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Kagome based high authority shape morphing structure is a kind of truss-cored sandwich metal plate with a planar Kagome
truss as one of its face plane. The planar Kagome truss can achieve arbitrary in-plane nodal displacements with minimal inter-
nal resistance when its rods are deformed. Moreover, the in-plane deflection of the planar Kagome truss may induce the lateral
deflection of the whole sandwich plate. In this paper, the feasibility to enhance the damping of the truss-cored sandwich plate
through the replacement of a very small portion of rods in the planar Kagome truss by cylindrical viscoelastic dampers is ex-
ploited. The Biot model is chosen to simulate the behavior of the viscoelastic material in the dampers, and the fraction of axial
modal strain energy of the rods in the planar Kagome truss is adopted as the index to decide the positions of the dampers.
Through complex modal analysis and time-domain simulation, it is shown that the passive vibration control approach is very
effective for the vibration reduction of this kind of truss-cored sandwich plates.
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1 Introduction The Kagome based high authority shape morphing
structure (or Kagome structure for short) [1] is a kind of
truss-cored sandwich plate. In contrast to other truss-cored
sandwich plates that have two solid face sheets, one face
sheet of the Kagome structure is replaced by a planar Ka-
gome truss while the other face sheet is still a solid one. The
truss-core is a tetrahedral truss that lies in between the two
face sheets (see Figure 1). The ancient planar Kagome bas-
ket weave pattern truss is simultaneously static determinacy
and stiff [2]. This feature of the planar Kagome truss ena-
bles its truss rods to be actuated in order to achieve arbitrary
in-plane nodal displacements with minimal internal re-
sistance even when their joints are welded. Besides, the
120° symmetry of planar Kagome truss ensures the in-plane
elastic isotropy. Moreover, the planar Kagome truss has an
optimal weight in comparison with other planar trusses in a
specified strength or stiffness.

*Corresponding author (email: jun jiang@mail.xjtu.edu.cn) For the Kagome structure, if some specific rods in the

Ultra-light-weighted and multi-functional truss-cored metal
structure consisting of periodic truss cores and solid face
sheets has emerged recently with the advanced manufactur-
ing techniques and is regarded as the new generation of ad-
vanced light weight, high strength material. This novel
structure is characterized with excellent mechanical perfor-
mance such as ultra-light, high strength ratio, high stiffness
ratio, and possesses multi-functions, such as energy absorp-
tion, damping, permeability, heat insulation, heat dispersion,
oxidation resistance, electromagnetic screening etc. Truss-
cored metal structure is expected to have potential applica-
tion in astronautics, aviation, ship, automobile, high-speed
train and so on.
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Figure 1 Schematic representation of the Kagome structure [1]. The solid
face sheet is shown in dark grey, the core in grey and the planar Kagome
truss as one face plane in black.

planar Kagome truss are replaced by linear actuators, trans-
verse displacement of the solid face sheet can be realized
only by the in-plane tension-compression actuation forces
[1, 3]. The Kagome structure also has excellent resistance to
yielding and buckling.

The damping property is an important factor to be con-
sidered for the engineering application of metal structural
components since various excitations exist in the working
environment. Passive vibration control with the use of
damping materials is widely adopted in the engineering ar-
eas due to the simplicity for implementation and the high
reliability. A traditional approach to passively suppress vi-
bration of plate-like structure is using constrained layer
damping [4], where the damping layer deforms in shear so
as to dissipate vibration energy in a relatively efficient way.
Higher damping ratios can also be achieved over a broad
range of temperatures and frequencies through the use of
multi-damping layers. However, this way of the damping
enhancement is at the expense of adding considerable
weight and thickness to the original plate and poses a seri-
ous limitation to their practical use. For the vibration control
of a kind of sandwich structure—honeycomb sandwich
plates, Woody and Smith [5] placed energy absorbing foam
in the honeycomb pockets to add passive damping.

