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Determination of the natural frequencies of ultralight
carbon fiber trusses for silicon tracking systems
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In this work a method is developed to determine the natural frequency of highly-irradiated ultralight carbon fiber trusses. This method is
based both in experimental acoustic measurements and the ANSYS-based modeling of the trusses. The structures under study are sensor
supporting trusses widely used in silicon inner trackers of large experimental setups at LHC, FAIR and NICA.
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1. Introduction

The development of the Nuclotron-based Ion Collider fA-
cility (NICA) currently underway at the Joint Institute for
Nuclear Research (JINR) includes large experimental setups
like the MPD [1], SPD [2], and BM@N [3] which incorpo-
rates silicon tracking systems to trace thousands of charged
secondary particles produced in hadron- and nucleus-nucleus
high energy collisions. Existing, and soon to appear, modern
silicon sensors are available in monolithic or non-monolithic
versions of the readout frontend electronics providing excel-
lent spatial (5µm) and time resolution (40 ps). However, the
performance of the final setup might be degraded due to res-
onant oscillations of the large-area and low material budget
supporting structures that usually carry together thousands
of relatively small active sensor elements induced by the vi-
bration of external elements like the cooling and vacuum
systems pumps, when coinciding with the structures’ natu-
ral frequency. The potential hazard due to vibration-related
degradation of the spatial resolution of ultralight supporting
structures seems to grow following the existing plans of us-
ing such mechanical structures in experiments with increased
luminosity at HL-LHC [4], FAIR [5] and others to follow. In
years past the major material for building the mechanical sup-
porting structures of the existing silicon tracking systems was
high-Young’s-modulus carbon threads laminated together in
epoxies. Polymerization of those manufactured carbon fiber
joins together thousands of individual carbon threads in the
element of the supporting structure. It is known that mechan-
ical properties of epoxy degrade under radiation. Therefore,
a question of what will happen to the supporting trusses of

a tracker in high luminosity experiments after expected 10
years fluencies of secondary hadrons up to values of 1016

seems to be timely and relevant before such trackers are to be
built or existing ones to be still engaged.

The technology for manufacturing ultra-light carbon fiber
sensor supporting trusses was initially developed for the In-
ner Tracking System of ALICE at the Saint Petersburg State
University, Russia [6]. Later on, it was also used for produc-
ing the supporting structures of the new MAPS-based Inner
Tracking System (ITS2) for the ALICE upgrade [7, 8] oper-
ating at the LHC since 2023 with plans to prolong lifetime of
the system after LHC substantial luminosity increase sched-
uled for 2029 [9]. The same technology for manufacturing
trusses with slightly different geometry form factors was also
used at JINR for production of sensor supports for the Silicon
Tracking System (STS) of the CBM experiment at FAIR [5]
and upgraded BM@N experiment at NICA [3].

Potential degradation of mechanical properties of the key
elements of the tracker, namely the sensor supporting ul-
tralight carbon trusses (“spaceforms”), may cause not only
systematic displacement of the sensors attached to frames
but, what is more hazardous, badly impact the spatial reso-
lution of the system due to appearance of resonance vibra-
tions of the trusses. To address this issue, we plan to perform
a mechanical characterization of sensor supporting trusses
currently in use by the ALICE ITS2 tracker laminated with
different types of adhesives by means of determining their
natural frequency before and after being irradiated at JINR
IBR2 facility [10]. Since after irradiations the trusses will be
radioactive all post irradiation manipulation with the tested
subjects should be performed remotely. This work describes
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the results of the development of a method proposed by us
for purpose to determined of the first natural frequency of the
trusses based on direct acoustic-based measurements as well
as their modeling in the framework of the ANSYS code.

2. Materials and methods

The main idea of the work was to compare the results of
experimental and simulated determinations of normal fre-
quency spectra of a truss of the kind used in silicon trackers
in order to crosscheck these results as a validation of a di-
rect yet remote method for the determination of the natural
frequency of of activated trusses that would not require an
extensive manipulation of them.

The selected type of truss for the determination of its nat-
ural frequency was of the kind used as supporting structure
of the sensor elements in ALICE ITS2 Outer Barrel at CERN
that will be also used in NICA’s MPD-ITS detector at JINR
(Fig. 1). It comprises a carbon fiber structure with a length of
1526 mm and a triangular cross section produced in simulta-
neous punch-and-mold lamination of three long beams hav-
ing corner-like shape together with a set multiple thin cylin-
drical ribs connecting the beams of a truss together at angle
of 45◦.

