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A 3D printed Ti6Al14V alloy uniaxial capacitive
accelerometer

Valentina Zega, Luca Martinelli, Riccardo Casati, Emanuele Zappa, Giacomo Langfelder, Alfredo
Cigada, and Alberto Corigliano

Abstract— 3D-printing techniques are attracting a lot of interest
in the sensors community as promising fabrication processes that
guarantees customizability at low costs. In this work, the first
uniaxial Ti6Al4V alloy accelerometer is designed, fabricated
through the Laser Powder Bed Fusion (L-PBF) technique and
tested. Experimental tests under accelerations show good
agreement with theoretical predictions. With a differential
sensitivity of 184fF/g and relative low dimensions (features as low
as 500pm), the proposed accelerometer opens the path to a new
class of 3D-printed metal sensors with high-performance,
customizability and low-cost.

Index Terms—3D-printing technique, uniaxial accelerometer,
experimental characterization.

I. INTRODUCTION

MICRO—ELECTRO—MECHANICAL systems (MEMS) dominate
the sensors market so far thanks to their low cost and
small dimensions [1]. Recently, novel fabrication processes are
emerging to satisfy the increasing request of three-
dimensionality and customizability at low cost [2]-[3], that are
not fully achievable so far with standard MEMS processes
based on mostly planar technology and large scale production.
In particular, printing techniques [4] are playing a big role
in the sensor field, especially for applications where small
dimensions are not important and large scale production is not
required [5]-[6]. In [7]-[8], for example, 3D-printing methods
are exploited to integrate a mechanical sensor with its flexible
electronics. Inkjet-printing has been also recently employed in
combination with 3D-printing to fabricate customized sensors
[9]-[10]. Inkjet-printing of metal structures is widely employed
in electrochemical sensor applications for the low waste and
affordable costs [11]. As another example, a smart combination
of 3D-printing and wet-metallization has been recently
proposed by co-Authors for the realization of capacitive
uniaxial and three-axial accelerometers [12]-[13] and Coriolis
flow-meters [14].
In this framework, 3D-printed metal sensors emerge as a
valid alternative since, while keeping three-dimensionality and
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Fig. 1. (a) Schematic view of the capacitive uniaxial accelerometer. (b) First
y-axis translational mode (f = 200 Hz). (c) First spurious mode of the
accelerometer: z-axis rotation of the proof mass (f= 750 Hz). The contour of
the normalized displacement field is shown in color.

customizability at low cost of polymer-based sensors, show
intrinsic electrical conductivity that makes the fabrication
process smoother and promising for a lot of applications.
Moreover, metal sensors can in principle overcome the main
limitations of polymer based sensors in harsh environments,
e.g. high temperature.

Among other techniques, Laser Powder Bed Fusion (L-PBF)
is the best candidate for the fabrication of such prototypes [15]
owing to achievable mechanical properties [16]-[18] and good
resolution [19].

To the Authors’ best knowledge, there are no examples of
3D-printed metal capacitive sensors available so far. In [20],
sensors are embedded in an L-PBF part for temperature
monitoring, whereas in [21] sensors are used for in-process
sensing, but none of these works present the fabrication of
sensors through the PBF processes.

In this work, we present the design, fabrication and
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Fig. 2. (a) 3D-printed uniaxial accelerometer. The parts are still welded to the
building platform by support structures and electrodes are not glued on the
anchor. (b)-(c) SEM image of the surface of the accelerometer’s proof mass.

experimental characterization of the first 3D-printed metal
capacitive accelerometer. The L-PBF technique is employed to
fabricate a Ti6Al4V uniaxial accelerometer with minimum
dimensions in the order of hundreds of microns and
performances in terms of sensitivity comparable with actual
state of the art capacitive MEMS [22]-[23] and 3D-printed
sensors [12]-[13].