The multi-functional characters owed by the ultra-light
-weighted truss-cored metal sandwich plates may inspire
new ideas in vibration control by utilizing their special
structural configurations. For the Kagome structure studied
in this paper, the character that axial deformation of the rods
in the planar Kagome truss can induce the lateral defor-
mation of the sandwich plate will be taken for the passive
vibration control. The idea is that a very small portion of the
rods in the planar Kagome truss will be replaced by cylin-
drical viscoelastic dampers. When the Kagome structure is
subject to the out-of-plane excitation and undertakes lateral
vibration, the cylindrical dampers in the planar Kagome
truss will dominantly suffer axial deformation. Since the
axial deformation of the cylindrical dampers will cause the
shear deformation of the viscoelastic material in the damp-
ers due to the special design configuration, the lateral vibra-

tion energy of the sandwich plate will be partially dissipated.

Undoubtfully, the effective enhancement of the damping
capability of the Kagome structure may promote its poten-
tial engineering application.
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To verify the feasibility of the above idea, the finite ele-
ment method is used in this paper. Emphasis is laid on the
building of a realistic dynamic model for the cylindrical
viscoelastic damper and the optimal placement of the cylin-
drical dampers, which takes only a very small fraction of
the total number of the rods in the planar Kagome truss. The
paper is arranged as follows. After the introduction of the
Kagome structure and its finite element model in section 2,
the dynamic model of the cylindrical damper is built by
using the Biot method to describe the viscoelastic material
in section 3. Fraction of axial modal elastic strain energy is
chosen as an effectiveness index to decide the placement
position of the dampers in the planar Kagome truss in sec-
tion 4. The effectiveness of the passive vibration control is
demonstrated by the complex modal analysis and the simu-
lation of time domain response of the Kagome structureun-
der a broad-bandwidth excitation in section 5. Finally, con-
clusions are drawn in section 6.

2 Finite element model of Kagome structure

The Kagome (based high authority shape morphing) struc-
ture consists of a solid face sheet and a tetrahedral core and
a planar Kagome truss as the back-plane (see Figure 1). The
solid sheet is made from aluminum alloy and the truss
members of the core and the Kagome back-plane are made
from stainless steel in the same size. The material parame-
ters and sizes of each part are listed in Table 1. There are
total 1584 truss rods of the planer Kagome truss in the Ka-
gome structure studied in this paper.

The commercial software MSC.PATRAN is used to
build the finite element model of the Kagome structure
which is shown in Figure 2. The face sheet used is discre-
tized by plate element CQUAD4, while the members of the
truss-core and planar Kagome truss are modeled by simple
beam element CBAR. Both the solid face sheet and the Ka-
gome back plane of the structure are clamped.

The first six natural frequencies of the Kagome structure
are computed by MSC.NASTRAN and listed in the first
row of Table 1. Assuming that the damping of the structure
is of Rayleigh type and the modal damping ratios of both
the first and second modes are 1%, we can determine the
coefficients o and £ from the following formula:

Table 1 Material parameters and size of face sheet and truss rods

Face sheet Core truss and Kagome truss
Material Al alloy Material Stainless steel
Young’s modulus ~ 73.1 GPa  Young’s modulus 193 GPa
Density 2700 kg/m’ Density 8030 kg/m’
Length 1.58 m Truss length 51 mm
Width 1.50 m Section type Circle
Depth 1.53 mm Radius 1.275 mm
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Figure 2 (a) Finite element model of Kagome structure, the triangular
represents the observing point of structure response below; (b) the plane of
the Kagome structure with a planar Kagome truss.
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We can get a=9.6208 and $=9.4735x10°°. So the 3rd to 6th
modal damping ratios can be determined from eq. (1). The
modal damping ratios of the first six modes are list in the
second row of Table 2.

3 The dynamic model of cylindrical dampers

With the motivation to enhance damping capability of the
Kagome structure through the replacement of a very small
portion of the members in the planar Kagome truss, the
model of the dampers is first built. According to the feature
of the planar Kagome truss, the cylindrical sandwich shear-
ing viscoelastic damper [6] with the same length as the truss
members is adopted. This kind of damper is a bi-shearing
sandwich structure composed of a core rod, a sleeve and
viscoelastic material (see Figure 3). When the relative
movement between the core rod and the sleeve undergoes,
the viscoelastic material will undertake shearing defor-
mation and dissipate energy. To ensure the load applied on
the damper to be in the axial direction, the spherical hinges
must be used in the connection between the damper and the
truss members in order to avoid bending and torsion mo-
ments.

