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Design, realization and characterization of a symmetrical triaxial
capacitive accelerometer for medical applications
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Abstract

Small triaxial acceleromet,

> are needed in the medical field for the monitoring of mobility. For this purpose. a new highly symmetrical

inherently triaxial capacitive aceelerometer has been designed. The basic structure of the device consists of six capacitors surrounding a central
muss which is suspended by springs made of the rubber elastic polymer polydimethylsitoxane. The advantages of the design are a low oft-
axis sensitivity, an equal sensitivity in all axes and a reduction of the sensor’s dimensions. In order to show the practical feasibility of the
design, a number of manually assembled prototypes of the wiaxial accelerometers have been realized with dimensions down to 2 mm X2
mm X 2 mm. The prototypes are capable of detecti clerations in three directions with unfortunately unequal sensitivities per axis (e.g.,
from 08 to 1.1V (ms *) ") and a maximum off- sensitivity of 3% in the well-assembled devices. Clinical measurements have been
carried out with the prototypes. The measurement results indicate that the riaxial accelerometer is seasitive enough to register the kind of

movements that accur in healthy persons during normal standing.
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1. Introduction

There is a need for small and eventually implantable tri-
axial accelerometers in the biomedical field. These sensors
can, for instance, provide positional information for the con-
trol of mobility in paraplegic patients [1] and enable the
ambulant monitoring of movement disorders of patients suf-
fering from Parkinson’s discase [2]. The most important
specifications for medical applications are |3]: amplitude
range +5g. resolution 10 g, bandwidth d.c.-50 Hz, oft-
axis sensitivity <35%, dimensions <2 mm X2 mm X 2 mm,
low dritt and power consumption <1 mW.

Up to now, triaxial accelerometers presented in the litera-
ture [4.5) have a lack of symmetry and therefore show a
large off-axis sensitivity from 5 up to 21% [4]. The sensor
proposed in this paper has a highly symmetrical contiguration
which ideally should not have any off-axis sensitivity. Its
structure consists of six capacitors surrounding a cubic central
mass which is suspended by rubber elastic springs.

The rubber elastic springs are made of polydimethylsilox-
ane {PDMS), which is a commercially available cieanroom-
processible type of silicone rubber { 6] with a wide range of
applications [7.8]. Important material properties in the tri-
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axial accelerometer application are: the shear modulus G is
250 kPa at room temperature, with a temperature variation of
1.1 kPa°C ' and no variation with frequency [9]. The loss
tangent is very low (tand<<0.001 [6]). PDMS has a high
diclectric strength compared to other polymers (=14 V
wm "' [ 10]). its relative dielectric constant is €, =2.5 [ 10].
PDMS shows a high compressibility {61, is usable in a2 wide
temperature range (at least from —100°C up to + 100°C
161) and is essentially non-toxic [6].

The realization of three-dimensional  micromachined
devices is a developing field with technological challenges.
In order not to be limited by technological boundaries and to
validate the feasibility of the design, the first prototypes of
the triaxial accelerometer are a combination of cleanroom
processing, precision mechanics and manual assembly.

In this paper the sensor structure and its mathematical
model. its realization procedure, its characterization snd some
clinical measurement results will be described.

2. Theory

2.1. Sensor stricture

The structure of the capacitive triaxial accelerometer
as shown in Fig. | consists of six electrodes surrounding a
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comer piece
PDMS

fixed electrode
(silicon wafer)

central cubic mass which is suspended by springs made of
the rubber elastic polymer polydimethylsiloxane (PDMS).
When the sensor structure is fully symmetrical (which is
ideally the case). all capacitances between the electrodes and
the central mass have an equal nowninat capacitance value C,
{F}of

Cy=e€ye A/t )

with € [(F mi'| the dielectric constant of vacuum
(€,=8.85% 1072 [Fm~']), ¢ the relative dielectric con-
stant of the material between the moving and the fixed elec-
trode (which is a combination of the relative dielectric
constants of air and PDMS), A [ m?] the area of the electrodes
and ¢ [m] the nominal distance between the electrodes and
the mass.

The nominal distance ¢ between the clectrodes and the
central mass is determined by the thickness of the PDMS
structure. When an acceleration is applied, the mass moves a
distance A7 [m] with respect to the fixed electrodes, resuliing
in a corresponding capacitance change AC [F].