The paper is organized as follows: Section II describes the
mechanical design of the uniaxial accelerometer and the
expected performances in terms of sensitivity. Section III
introduces the fabrication process and presents a first
characterization of the printed prototypes, while in Section IV,
the experimental results are reported. Section V closes the paper
with conclusions and future perspectives.

II. MECHANICAL DESIGN OF THE UNIAXIAL ACCELEROMETER

The uniaxial accelerometer (Fig. 1) consists in a proof mass
suspended through folded springs that allow its pure translation
along the y-axis, as shown in Fig. 1b. The springs are properly
designed to keep the desired mode (Fig. 1b) at a frequency of
around 200 Hz and to move away all undesired spurious modes,
as that shown as an example in Fig. 1c, thus guaranteeing low
cross-axis sensitivity of the sensor. Typical material properties
of bulk Ti6Al4V alloy, namely E = 100GPa, v = 0.33 and p =
4500K g/m?, are employed in the following models. We chose
such rounded values to partially compensate for the expected
discrepancies between the printed and bulk material (i.e. E =
113.8GPa, p=4430Kg/m? [24]).

The overall dimensions of the accelerometer are 28mm x
23mm x 15mm, while the folded springs cross-section is equal
to 0.5mm x 15mm, according to the minimum feature size that
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Fig. 3. (a) Schematic view of the three combs of cantilevers. In-plane

thickness: 1.5mm (A), 0.6mm (B) and 0.5mm (C). The out-of-plane thickness
is equal to 15mm in agreement with the fabricated accelerometer. Optical
microscope images of the cantilevers of nominal thicknesses: (b) 1.5mm, (c)
0.6mm and (d) 0.5mm.

can be printed confidently through the L-PBF system used for
this research (see Section III for more details).

The external frame (colored in green in Fig. 1a) is shaped to
anchor the folded springs and to provide the supports where the
electrodes employed for the electrostatic readout are glued.
Two PVC sheets are also employed in the assembly procedure
to provide electrical isolation between the electrodes and the
proof mass of the accelerometer.

At rest, the nominal gap between the accelerometer proof
mass and the two electrodes is equal to 300um, i.e. the total
thickness of the PVC sheets employed in the assembly. When
an external acceleration is applied along the y-axis, the proof
mass displaces towards or away from the electrodes according
to the first y-axis translational mode (Fig. 1b). Being the proof
mass and the two electrodes kept at a constant voltage, the
displacement of the proof mass causes a differential capacitance
variation that allows the external acceleration detection [25].
The expression of the sensitivity for a differential capacitive
accelerometer is given by:

AC Cop 1 m 2€pA 1 m
—=22—-98-="3-98 )
Ng Jo wy N gdo wWo N

where €, is the permittivity of air taken as that of vacuum for
the sake of simplicity, Ny is the external acceleration expressed
in gravity units, 4 (23mm x 15mm) is the facing electrodes area,
wy 1s the natural frequency, C; is the nominal active capacitance
at each electrode in absence of any external acceleration and g,
is the nominal gap between the proof mass and the electrodes.
By substituting the geometric dimensions of the device under
study, we obtain a theoretical C, of 10.2pF and a sensitivity of
4211F/g.

III. FABRICATION PROCESS

A L-PBF system was used to print the accelerometers that were
manually assembled with Cu electrodes employed for the
electrostatic readout.
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TABLE I
NATURAL FREQUENCIES OF THE CANTILEVERS OF EACH OF THE THREE
FABRICATED COMBS. THEORETICAL ESTIMATION FROM MODAL ANALYSIS,
EXPERIMENTAL MEASUREMENTS THROUGH THE HIGH-SPEED CAMERA AND