The natural frequency of the unloaded truss free
from external influences was experimentally determined by
the acoustic-based experiment schematically represented in
Fig. 2. The setup is composed by the truss under test (1),
a truss vibration exciter capable of variable frequency oscil-
lations (2), eddy-current probe ZET 701 vortex sensor (3),
a driver facilitating connection to a PC (4), and an electric

FIGURE 1. Support truss of Inner Tracking System of the MPD
experiment.

FIGURE 2. Layout of direct experiment for study of the natural
frequency spectrum of a truss. 1- truss under test; 2- truss vibration
exciter of variable frequency oscillations; 3- vortex sensor probe;
4- driver for connecting the probe to a PC; 5- electric conductive
plate.

FIGURE 3. Measured signal as a function of time of the gap be-
tween the vortex sensor and the conductive plate for the MPD-ITS
truss for an exciter’s frequency of 50 Hz.

FIGURE 4. Resulting spectrum after applying the Fourier transform
to the signal from Fig. 3.

conductive plate (5). In order to minimize external distur-
bances, the setup was mounted on a robust laser table. The
amplitude of the oscillations was measured based on a con-
tactless vortex sensor covering a frequency range from 30 to
300 Hz. This sensor has an inductance coil at the tip of the
probe generating an alternating electromagnetic field, induc-
ing eddy currents in the test object, and subsequently altering
coil parameters based on the gap between the sensor’s end
and the controlled object, allowing to measure the distance to
the object over time. The resulting electrical signal undergoes
linearization and scaling by the driver.

For determining the value of the natural frequency, the ex-
citer’s frequency was varied from 30 Hz to 300 Hz. At each
step the variation of the gap between the vortex sensor and
the conductive plate was recorded during 20 s with a sam-
pling rate 1 kHz as it is shown in Fig. 3 for the first 2 s and a
frequency of the exciter of 50 Hz. Afterwards, the obtained
signal was converted into a frequency spectrum by means of
the Fourier transform (Fig. 4). The amplitude of the oscil-
lation for the selected frequency was determined as a stan-
dard deviation of the measured gap values for the recorded
time period. The same process was repeated for the next fre-
quency. All the obtained oscillation amplitudes were plotted
as the function of the exciter’s frequency as shown in Fig. 7
in the next section (experimental values) and the natural fre-
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TABLE I. Average of the meassured sagging values of the trusses
for different mass loads.

Mass load (gr) Sagging (mm)

50 0.07±0.01

100 0.12±0.01

150 0.18±0.01

200 0.24±0.01

quency of the truss was determined from the first peak of the
plot (first natural frequency). Initially the frequency of the
exciter was varied with a step of 10 Hz and once the peak po-
sition was identified the corresponding region was re-scanned
with a step of 1 Hz.

On the other hand, the natural frequency of the trusses
was independently determined from the data included on the
datasheet regarding measurements of sagging values for dif-
ferent mass loads (mL) applied on top of the center of the
truss as shown in Table I where the reported sagging for each
mass load is the average value from a sample of 30 trusses.

For this, despite its composite structure of the trusses the
system was approximated in first order to a uniform beam
with a massP load placed in the center resulting in a sag-
ging u that according to the Castigliano’s theorem [11,12] is
defined as

u =
PL3

48EI
, (1)

whereE is the modulus of elasticity of the beam andI the
moment of inertia.

Subsequently the sagging is substituted by an analog sys-
tem [13] where a load of massmL is suspended from a spring
of stiffnessk placed at the center of the truss for which the
natural frequency can be expressed as

fn =
1
2π

√
mLg

δtmt
, (2)

wheremt is the mass of the truss and

k =
mLg

δt
, (3)

whereδt is the sagging of the truss. Sinceδt = u, it is pos-
sible to approximate the natural frequency value of the real
truss without knowing the mechanical properties of the ma-
terial, because the result of the sagging is implicitly included
in the modulus of elasticity and inertia moment, as shown
in Eq. (1). The value of the natural frequency of the loaded
truss was determined by linearly fitting the sagging values
from Table II as a function of the corresponding mass load
using Eq. (2) in the form

δt =
g

4π2mtf2
n

mL (4)

as it is shown in Fig. 5, resulting infn = 74.41±1.46 Hz.
Additionally, a model of the truss was created in ANSYS

and a simulation of its sagging under mass loads was carried
out in ANSYS Structural Static module by means of the finite

FIGURE 5. Linear fit of the sagging values from Table I as a func-
tion of the corresponding mass load.

element method. MPD-ITS trusses are constructed using two
types of materials: fiber M55J impregnated with an epoxy
binder for the ribs of the frame and prepreg consisting of
M55J for the longitudinal beams. The technical datasheet for
M55J only includes information on the Modulus of Elasticity
in the direction along the fibers, while the Poisson modulus
and Shear modulus are unspecified. As so, the material of
the trusses was modeled as isotropic using the properties for
Prepreg and M55J from ANSYS library (Table II) with a den-
sity of 1933 Kg/m3 , calculated from the truss’ volume that
was determined using ANSYS-SpaceClaim. Then the value
of the modulus of elasticity was varied for a given mass load
until a sagging value as close as possible to the value reported
in the experimental data was obtained. As a counter check
the corresponding natural frequency obtained in ANSYS for
such material composition of the truss under mass load was
compared with the results obtained from the calculations us-
ing Eq. (2).