For instance, when the acceleration is applied in the +:-
direction, the distance between the mass and the upper elec-
trode increases to ¢+ Ar. and the distance between the mass
and the lower electrode decreases to t— At.. Consequently,
the upper capacitance C., [F] is decreased and the lower
capacitance C. [F] is increased:

C..=€€A/(t+A1)=Cy/+Ar)=C,—AC., (2a)
C.i=&eA/(1—A1)=C,isr(1=At)=Cy+AC,, (2b)

When Ar.<0.01s, there is no appreciable difference
between the absolute values of AC,,= C,At./(r+At.) and
AC.)=CyAr./(+—At). So, both the upper and the lower
capacitance are varied with the same AC.,

AC.=CyAr./t

insulated brass
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Fig. 1. Cross-sectional (a) 3D and (b) 2D views of the basic structure of the triaxial accelerometer.

However, when the sensor is not fully symmetrical, the
differences in the thicknesses of the PDMS structures should
be taken into account. In that case, the expressions for the
change in the upper and lower capacitance AC., and AC.,
are, respectively,

AC.,=C.,0ALlL,
AC,=C 0/t

(4a)
(4b)

where the upper thickness and nominal capacitance are 1.,
and C.,, and the lower thickness and nominal capacitance
are 1.5 and C. o, respectively.

In order to know the relation between A¢.and the applicd
acceleration a.. the two system forces F,, e, = Ma. and
Fopring.. = — kA1, have to be equated:

= F g 2 ma. =k A: — At =malk.  (5)

With Fcoteron: | N1 the force in the s-direction on the mass
m [kg| due to the applied acceleration in the z-direction a
[ms~3), F g [N the force in the z-direction un the spring
with spring constant in the -direction &, [N m "'} due to the
deflection of the spriny in the z-direction At. [ m]. The indices
in the above-mentioned equations should be subsequently
changed for the x- and y-directions.

Now, all parameters but the spring constant & are known.
The relation between the dimensions of a PDMS structure,
the combination of these structures in the triaxial acceler-
ometer and the resulting spring constant will be derived in
the next section.

Fceteranon.: =

2.2. Spring constant of the rubber elastic elastomer

For simple extension and uniaxial compression (see
Fig. 2(a)) the rubber elastic stress-strain relation can be
expressed as [11)

Fig. 2. Piece of rubber elastic material on which (a) a compressive or extensive foree or {b) a shear force is applied
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Fer=AgG(A—1/A%) (6)

with Fi [N] the applied compressive or extensive force, Ay
[m?} the area of the rubber on which the force is applied. G
[ Pa] the shear modulus of the rubber, A the rubber’s exten-
sion ratio: A =1+ A1/t [m] the thickness of the rubber
and At [m] the change in thickness of the rubber due to
Fe. When this expression is linearized around A 14./1 < 0.01,
Hooke's equation Feq, = kA 1¢q; can be used such that the
spring constant for small compression and extension &
[N m '] can be expressed as

kew = Feud My, = 300G/t (N

Simptz shear is a type of strain which may be represented
by the sliding of a plane with arca A, [ '] which is paraticl
to a ground plane through a distance Atgy; [ m] propaiional
to the distance 1 Jm} between the planes (Fig. 2(b)). The
stress—strain relation is given by Fg, = A, GA g, /1 {11 s0
the shear spring constant kg [N m - '] is

kan=AxG/1 (8)

When the symmetrical aceelerometer of Fig. 1 is aceeler-
aied along one axis, the PDMS structures which sense the
acceleration in this direction will be extended or compressed
whereas the other four PDMS structures will be subjected to
a shear stress. The resulting total spring constant &,
direction is therefore

in one

Ky = 2k + Hogy = 104,671 (9

Eq. (9) can be used for all axes (v and 2) of the triaxial
accelerometer. However, when the sensor is not fully sym-
metrical, the differences in the layer thicknesses shouid be
taken into account. for instance in the :-direction:

K, = 3G 1+ 3G+ 4G 1

F+ ARG ARG+ AG T (1)

where ¢, ¢, . 1, and 1, are the thicknesses of the PDMS
structures in the leftand right x- and y-direction. respectively.
The indices in Eq. (10) should be subsequently changed for

R

C, K
[T P
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ks and Ky, . 10 Obtain the total spring constant in the x- and
y-directions, respectively.