To set up a dynamic model of the cylindrical damper that
is suitable for incorporation into the finite element model of
the Kagome structure, the theory of linear viscoelasticity [7]
is used and the constitutive relation for a viscoelastic mate-
rial can be written as

o (t) = G()&(0) + f "G(t- ) 3D

dr

dr, 2)

where o is stress and ¢ represents strain. G(f) is material

Table 2 The natural frequencies and modal damping ratios of the first six
modes of the Kagome structure

Mode# 1 2 3 4 5 6
Frequency (Hz) 118 218 232 318 356 389
Modal damping ratio (%) 1.00 100 1.02 119 128 135
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Figure 3 Sketch of the cylindrical sandwich shearing viscoelastic damper.
The parameters are given as L=29 mm, =2 mm, /=10 mm, =3 mm, R,=8
mm, R,=10 mm, R;=12.4 mm.

relaxation function. This stress relaxation represents energy
loss from the material.
Take Laplace transform on eq. (2) yields

o(s) = sG(s)&(s), 3)

where sG(s) is called material modulus function.

A traditional and widely used method—modal strain en-
ergy (MSE) method [8]—is an approximate method by us-
ing real modes instead of complex modes, and can reflect
the frequency-dependent character of viscoelastic material
loss factor. However, the MSE method is restricted to the
problem of sinusoidal forcing. That is, it can not simulate
the correct viscoelastic behavior across a wide spectrum of
frequency. So, over the years, some new methods appeared.
Bagley and Torvik [9] developed a fractional derivative
model for viscoelastic materials. This method is superior in
exactly simulating the viscoelastic behavior but impractical
in being put into system motion equations because the ma-
trices become too large. This drawback restricts the use of
this method in practice. The augmenting thermodynamic
fields (ATF) method [10] and its extended form, an elastic
displacement fields (ADF) method [11], were put forward
by Lesieutre and his coworkers. These methods considered
viscoelastic properties by adding additional coordinates
called dissipation coordinates to account for the frequency
and temperature dependence of this kind of material. The
ATF and ADF method can be extended to adapt the finite
element method easily. The Golla-Hughes-McTavish (GHM)
[12] method utilized the dissipation coordinates like
ATF/ADF method. In contrast, the GHM approach inter-
nalizes the dissipation variables at the element level while
in the ATF/ADF method these variables are conceptualized
over the whole structure. Unlike these methods, the dissipa-
tion coordinates of GHM method participate in the element
mass matrix so a conventional second-order structural mod-
el can be assembled.

Biot method is a method, like the ATF/ADF and GHM
methods, still using the concept of dissipation coordinates
[13]. It is sometimes referred to as the first order version of
GHM method [14] because this method is similar to GHM
approach but the additional coordinates do not participate in
element mass matrix. Owing to this feature, the system
equation by using Biot method is simpler.
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With the Biot model, the modulus function of viscoelas-
tic material can be written as a series of terms called mini-
oscillator terms:

sG(s) =G~ (1+ iak e J @)

k=1 S+bk

The factor G” represents the equilibrium value of the
modulus, the final value of the relaxation function G(7). {«,
b,} are positive constant determined by the shape of modu-
lus function in the Laplace domain, k=1, 2,--+, n, while n is
the total number of mini-oscillator terms. Figure 4 illus-
trates the mechanical analogy of Biot model.

In ref. [15] the finite element model of the dynamic
equation of viscoelastic material by n mini-oscillator terms
was written as

Mi+Ci+Kq=7. ®)
where ¢={x z z,}' is the variable vector and x

represents the displacement vector of the damper, which is
governed by the dynamical equation

M.%+K(G(t)x(0)+ f ’G(t—r)xdr) =F, ©)

where M and K are the mass and stiffness matrices of the
damper. z; ..., z, are the so-called dissipation coordinates.
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f={F 0 O}T is the force vector. The symmetric
coefficient matrices in eq. (5) are given as
0 0 0 ]
M0 0 o 44
. 0 0 -0 A b,
M = . . . . 9 C = . . 9
0 0 - 0 A
O 0 a’ﬂ
L b’" .
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K= (7

T
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Figure 4 The mechanical analogy of Biot model [13].

