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Abstract — An effective evaluation of the static and
dynamic structural status of historical monuments for
health evaluation and long term preservation requires
the analysis of their low frequency dynamic behav-
ior (< 1 Hz). The UNISA folded pendulum class [1],
based on the Watt's linkage, developed at the Univer-
sity of Salerno and already successfully applied to low-
frequency monitor of historical monuments, can pro-
vide this information with very high accuracy allowing
effective tunings of numerical models describing their
dynamical behavior. In this paper, after a description
of the characteristics and performances of this class of
sensors, the attention is focused on their possible appli-
cation to the historical monuments monitoring for their
preservation.

. INTRODUCTION

In the last years the interest has largely increased in
high sensitivity large band sensors for compliance test and
long term monitoring of large buildings and infrastructures
(dams, bridges, sky-scrapes, oil platforms) aimed to the
evaluation of their health status, also in connection with
natural events.

The basic idea is very simple. In fact, each structure, of
any material and size, has its own intrinsic dynamics, de-
fined by a set of vibrations modes dependent on the geom-
etry and on the materials: the vibration modes of a struc-
ture are its fingerprint directly connected with its geometri-
cal and physical characteristics. For example, a structural
compliance test is aimed to check the compliance of the
design and measured vibration modes: deviations among
the design and measured vibration modes of a structure in-
dicate an implementation not coherent with its design. In
a similar way, the evolution of the modal structure under-
lines a dynamical evolution that may lead to partial or total
structural collapses (e.g. weakened or broken beams), as
well as the appearance of additional vibration modes. In
fact, a careful analysis, in synergy with FEM (Finite El-
ements Method) simulations may quantify these structural
features highlighting structural failures at a very early stage
(e.g. cracks), which need more detailed and local investi-
gations to understand the causes (degradation of materials,
structural misalignment, earthquakes effects, etc.) to drive
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very specific and successful actions to remove their causes.
Furthermore, not less important, and probably often ne-
glected due to the lack of the necessary instrumentation, is
the long term monitoring both of the angular and torsional
internal motions of the structures such as the subsidence of
the site, due to natural events (earthquakes, etc.) and an-
thropic actions (gas and oil extraction, city car traffic, etc.)
that may mine stability of the structure. It is very impor-
tant, therefore, to asses in real-time the effective dynamic
status of the structure and of the site, aimed to the identi-
fication of possible causes of damage and to the definition,
well in advance, of all the actions for their prevention and
safeguard, minimizing also the risks for the population.

But, although in principle the idea of an integrated real-
time monitoring of a structure in connection with a struc-
tural and physical analysis is very simple, problems arise
when the requirements on the sensors measurement band
(10-%+ 1 kH z) and on sensitivity (< 10~'' m/v/Hz) are
analyzed. In fact, large infrastructures are characterized by
very low resonance modes (often less than 1 m H z), so that
the sensors must guarantee a large band, mainly in the low
frequency region. Just as an example, the night and day in-
sulation may cause a slow (angular) motion of the structure
(fo = 0.01mHz), while large concrete beams of large
infrastructures may be characterized by a first mode res-
onance frequency of the order of mHz. Hence the need
of large band sensors (107 + 1kHz). A different rea-
soning can be done to justify the high sensitivity required
(< 107" m/v/Hz). This sensitivity is justified by the fact
that, for evident technical reasons, as a general rule, it is
preferable to build the structural dynamical spectrum has
without any external forcing, but using only natural (seis-
mic noise, wind, earthquakes, etc.) and/or anthropic (traf-
fic, etc.) vibration sources, that, as it is well known, do
not produce large excitations of the resonant modes of the
structure, a consideration that alone justifies the use of very
sensitive instrumentation. Furthermore, for a complete and
effective measurement, the monitoring system should con-
sist of an adequate number of sensors, suitably positioned
and left there often for years in unattended mode, satisfy-
ing precise requirements in terms of space, dimensions and
weight. Therefore, the size, weight and last but not least,
cost of the sensors assumes a relevant role.