PERCENTAGE ERRORS.
Comb Theoretical Exp. (Camera

[ [Hz] Pl B

A 250 248.5 0.6
350 343.1 2.0
450 435.8 32
550 438.9 20.2

B 250 212.9 14.8
350 291.7 16.7
450 332.6 26.1
550 429.8 21.9

C 250 200.6 19.8
350 291.7 16.7
450 375.2 16.6
550 457.1 16.9

Specifically, the Renishaw AM 250 system was used to
manufacture the devices by using a gas atomized Ti6Al4V
powder with particle size distribution between 20 and 63pm.
The L-PBF system is equipped with a single mode fiber laser
with 200W maximum power and estimated beam diameter at
focal point of 75um. The system utilizes pulsed wave emission,
which produces discrete and partially overlapped melting spots.
The laser power, hatch distance, point distance, and exposure
time were set to 200W, 95um, 65um, and 70us, respectively.
The specimens were produced under Ar atmosphere using a
meander scanning strategy and a layer thickness of 60um.

The accelerometers were connected to the building platform
by means of block-type support structures (Fig. 2a). A belt-saw
was employed to cut the supports and remove the parts from the
substrate.

It is worth noting that due to the size of the melt pools, parts
with thickness smaller than 200-300um can barely be
fabricated. A safe limit of 500pm was considered in this work
to guarantee good mechanical properties of the printed sensor.

From the SEM images shown in Fig. 2b-c, it is evident that
powder particles welded onto the surface and metal asperities
play a crucial role on surface roughness, thus introducing an
uncertainty in the nominal gap size between the proof mass and
the electrodes.

To further inspect the fabrication tolerances and the final
mechanical properties of the printed sensors, three test devices
were also fabricated using the same L-PBF system and
processing parameters listed above. They consist in combs of
cantilevers of different thickness and length, as shown in Fig.
3a. In particular, each comb comprises four cantilevers having
the same cross-section and different lengths chosen to let them
vibrate at first natural frequencies of 250 Hz, 350 Hz, 450 Hz
and 550 Hz. Comb A is characterized by 1.5mm x 15mm cross-
section cantilevers of lengths 50.4mm, 57.1mm, 67.6mm and
45.5mm, comb B by 0.6mm x 15mm cross-section beams of
lengths 31.8mm, 36.lmm, 42.7mm and 28.8mm, while
cantilevers of comb C have a cross-section of 0.5mm x 15mm
and lengths 29.1mm, 33mm, 39mm and 26.3mm.

The cross sections of the cantilevers were inspected through
an optical microscope and representative pictures are shown in
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Fig. 4. (a) Experimental set-up for the dynamic characterization of the
cantilevers comb. (b) Close-up view of the cantilevers comb mounted on the
shaker. (c) Frequency response measured through the high speed camera on
the fourth cantilever of comb C.

Cu Electrode

773.40 pm

Fig. 5. SEM image of the top-left corner of the uniaxial accelerometer.

Fig. 3b-d. It is evident that the thickness of the cantilevers
differs from the nominal one. Moreover, the discrepancy
between nominal and real dimension increases from 8% to
about 25% by reducing the cantilever thickness. Indeed, surface
defects being of the same dimensions for the three designs,
become more significant in terms of stiffness reduction as
thickness decreases. Being the thickness of the accelerometers
under study nominally equal to 0.5mm, a 25% reduction is
expected on the fabricated device.

Finally, the software ImagelJ for image analysis was used to
estimate the relative density of the cantilevers from optical
micrographs. The L-PBF material shows an average relative
density of 99.5%, confirming that the printing parameters were
suitable for the production of thin wall objects.

IV. EXPERIMENTAL TESTS

A. Mechanical Characterization of the cantilevers comb

The dynamic mechanical characterization of the cantilevers
combs fabricated with the same process parameters employed
for the accelerometer under study was performed to confirm the
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Fig. 6. Experimental set-up. The PCB with the uniaxial accelerometer is
mounted in (a) an horizontal direction corresponding to the Og condition and
in (b) a vertical direction to measure the y-axis +1g acceleration. (c) Front-end
electronics of the ITMems s.r.1. platform: the sensing electronic chain is put in
evidence. The AC test signal applied at the rotor port has a frequency of
1.2MHz and an amplitude of 100 mV . (d) Differential capacitance measured
by manually applying +1g in the y-axis direction.

reduction of thickness measured
inspection.