May (2011) Vol.54 No.5

with
K=G"K, K=040", A=G"A, 0=G"04, (8)

where A is a diagonal matrix of the nonzero eigenvalues
of matrix K , and the corresponding normalized eigenvec-
tors form the columns of matrix Q.

The cylindrical damper shown in Figure 3 can be re-

garded as a system with two degrees of freedom. The mass
and stiffness matrices in eq. (6) can be defined as

M{mc } K_2nR2L[1 —1} )
mS

R -R|[-1 1
where m.and my are respectively the mass of the core rod
and the sleeve (the inertia of viscoelastic material is ig-
nored).
Using eq. (8), it can be derived that

A=G"A=2cG",

— 2 2nR, L 10
0 =G"0A4=2cG" 2 with = 2ERL 10
2 R, R,
So, according to eq. (7), the coefficient matrices are
o _
m, 0
- m A " 2a,
M = N , C=cG — ,
0 b
0 24,
L 2
I+a,+a, —(1+a, +a,) —alx/i —azﬁ
. |-Q+a +a,) 1+a +a, aI\/E azx/E
K=cG .
—aI\/E alx/g 2a, 0
—azﬁ a2\/§ 0 2a,

11

We choose ZN-1 rubber as the viscoelastic material. Us-
ing the data at 30°C given in ref. [16], the parameters of
Biot model are fitted as those in Table 3.

4 Axial modal strain energy in Kagome truss

To keep the expense within the acceptable extent and main-

Table 3  Fitting parameters of Biot model for ZN-1 at 30°C

Parameter G~ a a by b,

Value 5.0013x10°  2.8438  35.6028  830.1878 13758
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tain enough stiffness of the Kagome structure, only a very
small portion of the rods in the planar Kagome truss will be
replaced by the cylindrical dampers. As known, the location
of the small number of cylindrical dampers will significant-
ly influence the consequence of the modal damping in the
Kagome structure. The approaches to an optimal placement
of the dampers can be classified into two categories. One is
to solve the problem of combinatory optimization directly.
Various alternative techniques can be used like simulated
annealing [17] and genetic algorithm [18]. But this ap-
proach is too expensive when the number of possible loca-
tions is very large. The other kind of approaches is to use
effectiveness indices to quantify the fitness of different lo-
cation. The fraction of modal elastic strain energy [19] of
the elements in a structure is usually chosen as the index.
This method is intuitive and can often get remarkable result
even though which is not the most optimal one.

Since the rods in the planar Kagome truss are modeled
by beam-like elements while the cylindrical dampers can be
regarded as a kind of rod element that can not suffer bend-
ing or torsion moments, the fraction of axial modal strain
energy should be used here.

The total modal elastic strain energy of the ith mode is
written as

1 T
E, :E{¢}, [K]{¢},’ (12)
where {¢}; is the mode shape of ith mode, and [K] is the
global stiffness matrix of the structure.
The axial strain energy of element j at mode i is denoted
by
a EA 1 1 2 2 3 3
i = E(MJA%‘ +AXTAG] + AAG))

2
, 13)
where L is the length of the truss element. ijk, k=1, 2, 3 are
the components of node coordinate differences of element j.
A¢,-jk, k=1, 2, 3 are the component of node differences in the
mode shapes {¢@}; of element j. The fraction of axial modal

strain energy (or FAMSE, in short) of element j in mode i is
then define as
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£
5 =—" (14)

This quantity will be used as the effective index to de-
termine which rods will be replaced by the dampers.