In the last decades, very strong efforts have been pro-
duced in the development of seismometers and accelerom-
eters capable to satisfy the increasingly stringent require-
ments for very different fields (industry, aerospace, en-
gineering, monument and cultural heritage preservation,
geophysics, etc.). Such requirements can be globally syn-
thesized in large measurement band (10~ Hz + 1kHz),
high sensitivity (down to 10~'4m,/v/H z), high directivity
(> 10%), compactness (10 cm side), lightness (< 0.5 kg),
high thermal stability, and, often, ultrahigh vacuum and/or
cryogenics compatibility [1]. The difficulty of satisfying
such requirements becomes clear analyzing the architec-
ture of the modern accelerometers, generally based on a
force feed-back design, a classic control technique aimed
to improve their linearity and dynamic range, where the
inertial force is compensated acting on the test mass with
a feed-back force proportional to the ground acceleration,
obtained with electromagnetic transducers. But, although
this control technique is very effective and robust, ac-
celerometers based on force feedback configurations, be-
yond their intrinsic limitations (e.g. thermal noise, etc.),
have to face limitations in sensitivity and band due to their
readout system noise (LVDT, optical lever, etc.) and due to
the often unpredictable noises generated by the force feed-
back actuators (e.g. magnet-coil actuators) coupling with
environmental noises. Therefore, the implementation of
accelerometers with large dynamic range, large band, very
high sensitivity and mechanical robustness is still an open
problem.

To solve this problem, we introduced a new class of
sensors based on the so called Folded Pendulum architec-
ture. Based on the Watt's Linkage (1774) [2], the horizon-
tal folded pendulum architecture is a well known architec-
ture, first hypothesized by Ferguson in 1962 [3], that can
be modeled as a combination of a simple pendulum and of
an inverted pendulum both connected to one end by means
of joints to a bar (the inertial mass) and to the other ends by
means of other joints to a supporting structure fixed to the
ground (frame). The horizontal folded pendulum has been
applied in force feedback configuration as a very effec-
tive horizontal vibration isolation system for gravitational
wave detectors and low frequency accelerometers [4, 5].
But, although very effective, the dimensions and the com-
plexity of this implementation probably prevented a large
diffusion and application. Taking advantage of the techno-
logical progress in precision micro-machining and electric
discharge machining, a specific research on new compact
implementations of monolithic horizontal sensors with ex-
tremely soft flexures at the pendulum's hinges was per-
formed, that allowed large improvements in terms of sen-
sitivity [6, 7, 8], including applications as tiltmeters [6, 9].
All these implementations of folded pendulum are based
on the same architectural typology, characterized by joints
working in tension, according to the classic engineering
approach, so that all these configurations suffer of limi-

tations in sensitivity and band, especially in the low fre-
quency region, being it very difficult for this class of sen-
sors to effectively operate with no force feedback configu-
rations.

The innovative solution introduced with the horizon-
tal and vertical UNISA Folded Pendulum [10, 11] is
the implementation of folded pendulums with two of the
four joint working in compression (the inverted pendulum
ones), a solution that has pioneered the design of inno-
vative configuration of horizontal folded pendulums, al-
lowing large improvements of its performances. The seis-
mometer configuration (no force feedback) of this inertial
system is limited, in principle, only by the thermal noise
of the mechanics and by the sensitivity of the readout sys-
tem. Typical performances obtained with standard hori-
zontal UNISA Folded Pendulums are the low sensor nat-
ural resonance frequency (down to values of ~ 60 mH z)
obtained with a 14 c¢m size sensor [1] and the large mea-
surement band (10~7+ 10 H ), sensitivity (typically of the
order 107'2m/v/Hz with optimized LVDT and optical
levers readout systems, but better with other readout sys-
tems) in the low frequency region of the seismic spectrum.
It is worth underlining that a suitable choice of the readout
system may provide the folded pendulum with large im-
munity to environmental noises, as occurs in the case of
optical readouts [1, 12, 13, 14].

In the following sections after a description of the
UNISA Uniaxial/Triaxial Folded Pendulum Seismome-
ter/Accelerometer and a discussion on the mechanical per-
formances and sensitivity of its components in connection
with different mechanical and optical readout configura-
tions [1, 12, 13], we present and discuss the results ob-
tained and expected in a next future with monitoring sys-
tem based on this class of sensors in the field of cultural
heritage preservation [15, 16, 17].