Each printed cantilevers comb is mounted on an
electromagnetic shaker (Ling Dynamic Systems (LDS) V400
Series) through an auxiliary structure as shown in Fig. 4a-b. For
each comb, the natural frequencies of each of the four
cantilevers is estimated by applying a sweep excitation around
the nominal frequency values and detecting the maximum
amplitude condition with a high-speed camera (Mikrotron
EoSens mini2) with 100mm focal length ZEISS optics [26].
Then, a stationary harmonic vibration at each detected natural
frequency is applied and the dynamic response of the prototype
is measured for 50 oscillation cycles. The frame rate of the
camera is set to 10240Hz, while exposure time is 98us. To
ensure a proper illumination for the short exposure time, two
high power LED lights (Smart Vision Lights SC75-WHI-W
75mm) are employed.

through microscope
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The proposed measuring technique is based on the pattern
matching algorithm: a vision-based method that allows
recovering the in-plane displacement and orientation of a target,
by means of its image acquired by a single camera [27]-[28].
Sub-pixel capability of pattern matching algorithms allows to
estimate the pattern displacements with sub-pixel resolution. To
recover the pixel-to-millimeter scaling and to compensate for
the aberration due to the optics, the camera has been previously
calibrated with a 2D state of the art calibration approach [29].

The pattern matching technique allows estimating the motion
of a predefined target in each image of the acquired sequence;
hence, the full displacement time history can be measured.
Thanks to the intense illumination, the exposure time can be set
to the mentioned value of 98us, allowing to neglect the
uncertainty due to motion blur [30].

Pattern matching was applied to two portions of the
accelerometer, namely the accelerometer frame and the
cantilever tip to estimate the displacements provided by the
shaker (i.e. input) and the output, respectively. The dynamic
response of the system is then reconstructed from this
information (Fig. 4c).

Experimental results in terms of natural frequencies are
reported in Table I in comparison with those simulated by
COMSOL Multiphysics through modal analysis. As already
evidenced in the previous Section, an error up to 25% on the in-
plane thickness of the cantilevers is possible due to the presence
of reduced and inhomogeneous thickness of the cantilever. If
we focus on the comb C, we can notice that by considering in
the theoretical model an in-plane thickness of 377um (Fig. 3b)
instead of the nominal 500um we obtain resonant frequencies
of 193Hz (-4%), 270Hz (-7.8%), 348Hz (-7.8%) and 426Hz (-
7.3%) which are much closer to the experimental values.
Similar results can be obtained by taking into account comb B
whereby considering in the theoretical model an in-plane
thickness of 466pm (Fig. 3c) instead of the nominal 600um,
one obtains resonant frequencies of 197.3Hz (-7.9%), 276.6Hz
(-5.5%), 356.9Hz (6.8%) and 435.8Hz (1.4%).

Thus, dynamic measurements confirm the fabrication
tolerances put in evidence in the previous section and prove the
validity of the actual numerical model to predict, with an error
smaller than 8%, the resonant frequencies of deformable
components 3D-printed by LPBF.

Unfortunately, it is not possible to reduce the error for the
variability of the surface roughness which is related to the size
of powder particle sticked onto the surface. Only a visual
inspection of all the components can indeed guarantee an exact
estimation of the part geometry.

B. Mechanical Characterization of the uniaxial
accelerometer

Once the fabrication process properties are investigated, a
first mechanical characterization of the accelerometer is
performed with the purpose to detect its resonant frequency.

The printed prototype is mounted on an electromagnetic
shaker (Ling Dynamic Systems (LDS) V400 Series) through an
auxiliary structure to be excited with a pure sinusoidal signal.