5 Vibration control of the Kagome structure

5.1 Vibration control of single mode

For modes 1 to 3, we choose 8 rods in the planar Kagome
truss, which take only 0.51% of the total rods in the planar
Kagome truss, with significant FAMSE to be replaced by
the cylindrical dampers. For the first mode and second
mode, the allocations of dampers are the same. The place-
ments of the dampers for first three modes are shown in
Figure 5. As can be seen, the dampers are all located near
the constrained boundaries.

Through the complex model analysis, the complex ei-
genvalue A can be calculated as

A=—(w, + jo,\1-E. (15)

Then the natural frequency w, and damping factor & of
each mode can be obtained from A. The results are listed in
Table 4 for the vibration control on modes 1 and 2 and in
Table 5 for that on mode 3. Some conclusions can be drawn

Figure 5 The locations of the dampers in the design for different con-
trolled modes. The heavy solid line segments represent the dampers. (a)
For modes 1 and 2; (b) for mode 3.

Table 4 The results of complex modal analysis under the dampers placement design for modes 1 and 2

Mode # Damping ratio Increment of damping ratio Frequency (Hz) Decrement of frequency (%)
1 0.0300 0.0200 112 5.08
2 0.0311 0.0211 208 4.59
3 0.0118 0.0016 231 043

Table 5 The results of complex modal analysis under the dampers placement design for mode 3

Mode # Damping ratio Increment of damping ratio Frequency (Hz) Decrement of frequency (%)
1 0.0243 0.0143 113 4.24
2 0.0104 0.0004 217 0.46
3 0.0309 0.0207 222 431
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from the results.

i) The fraction of axial modal strain energy method is
considerably effective. Among all the three cases for the
single mode vibration control, the damping ratio has been
significantly increased for the controlled mode (it is the
largest one) through replacement of only 0.51% of the total
Kagome truss rods by the cylindrical dampers.

ii) When the damping ratio raises in this way, the corre-
sponding frequency always has a little drop (referring to
Table 2 for reference). The raise of the damping ratio is at
the some cost of losing stiffness of the structure.

5.2 Broad-bandwidth vibration control

In practice, the structure is often subjected to the excitation
with broad-bandwidth frequencies. So it is necessary to de-
velop a vibration control approach that can suppress the
vibration containing several modes simultaneously.

Below FAMSE is further used as the index to optimize
the location of the dampers. The goal is to search the rods in
the planar Kagome truss with remarkably large FAMSE at
all the controlling modes. The excitation frequency band
width in the case studied here contains first six modes. In
this paper the number of dampers used is 20, which takes
only 1.26% of the total rods in the planar Kagome truss.
The total FAMSE in mode i of the N chosen elements (rods)
is defined as

20
@:Z@Jﬂ%. (16)
J

Let e=mind; (i varies from 1 to 6) indicate the minimum
of the total FAMSE from mode 1 to mode 6 for the 20 cho-
sen rods. The target of the optimization is to maximize e by
selecting different combination of 20 rods.

To simplify the optimization procedure, we define a new
total FAMSE of all the six modes in element j as

Table 6 The results of complex modal analysis with the dampers

(a) Placement of dampers using FAMSE method
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6

@=Z@. (17)

In the optimization procedure, 100 elements that have the
top largest ¢; are first determined from 1584 truss rods in the
planar Kagome truss. Then, 20 elements will be selected
from the 100 elements. Due to symmetrical placement of
the dampers, the computation of the optimization search can
be significantly reduced. That is, selection of 5 locations of
elements from 25 candidates, namely C;,. The optimal po-

sitions of the dampers are shown in Figure 6(a). For the
purpose of comparison, the effect of vibration control with
the dampers placed in a relatively uniform style, as shown
by Figure 6(b), is also calculated.

The results of the damping ratios and the natural fre-
quencies of the Kagome structure with dampers through
complex modal analysis are shown in Table 6. It is seen that
the damping ratios of modes 1 to 6 have been considerably
increased. The optimized placement of the dampers using
FAMSE method achieves better results in comparison with
those by a relatively uniform placement of the dampers
(compare data in Tables 6(a) and (b)). The later achieve a

(a)

Figure 6 (a) The position of the dampers using FAMSE method; (b) the
positions of the dampers in a relatively uniform style. The heavy solid line
segments represent the dampers.