II. FOLDED PENDULUM THEORETICAL MODEL

Despite the apparent simplicity of the folded pendu-
lum mechanical architecture, analytical solutions of its
motion equations based on a Lagrangian approach are
actually very complex, so that, its dynamical behavior
can be described with enough accuracy only with a nu-
merical approach. On the other hand, an analytic ap-
proach, although not enough accurate to be used for
folded pendulum designs, guarantees a global and syn-
thetic overview of its mechanical performances and dy-
namic behavior. The Lagrangian two-dimensional analyti-
cal model of Bertolini [18], based on the simplified Liu et
al. [4] model, generalized by Barone et al. [1], developed
to describe the dynamical behavior of a horizontal folded
pendulum, whose basic mechanical scheme is shown in
Figure 1, is sufficient for the latter purposes.

The simplified folded pendulum model schematically con-
sists of two vertical arms of equal length, [,,, connected
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Fig. 1. Folded Pendulum Mechanical Scheme [1].

to one side to a single support (frame) by means of two
hinges, forming a simple pendulum of mass m,,_ and an in-
verted pendulum of mass m,,,. The two pendulums masses
are concentrated in their centers of mass, P, and P;, re-
spectively, positioned in I, = [/2. The other sides of
the arms are connected (in Cy and C}, respectively) to a
bar of mass, m,, and length, [;, by means of two other
hinges, while the mass of the central bar is modeled with
two equivalent masses m,_ and m,,, being
Me = Me, + My, (1)
whose value is defined by the position of the center of mass
on the central bar, [, (being [,, < lg), measured with
respect to the pivot point, Cy, according to the relations

lm
lq

Me, =M bm

c; — Me ld

The positions of the couples of equivalent masses (m,_,
my, ) and (m.,, m.,) differ by a constant, so that for small
deflection angles, 6, the centers of mass of the two arms
have the same velocity, &, and the two equivalent masses
(me,, m, ) have the same velocity of the center of mass of
central bar, .. Therefore, the folded pendulum simplified
Lagrangian model of Bertolini [18], extended by Barone
et al. [11, 14] can be conveniently described by the classic
Lagrangian:

S (1 - @)

A3)

A=T-U )

T the approximate analytic expression of the kinetic en-
ergy

1 . 1
§<Js + Ji)92 + S (mp, + mpi)j/’Q +

2 p

1
+ 5 (me, +me, )i )

with J, and .J; moments of inertia of the two arms, while
U is the approximate analytic expression of the potential
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energy, that for an ideally horizontally positioned folded
pendulum can be expressed as

2

2
(6)
where g., is component of the folded pendulum central
mass acceleration perpendicular to its direction of motion,
that can be conveniently written as

(mps B mpi)

U= Geqlp + (me, —me;) Geqle + Ko

Jeq = g - COS ¢ + Geat (7)

where ¢ is the inclination angle of the folded pendulum
with respect to the local horizontal plane. ¢ = 0° de-
scribes a classical horizontal folded pendulum character-
ized by geq = g+ ez, being a., any other external accel-
eration different from the acceleration of gravity applied to
virtually increase or reduce the effects of the acceleration
of gravity changing its natural resonance frequency [11];
¢ = 90° describes a vertical folded pendulum, whose res-
onance frequency does not depend on the acceleration of
gravity: only the application of an external acceleration,
Qeyt, to the central mass, perpendicular to its direction of
motion can change the natural resonance frequency due
global elastic constant of th joints, kg, introduced to take
into account that the pivot points may be elliptic flexure
joints, whose behavior is well described by the generalized
Tseytlin formula [19].