The dynamic response of the accelerometer is measured
through the same technique described in Section IVA. In this
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case, the frame rate is set to 5120Hz, while exposure time is
150ps. Pattern Matching technique is applied to the acquired
image sequences two times: first to track the motion of the
auxiliary structure (input signal) and then to estimate the motion
of the suspended mass (output). The transfer function is then
computed with a step sine approach, allowing to estimate the
resonance frequency of the two prototypes as the peak of the
experimental transfer function. The experimental natural
frequencies are 155Hz and 158.5Hz: compatible with the 25%
thickness reduction of the folded springs predicted through the
analyses on the cantilevers comb and with the direct
measurement of the geometric dimensions through SEM (Fig.
5). Moreover, the fact that the natural frequency of the two
prototypes is almost the same, can be taken as proof of
consistency of the behavior.

C. Electrical Measurements

The 3D-printed uniaxial accelerometer is finally assembled
with the Cu electrodes as shown in Fig. 6a. Two PVC sheets of
total thickness 300pm are employed to provide electrical
insulation and to define a gap between the accelerometer proof
mass and the electrodes. Note that the manual assembly of the
accelerometer with the Cu electrodes introduces uncertainties
on the real gap between the mass and the electrodes, which is
reasonably expected to be bigger than the nominal 300pm.

The assembled sensor is then glued to a printed circuit board
(PCB) and the three electrical contacts, i.e. the proof mass and
the two electrodes, are soldered at low temperature to pads
which are in turn routed to electrical connectors (Fig. 6a). No
package is considered in the experimental campaign.

At first, the PCB is mounted in the horizontal direction, i.e. Og
condition, and the initial capacitances between the electrodes
and the proof mass are measured to check asymmetries due to
fabrication imperfections, e.g. residual stresses and surface
roughness, and the manual assembly. The MEMS
characterization platform (MCP) from [Tmems srl, a tool
specifically developed for testing of capacitive accelerometers
and gyroscopes [31]-[32] is employed for this purpose. In Fig.
6¢ the front-end electronics implemented in the commercial
platform is shown and the sensing electronic chain is
highlighted. A capacitance of 8.6pF is measured between the
proof mass and the first electrode, while a capacitance of 9.5pF
is measured between the proof mass and the second electrode.
A differential offset of 900fF is then obtained. From the
measured capacitances, it is possible to estimate the initial gaps
between the two electrodes and the proof mass that read 355um
and 321pm, respectively. Note that unknown parasitic

TABLE II
COMPARISON BETWEEN MEMS AND 3D-PRINTED CAPACITIVE
ACCELEROMETERS WITH THE PRESENT WORK IN TERMS OF DIMENSIONS AND
SENSITIVITY.

Sensitivity Dimensions
[22] 5 fF/g 0.4x0.6 x 0.1 mm®
[23] 8.7 pF/g 4x4x0.59 mm?
[12] 33.16 fF/g 30.4x 9 x 2 mm’
[12] 31.44 fF/g 22.4x9x 2 mm’
[this work] 184 fF/g 28x23 x 15 mm®
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capacitances induced by the electric connections play a
significant role in the value of the active capacitances measured
between the mass and the electrodes and should be taken into
account in the gap estimation. As a consequence, we would
expect an effective gap larger than the one estimated above by
neglecting parasitic capacitances.