Once the Modulus of Elasticity was set it was used along
with the already established isotropic material composition
for modelling into ANSYS the unloaded truss for the deter-
mination of its natural and the result was compared with the
frequency obtained from the acoustic experiment. Finally,
unloaded trusses of different lengths were modeled in AN-
SYS using the previously obtained composition and the cor-
responding natural frequencies obtained from the ANSYS
modal analysis module were compared with the experimen-
tal values obtained from acoustic measurements for the same
set of lengths measured at different fixed positions along the
truss frame; 1526 mm, 1290 mm and 1030 mm.

TABLE II. Isotropic M55J material properties from ANSYS library.

Property Value

Modulus of Elasticity 300 GPA

Tensile Yield Strength 186 GPA

Compressive Ultimate Strength 835 MPA
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FIGURE 6. Sagging of the ITS space frame (mm), isotropic mate-
rial, load 200 gr, magnified by a factor of x50.

FIGURE 7. Experimental values and simulated ones (considering
an isotropic material composition) of the natural frequency of the
unloaded MPD-ITS truss.

TABLE III. Simulation results using different materials with pro-
posed isotropic properties for MPD-ITS truss for a load of 200 g.

Modulus of Elasticity (GPa) Sagging (mm) fn (Hz)

300.0 0.099 115.14

135.0 0.219 77.244

133.0 0.229 76.654

128.9 0.239 73.669

100.0 0.293 66.475

3. Results

By means of the narrow band spectral analysis of the gap be-
tween the vortex sensor and the conductive plate based on
the Fourier transform described in the previous section the
first natural frequency of the unloaded MPD-ITS trusses was
experimentally determined to be 77±0.55 Hz, as it is shown
in Fig. 7 (experimental values).

On the other hand, Table III shows the values of the
resulting sagging obtained in the ANSYS model of the
MPD-ITS truss for different isotropic materials of density
1933 Kg/m3 by varying the value of the modulus of elastic-
ity for a load of 200 g placed in the center of the structure as
shown in Fig. 6, where the sagging has been magnified by a
factor 50 for visual purposes.

From these results the modulus of elasticity for the truss
material was set to128.9 ± 0.1 GPa for being the value for
which the resulting sagging was closer to the reference value

FIGURE 8. Dependence of the natural frequency on the length of
unloaded MPD-ITS trusses.

of 0.24 mm reported in Table I. As it can be seen, the cor-
responding natural frequency in that case is73.7 ± 1.44 Hz,
which differs by 0.9% from the value of74.41± 1.46 Hz ob-
tained from the calculations based on the datasheets data of
the trusses.

Using the established material properties the natural fre-
quency of the unloaded truss was then determined in the AN-
SYS model and compared with the experimental value ob-
tained from the acoustic experiment as shown in Fig. 7.

It can be seen that when the truss is unloaded the value of
the first natural frequency from the simulation is78.9± 1.21
Hz while the experimental value is77 ± 0.55 Hz, so there is
a difference of 2.5% between the two methods.

The result of the determination of the natural frequency
of unloaded trusses of different length is presented in Fig. 8.
The lengths were obtained by fixing the truss by means of
thermal glue at lengths of 1030 mm, 1290 mm and 1526 mm.
The divergence between the values from the simulation and
the experiment, as well as the error from the modelling in-
creases as the length of the truss decreases due to the influ-
ence of the part of the truss structure lying beyond the fixators
in the experiment.

4. Conclusions

The possibility of measuring the natural frequency of the
ultra-light mechanical structures used as support of the track-
ing sensors in large experimental setups like NICA’s MPD
experiment by means of an acoustic-based experimental
setup has been assessed. This setup allows us to perform
these measurements in highly irradiated trusses while staying
at a safety distance from them. The experimental results were
compared with the results from the simulations based on the
finite element method using the ANSYS code for modeling
the structures under study by approximating its composition
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to an isotropic material with equivalent mechanical charac-
teristics as the real ones. In these conditions the discrepancy
between the experimental and simulated results was 2.5%.
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