2.3. Capacitance to voliage converter

The capacitance variations A C are measured with a differ-
ential capacitance to voltage converter (CVC) [ 12] (Fig. 3)
resulting in an outpm voltage V,,,, due to an applied acceler-
ation a {m s | in a fully symmetrical device, c.g.. in the
z-direction
Vo =H2AC/Cy=H2A1./t=H2ma ! (k.. (in

where H is the amplification factor of the CVC. If the structure
is not symmetrical, the CVC will produce an output voltage
Vi 1 V] e.g.in the s-direction:

Vi =HUNC
+Ar /ey =Hima kg, (Ve + 171 (12)

C ot ACLIC, ) =H(AL,

3. Experimental
3.1 Device preparation

The PDMS was spin-coated (Fig. 4(b)) onasilicon wafer
with anncaled aluminium on both sides (Fig. 4(a)). After
the spin-coating. the PDMS was processed photolithograph-
scally in order to obtain the specified dimensions. as given in
Table I, Three cleanroom runs were done. Sensors con-
structed of water pieces from the first, second and third run
are labelled A, B and C, respectively.

After the PDMS was processed. the wafer was cut into
separate pieces, cach containing a PDMS structure and acting
as an clectrode in the assembled device (Fig. 4(c)). Wafer
pieces of run A were covered with another piece of silicon
wafer with negative photoresist (Fig. 4(d)) (toobtainagooed
adhesion) and subsequently atached to each side of a cubic
brass seismic mass (Fig. 4(¢)). Water pieces of runs B and

C.o-AC,
S i
C
. L H Ry
carrier sensor current
AM modulalor

Fig. 3. Dilferential capocitance o voltage coaverter {121,



R
e silicon wafer
;‘a) - annealed aluminium on both sides
EREREE——, PDMS is spincoated
T on top of the wafer

photalithographic processing of the PDMS,
the wafer is cut into pieces

‘he top electrode (sificon wafer, anneated
aluminium, nagative photoresist) is attached
to the POMS structure, resuiting in 2
varable capacitar

six capacitors are attached
to each side of a cubic brass mass
with silver glue

brass comerpieces are attached
to all outer electrodes
with insulating Fysol glue

the total sensor is mounted

on a printed circuit board,

gold bond wires are connected
to provide the electrical contacts

4. Technology and assembly procedure necessary to eealize the trisxial
accelerometer.

C were directly connected to cach side of a cubic tungsten
seismic mass (this way a good adhesion was obtained). The
outer electrodes were mechanically interconnected such that
a rigid cubic consiruction was formed, using insulated brass
corner pieces (Fig. 4(1) ). The total device was mounted on
asmall printed circuit board (PCB). All electrodes, including

Table !
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the seismic mass, were electrically connected to correspond-
ing copper tracks on the PCB with gold bond wires.

3.2, Accelerometer test set-up and measurement protocol

The devices were statically tested by turning their sensitive
axes with respect to gravity and dynamically tested by apply-
ing known accelerations (reference accelerometer: PCB
Piczotronics ICP 301A10) with different amplitudes and fre-
quencies with a shaker unit (Gearing and Watson GWV20)
and measuring the output voltage of the accelerometer system
with an HP35670A dynamic signal analyser

4. Results

A number of prototypes of the capacitive triaxial acceler-
ometers have been realized with outer dimensions 5 mm X 5
mm X5 mm (Aand C) and 2 mm X2 mm X 2 mm (B). The
resulting thicknesses of the PDMS structures as caleulated
from the measured capacitances are shown in Table 2. The
theoretical spring constants are calculated using Eq. (10) and
the theoretical sensitivities V,,, /a using Eq. (12). All devices
were connected to the capacitance to voltage converter with
H=1000. The results of Eq. (12) as well as the obtained
measurement results (sensitivity and off-axis sensitivity ) are
shown in Table 2. Fig. § shows the measured lincarity of all
axes and Fig. 6 shows the measured frequency response of
the x-axis of sensor C.