A sensitivity measurement is then performed by manually
applying +1g to the accelerometer. The PCB is rotated as shown
in Fig. 6b and the differential capacitance between the two
electrodes is measured (Fig. 6d). A sensitivity of 184fF/g is
obtained which is far less then theoretical estimation. To
explain such difference, we analyzed the different sources of
error one at a time. At first, fabrication process imperfections
on the geometry, i.e. springs and mass, of the accelerometer are
neglected and the theoretical value of the natural frequencys, i.e.
200 Hz, is considered. From eq. (1) we then estimated a gap
between the mass and the electrodes of 453.8um, much larger
than the one estimated through the Cp, measurements by
neglecting parasitic capacitances. However, by considering a
realistic parasitic capacitance of 2.75pF, the experimental
results coincide with theoretical predictions. At second, we
considered also the fabrication process imperfections on the
geometry of the accelerometer. We then substituted in eq. (1)
the experimental natural frequency measured in Section IVB,
ie. 158.5Hz, and we got a gap between the mass and the
electrodes of 572.5um which is bigger than the one estimated
before. However, also in this case, a good agreement with
theoretical predictions can be achieved by considering a
parasitic capacitance of 4.2pF which is as well reasonable for
the employed setup. To validate our hypotheses on the gap
between the Cu electrodes and the uniaxial accelerometer, we
made a direct measurement of it through a SEM (Fig. 5). A
satisfactory agreement is then achieved between experiments
and theoretical predictions. Moreover, from Fig.6d it is evident
a linear behavior of the accelerometer in the considered range
of frequency.

For comparison, typical differential sensitivities of state-of-
the-art MEMS accelerometers are near to 5fF/g [22], which is
about a factor 20 less than the measured results. In Tab.II we
report a comparison between different capacitive
accelerometers fabricated both through MEMS standard
processes and 3D-printing techniques. It is clear that the
proposed device is strongly competitive with actual state of the
art and can reach outstanding performances once the process is
optimized. Moreover, the large sensitivity, coupled to the large
proof mass, indicates that electronic noise of an electronic
readout chain analogous to those already employed for MEMS-
based solutions could be made negligible, providing a solution
for ultra-low noise systems.

V. CONCLUSIONS

In this work, the first uniaxial 3D-printed metal
accelerometer is designed, fabricated and tested. It shows good
performances in terms of sensitivity and represents a promising
solution for ultra-low noise, cheap and customizable systems.
Moreover, the proposed Ti6Al4V uniaxial accelerometer can in
principle overcome the main limitations of polymer based 3D-
printed sensors in terms of operation in harsh environments, e.g.
high temperature. Ti6Al4V shows indeed a specific heat of
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553J/Kg K, a thermal conductivity of 6.6-6.8W/m K and a
thermal expansion coefficient of 8.6-10°K! [24], that guarantee
a much better thermal behavior than polymer based sensors,
whose thermal expansion coefficients are usually at least one
order of magnitude bigger [33]-[34] and that can only operate
far below the glass-transition temperature [35]. A different
consideration must be done if we want to compare metal
sensors as the one here proposed, with polymer based sensors
metallized through a Cu layer [12]-[14]. In this case, as already
put in evidence in [12], the thermal behavior is dominated by
the Cu layer (thermal expansion coefficient = 17-10°K",
thermal conductivity = 3.94W/m K, specific heat = 385J/ Kg
K), but so far there are no experimental evidence of the right
functioning of the sensor above the glass-transition temperature
of the inner polymeric mechanical structure. The proposed
Ti6Al4V uniaxial accelerometer indeed seems a very promising
solution for harsh environments if compared with actual state
of the art 3D-printed sensors.

The L-PBF technique is here employed for the fabrication of
the proposed accelerometer and fabrication imperfections are
studied in details through test structures. Both visual and
electrostatic measurements prove the right functioning of the
accelerometer and emphasize the versatility of the proposed
sensor. Despite the dimensions of the proposed accelerometer
are not comparable with the ones of MEMS, this work opens
the path to a new class of 3D-printed metal sensors that are easy
to fabricate and personalize.

We are currently working to improve the fabrication process,
i.e. imperfections reduction, and the experimental set-up, i.e.
parasitic capacitance reduction, to achieve a smaller
discrepancy between theoretical values and experiments.
Further measurements will be also performed to test the
performances of the proposed device in harsh environments and
to prove the linearity of its response up to elevated
accelerations.
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