The above described Lagrangian model, albeit simpli-
fied, can be conveniently used to demonstrate that it is pos-
sible to design very low frequency mechanical accelerom-
eters of small size. This impressive property becomes im-
mediately evident from the analysis of the expression of its
natural resonance frequency, f,, that is

f _ 1 {(mf’s 7mpi)%+(mcs 7mcl.)] gziq Jr%
~ 2r P
o 27 (mps +mpi);fpg+(mcs +m%‘)

ngq+K€eq _ 1 Keq
Meq 27 Mg

where K, is the equivalent gravitational elastic constant,
function of the geometric and inertial characteristics of the
folded pendulum in presence of gravitational acceleration,
and K., is the equivalent elastic constant of the flexure
joints, defined, respectively, as

®)

Geql Je
ngq = (mps - pi) l(; L + (mcs - mCi) Tq (9)
k
K., = 729 (10)
and where M., is the equivalent mass, defined as

l2

Meq = (mp, +mp,) 37;2 + (Me, +me,) (1)
C



Equation 8 is the classical expression of the resonance
frequency of a spring-mass oscillator with an elastic con-
stant, K4, and mass, M.,. The equivalent gravitational
elastic constant, K, _, can assume both positive and neg-
ative values: negative values compensate partially or, in
principle, also totally the equivalent elastic constant, K, ,
consequently reducing the natural resonance frequency, f,
increasing the measurement band of the sensor. Equation 8§
(and the related equations 9, 10 and 11) are very useful
in the design phase to define the folded pendulum reso-
nance frequencies on the basis of suitable combinations of
their physical and geometrical parameters. Nevertheless,
the resonance frequency of a folded pendulum is a param-
eter that can be largely modified also after manufacturing,
using suitable calibration techniques, operation often nec-
essary to optimize its performances according to the re-
quirements of different applications. It is possible, in fact,
to always change the resonance frequency, for example,
using a calibration mass, m;, to change the value of the
equivalent gravitational elastic constant, K, [8], or us-
ing an external force to change the value of the potential
energy, U[10, 11].

Although, in principle, this simplified model could be
already sufficient to globally understand the peculiar fea-
tures of a folded pendulum, nevertheless, an accurate and
effective description of its dynamics requires the introduc-
tion of global energy losses in the model, that synthesizes
in a simplified but effective way both internal (e.g. inter-
nal frictions in the joints) and external (e.g. air damping)
losses [1]. The folded pendulum acceleration mechanical
transfer function is then expressed as

o Xe(s) = Xg(s)  Xoutput(s)
Hlo) = =L@~ 40

_ (1_Ac)

Ry (12)

where Q(w,) is the global mechanical quality factor,
whose dependence on the resonance frequency has been
theoretically predicted and experimentally demonstrated
on folded pendulum prototypes[1], and where

l
(37;1 - %) (ml)s - mm)

A, = E
(mp, +mp,) ﬁ + (me, +me;)

(13)

is the parameter related to the center of percussion ef-
fects [1].

III. THE UNISA FOLDED PENDULUM

Although the problem of uncoupling horizontal forces
with tilts still remains an open problem, the new vertical
folded pendulum configuration [11] has offered new pos-
sibilities in the design of more complex geometric config-
urations. In fact, it is now possible the implementation of

folded pendulums, singularly on in subsets, able to oper-
ate tilted with respect to the local horizontal [1, 11], that
is, as discussed in the previous section, the key for the im-
plementation of high performance uniaxial/triaxial folded
pendulum seismometers and accelerometers. In fact, all
the intermediate configurations between the folded pendu-
lum configuration in horizontal mode (its classical configu-
ration for the measurement of the horizontal displacement
and/or acceleration) and the folded pendulum configura-
tion in vertical mode (for the measurement of the verti-
cal displacement and/or acceleration) are now fully feasi-
ble with a suitable design of the mechanical components,
coupled with an improved calibration technique [1].

FP3

FP1 FP2

y

Fig. 2. Triaxial Folded Pendulum Accelerometer: 120°
Configuration (left) - xyz Configuration (right).

On the basis of what said above, the output signal of a
folded pendulum positioned, for example, tilted of an an-
gle, ¢, with respect to the ground, is a linear combination
of the horizontal and vertical components of the ground
displacement (or acceleration), whose weights are classi-
cally functions of the sensor tilt angle, ¢, easily evalu-
able using standard trigonometric formulas. A direct con-
sequence is that it is now possible the implementation of
triaxial sensors consisting of folded pendulums positioned
according to suitably designed geometric configurations.
The first obvious configuration for the implementation of
a triaxial sensor is that of positioning three folded pen-
dulums along three radii of a circumference, with the di-
rection of the central mass motion aligned respectively to
0°,120°,240° with respect to z-axis, and tilted of an an-
gle ¢ with respect to the plane (Figure 2 (left)). Another
different configuration, but still equally valid (the choice
depend on the specific application) is again reported in
Figure 2 (right), but with the folded pendulums, this time
aligned along the three main axis of a cartesian reference
system, xyz, allowing a direct measurement of the three
different degrees of freedom.