5. Discussion

The measurement results show that the highly symmetrical
triaxial accelerometer is functioning well because the devices

Designed dimensions of the PDMS structures. Electrode area: A and C. 3 mm X 3 mim: B, L mmCh mm, Mass: AL 220 mgs B 21 mgs €520 my

Sensor number and PDMS structure per side Area Ay, [m'] t{m] Co lpE|

(A) 4 sguare fayers of 120 pm X 120 pm 58x10 xio " 0o

(B) circle, outer radius 0.5 mm. width 35 pm Ixi0 7 SxH " 20

(C circtz, inner radius 0.94 min, width 60 pm 4x10 7 x1 " 8.0

Table 2

Meisurenient results of the triaxis! accelerometer; the caleulated sensitivity is according o Ly, (12)

Sensor axis Thickness [um] of the PDMS Sensitivity (Voms 5 '] “anis sensitivity |9 |
caleulated measured

A, 25 6.0 2

A 35 LXY 3

A 28 20 3

B, 0.16 015 3

B, 016 Q.02 3

B 015 01y 2

C, 1.1 08 2

C, 16.6. 16,6 1.0 1.0 2

C 15.3.17.3 Ll 09 3
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are able to detect accelerations in three directions with an of1-
axis sensitivity of less than 3% in the devices B and C. As
can be seen in Table 2, there is a fairly good correspondence
between the measured and the caleulated sensitivities in A,
A, B.B.and C,. C, and C.. The sensitivity in A, is higher
than expected. possibly due the inactivity of the shear springs
in the x-direction of device A. which may be caused by a bad
adhesion of the PDMS structures to the electrodes. When the
shear springs are not considered in the calculation (Eq.
(10, the spring constant in the a-direction is reduced such
that the theoretical and measured values correspond. The
sensitivity in B, is much lower than expected. possibly due
to the PDMS structures being pre-compressed in the assembly
process, which causes them to be stiffer, according to
Eq. (6).

Summarizing. the deviations in the sensor parameters are
due to sometimes severe variations in height of the PDMS
structures and pre-stressing of some of the PDMS structures
due to experimental cleanroom processing, preparation var-
iances and manual assembly. Furthermore. due to the manual
mounting, non-reproducible seasors were introduced. In
order to reduce errors due to manual mounting, & microma-
chined sensor realized by automated mounting of aself-align-
ing structure has to be made. Further research will concentrate
on this.

6. Clinical results

Several measurcments have been performed. with healthy
subjects, in order to show the usability of the triaxial accel-
erometer in the registration of the stability of standing. Tri-
axial acceleromater A was mounted on & motor cyclist belt
which was placed around the waist of the subject. The device

eral acceleration [mis’)

s
e
o

-0.1
Anteror/postenos acceleration [mis’)
7. Measurement result obtained during a standing stability test using
triaxial accelerometer AL A healthy subject stood as quictly as possible for
30 s with eyes apen and feet apart

was levelled such that the z-axis was in parallel with the
carth’s gravitational force. The subjects were asked to stand
as quictly as possible for 30 s, with, e.g.. eyes open, eyes
closed. feet apart and feet together. Fig. 7 shows a typicai
measurement result of a subject who stood as still as possible
for 30 s with eyes open and feet apart. The measurement
results indicated that, using the triaxial accelerometer, it is
possible to register the Kind of movements which occur in
hy persons during normai standing and that it is possible
to discriminate between very similar situations like standing
with the feet apart and standing with the feet together [ 13].
The accelerometer measurement system is currenily being
implemented for routine clinical use.

7. Conclusions

A number of prototypes of the symmetrical triaxial accel-
erometer with outer dimensions of S mm X 5 mm X 5 mm and
2 mm X 2 mm X 2 mm have been designed and realized. The
bighly symmetrical structure is advantageous with respect to
the reduction of off-axis sensitivity: a maximum of 3% was
measured in the well-assembled devices B and C. The sen-
sitivity of ali axes in one device should have been equal due
to the symmetrical structure of the sensor. Unfortunately,
variations in sensitivity within one device appeared. They are
caused by unequal height of the PDMS layers due to exper-
imental cleanroom processing and the presence of stress in
the PDMS layers due to the manual mounting of the devices.
All devices showed a good linearity up to accelerations of at
least S0 m's 7 and their frequency response was flat up to
I kHz.

The measurement results showed the practical feasibility
of the design. Further rescarch will concentrate on the reali-
zation of & more reproducible manufacturing proc thus
facilitating the assembly procedure and reducing the variation
in performance.
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