic field sensor
itself is influenced by temperature value. In order to reduce this effect, the sensor has inside its
integrated circuit a whole internal circuitry that is used for temperature’s effect compensation.
It is obvious that we cannot afford such an approach. However, there are three possibilities by
which we can take into account – and even compensate – the effect of temperature variation.
5.1.1.

External temperature sensor

In this case, a temperature sensor is mounted in the cap of the sensor. The acceleration sensor
is calibrated at various temperatures and an interpolation curve is obtained. The outputs from the
acceleration sensor and from the temperature sensor go to a DSP in which the interpolation curve
(its mathematical expression) has been recorded. The DSP performs the computations based on
the two entry signals and gives us the correct value of acceleration. It is a straightforward solution
but has a major drawback: energy consumption is increased by the addition of the temperature
sensor and of the DSP. As regards the space required, both newly added devices may fit inside
the 3D printed package, including connections between them. We will not treat here in detail
the aspects related to 3D Printing of connectics. Depending on the frequency spectrum of the
signal, the connecics may be considered either as small PCB inserted in the 3D printed part
or directly print (on curved surface) by ink-jet deposition [11–13] of metal-based conductive
inks or by depositing conductive filaments [14]. Moreover, we may consider a SiP approach
that incorporates magnetic field sensor, temperature sensor and DSP within the same substrate,
provided that the magnetic field does not distort the temperature sensor and the DSP. Else, the
SiP approach could be used only for the temperature sensor and the DSP, the whole SiP package
being mounted outside the internal magnetic field, in the low field region.
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The sensor temperature inside the magnetic field sensor

In this case we exploit the temperature sensor that exists inside the magnetic field sensor
chip. This means to take out the signal from the temperature sensor and then use an approach
similar to 5.1.1 . The advantage is that we reduce the number of external device (and hence
energy consumption). The disadvantage is two-fold: a) it means to re-design and re-fabricate the
magnetic field sensor in order to accommodate one more output from the chip; b) it measures
the temperature right down on the chip, which could be different from that of the polymer 3D
Printed suspension part. It is the effect of temperature on the polymer suspension part that affects
more significantly the acceleration sensor.

5.1.3.

Use of different materials for the 3D Printed part

As described above, the sensor can be made from different type of materials. It is obvious
that someone can replace, by 3D Printing, the polymer part with one made from a material with a
lower value of the thermal expansion coefficient. For example, the material used by us (PA2200)
has a thermal expansion coefficient [8] of 1,09*10−4 K−1 , which is more than one order of
magnitude greater than the thermal expansion coefficient of Titanium (8,6*10−6 K−1 ) [15]. By
replacing PA2200 with Titanium and by carefully re-designing the thickness of the suspension
part in order to preserve the same sensitivity, we may reduce the effect of temperature on the
sensor’s signal to less than the minimum acceleration that can be measured by the acceleration
sensor.

5.2.

Vibrations

Vibrations are a source of trouble for any kind of acceleration sensors since vibrations produce accelerations. What is important for these parasitic accelerations is their periodical character and the fact that they have the same frequency spectrum as the vibrations themselves. The
most dangerous vibrations are those containing at least one resonance frequency of the acceleration sensor (indicated in Tables 1 and 2 above). Since the first resonance is at a frequency higher
than 170 Hz, we send the signal through a low-pass filter that cuts frequencies above 120 Hz. In
this way, any resonant contribution is cleared out. This value of frequency cut-off holds for the
PA2200 material with the dimensions presented above. We can reduce the size as well as change
the material in order to increase the frequency of the first resonance mode. This will help us in a
better following of the instantaneous value of acceleration. Moreover, we consider that the true
linear acceleration value does not vary faster than 0,06g/sec (i.e. it achieves a speed of 100 km/h
in 10 seconds with an acceleration varying linear with time) for usual applications. Under this
assumption, filtering out the signals with frequencies more than 120 Hz do not introduce significant inaccuracy. Another possibility is to add an averaging of the read signal. While the true
acceleration maintains a constant value (or slowly varying with time as compared to vibrations),
the signal of the vibrations may be canceled out. This depends, however, on the reading rate of
the signal form the magnetic field sensor and on the frequency spectrum of the vibrations.
The filter itself could be an RLC one either made by spare parts and mounted on the external
part of the 3D printed package or can be 3D printed itself as mentioned in [16]. If DSP is used,
then the DSP itself makes also the filtering together with temperature compensation.
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Conclusion

A novel concept that merges Silicon based sensors with 3D Printing, was presented. This
is the so-called sensor “conversion” concept. The simulation results show that this concept is
feasible and brings interesting features that are useful for practical applications. Its advantages
and limitations are mentioned based on a thorough investigation of its mechanical, thermal and
vibration behaviour. Some of its most specific characteristics are underlined, such as the possibility to cost effectively modify the sensor response just by changing geometry at the CAD level
or by changing the 3D Printing material. This ability is of paramount importance for practical
applications especially when customization is a must.
The concept presented in the paper ensures that the sensor responds to the following requirements:
• ability to measure acceleration of at least 0,1g (g = 10 m/s2 )
• ability to withstand 60g maximum acceleration
• to have a footprint as small as possible
• it is adaptable: by minor design changes we must be able to change measurement range /
sensitivity
• it offers a performance close to or similar with some of the commercially available sensors
• price could be acceptable, especially after optimization of the mechanical part.
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ANNEX

In order to check out the magnetic field simulations, i.e. the linear variation of the magnetic
field with distance between magnets, we performed an experiment. The experimental set-up is
shown in figure 1.

Fig. 1. The experimental set-up. a) general view; b) detail view (color online).
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The magnets are mounted in a polymer holder having a relative positioning similar to that
considered for simulations. In the opening of the holder, the magnetic field sensor is introduced.
The magnetic field sensor is rigidly attached to a manual linear translation stage. The minimum
step of the translation stage is 10 microns. We used a Honeywell SS495 magnetic field sensor.
An output voltage of 2,5 V corresponds to a zero magnetic field. The diameter of the magnets is
18 mm while the distance between them is 9 mm.
Because we expect that the translation stage may have a small hysteresis, we performed the
magnetic field measurements both when moving the translation stage forward as well as when
moving it backward. The measurement results are shown in table 1.
Table 1. The output of the magnetic field sensor when moving it in the forward, respectively backward,
direction
Displacement Sensor voltage – Sensor voltage
[Microns]
forward [V]
backward [V]
0
2.7347
2.7399
50
2.6927
2.6953
100
2.648
2.6487
150
2.6014
2.6027
200
2.5557
2.5561
250
2.5092
2.5099
300
2.4622
2.4626
350
2.4168
2.4162
400
2.3695
2.37
450
2.3242
2.3233
500
2.2763
2.2763

It is seen from the table 1 that there is a small difference of very few mV between forward
and backward measurement. This difference could arise from the not so perfect overlapping of
the stage position at a specified distance when approaching it in a forward or backward way
respectively. The error associated with this uncertainty is 0,2 %, which is an acceptable level. In
figure 2, we present the graph of the sensor output voltage versus displacement.

Fig. 2. The experimental set-up. a) general view; b) detail view (color online).
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As can be seen from figure 2, the dependence of sensor output on displacement fits almost
perfectly a linear dependence, as results from simulations. Moreover, the curve slope is the same
for both directions (forward and backward) – 920 µ V/micron. Thus, we may affirm that the
simulations are in a very good agreement with the experiments.