In Figure 3 a typical implementation of standard very
light (250 g) UNISA Horizontal Folded Pendulum is
shown. The sensor is made of Aluminum Alloy 6082-T6,
has dimensions (77.5 mm x 85 mm x 40 mm) and hinges
characterized by ellipticity (16/5) and thickness (100 pm).
UNISA inertial sensors can be designed using different
readouts (shadow meters, fiber bundle, LVDT, capacitive,
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Fig. 3. Uniaxial Horizontal Folded Pendulum - model
GE15 - equipped with a commercial LVDT readout module
to obtain the sensitivity of 10~9m /\/Hz, as required for
the Trajan Arch preliminary monitoring tests.

etc.). Just for sake of comparison in Fig. 4 we show the
theoretical sensitivity curves of the UNISA Folded Pendu-
lum sensor (at 7' = 300 K') with this commercial LVDT
readout (tuned at 3H z), compared with the typical theo-
retical sensitivities and bands of UNISA Folded Pendulum
sensors equipped with an optical lever and interferometric
readouts (tuned at 250 mH z). In the same figure, the sen-
sitivity curves of the STS-2 by Streckeisen[20] and of the
Trillium-240 by Nanometrics [21], representing the state-
of-the-art of ground-based low frequency seismic sensors,
are reported for comparison, together with the Peterson
New Low Noise Model (NLNM) [22] and the McNamara
and Bouland Noise Model [23], that represents the mini-
mum measured Earth noise evaluated from a collection of
seismic data from several sites located around the world:
noise levels below this are never - or extremely rarely 4AS
observed. A synthetic view of the global performances ob-

McNamara
—STS2
Trillium240
———0Optical Lever

Ground Acceleration Noise - mf&/sqr‘t(Hz)

1 04 4 Interferometer 3
10° 10 10% 10 10
Frequency (Hz)

Fig. 4. Sensitivity curves of the UNISA Horizontal Folded
Pendulum.
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tainable with the UNISA Folded Pendulum class of sensors
is presented in Table 1. Figure 5 shows, instead, a triax-

Band 0.000lmHz < B<1kHz
Sensitivity 107 m/VHz < S <1075m/VHz
Directivity D > 10*

Res. Frequency 50mHz < f, < 1kHz

Table 1.
Ranges [13].

UNISA Folded Pendulum Parameters

ial mechanical accelerometer, consisting of three uniaxial
monolithic UNISA Folded Pendulums (model GE15), po-
sitioned according to the cartesian xyz configuration.

Fig. 5. Triaxial Folded Pendulum sensor - xyz configura-
tion.

IV. CONCLUSIONS AND FUTURE
DEVELOPMENTS

The present versions of the UNISA monolithic seis-
mometers/accelerometers (uniaxial and triaxial) are al-
ready very good instruments for many applications, even
if they have not yet reached their ultimate sensitivity. In
fact, the limitations in terms of sensitivity and band of the
UNISA Uniaxial/Triaxial Folded Pendulums [10, 11] con-
figured as inertial sensors, are due only to the readout sys-
tem electronic noise, to the thermal noise of the mechan-
ical joints and to the air damping, when not operated in
vacuum. The application to the low frequency large band
monitoring of the Trajan Arch in Benevento (Italy), per-
formed as field test in 2015 has already demonstrated the
feasibility of implementation of a monitoring system based
on the UNISA Folded pendulums, showing the possibil-
ity of exploring a band, yet unexplored, necessary to un-
derstand the dynamics of the monument and to evaluate
its health status [15, 16, 17]. Long term tests have been
since then planned and/or are in course on selected histor-
ical monuments and sites to demonstrate the effectiveness
of the approach described in the paper: the first results are
expected by the mid of the next year.
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