Mode # Damping ratio Increment of damping ratio Frequency (Hz) Decrement of frequency (%)
1 0.0460 0.0360 106 10.17
2 0.0329 0.0229 207 5.05
3 0.0382 0.0281 218 6.03
4 0.0260 0.0141 310 2.52
5 0.0365 0.0237 343 3.65
6 0.0321 0.0186 376 3.34

(b) Placement of dampers in a relatively uniform style

Mode # Damping ratio Increment of damping ratio Frequency (Hz) Decrement of frequency (%)
1 0.0243 0.0143 104 11.86
2 0.0201 0.0101 201 7.80
3 0.0226 0.0124 211 9.05
4 0.0235 0.0116 285 10.38
5 0.0258 0.0130 323 9.27
6 0.0248 0.0113 358 7.97
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larger increment of damping ratios through the greater re-
duction of the stiffness of the Kagome structure with a sharp
decrease of natural frequencies in all the six modes.

To validate this passive vibration control approach, re-
sponses of the Kagome structure during the excitation of
vertically downward distributed white noise load on the
solid face sheet are computed. The white noise is with finite
bandwidth of 2000 Hz. The single-side power spectrum
density is 10 N*/Hz.

The lateral responses of the Kagome structure, observed
at the point shown in Figure 2(a), in the cases without
dampers and with the dampers in placement as shown in
Figure 6(a) and (b). respectively are drawn in Figure 7(a). It
is found that the response amplitudes are considerably re-
duced with the installation of dampers in the structure. The
response amplitudes in the case with optimized placement
of the dampers are even smaller than those in the case
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Figure 7 (a) The time history of response under the excitation of white
noise; (b) spectra of responses.
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of the relatively uniform placement of the dampers.

From the spectrum of the responses shown in Figure 7(b),
the effectiveness of the passive vibration control method
proposed in this paper can be easily seen. The value of the
percentage of reduction of the response amplitudes can be
read from Table 7. The advantage of the optimal placement
of the dampers over the relatively uniform placement of the
dampers can also be observed. Furthermore, the shift of the
resonance peaks is detectable (see Figure 7(b)) due to the
replacement of the truss rods by the dampers. However, the
reduction of the structure stiffness is smaller in the optimal
placement of the dampers.

6 Conclusions

In this paper the realization of passive vibration control in a
Kagome based high authority shape morphing structure is
studied. The character of the Kagome structure that axial
deformation of the rods in the planar Kagome truss can
cause lateral deformation of the sandwich plate is utilized.
Through the replacement of a very small portion of the rods
in the planar Kagome truss by the cylindrical viscoelastic
dampers, effective enhancement of the damping property of
the Kagome structure is achieved. It is shown that the frac-
tion of axial modal elastic strain energy of the rods in the
planar Kagome truss is an effectiveness index to optimize
the position of the dampers. The numerical results of the
single mode vibration control and the broad-bandwidth vi-
bration control method have shown significant increase in
the damping ratios and the reduction of the response ampli-
tudes of the Kagome structure.

The present approach for the lateral vibration control of a
sandwich plate is quite different from the previous vibration
control methods, such as the constrained layer damping,
which usually take use of the bending induced shear defor-
mation of the viscoelastic materials. The tension-compres-
sion induced shear deformation of the viscoelastic materials
is utilized by using the feature of the Kagome structure to
enhance the structural damping. The efficiency of this
method in the increment of damping should be compared
with the traditional methods quantitatively in the future.
Furthermore, the replacement of the rods in planar Kagome
truss by the cylindrical viscoelastic dampers with low-
stiffness will cause some reduction of the structural stiffness.
So the enhancement of structural damping must be balanced
against the reduction of the structural stiffness in practice.

Table 7 Percentages of decreases of resonance peaks by different ways of the placement of the dampers

Resonance peak # 1 2 3 4 5 6
Damper placement by FAMSE method 60.2 46.5 44.5 39.3 37.1 61.3
Damper placement in relatively uniform style 49.2 41.3 37.8 27.2 21.4 15.7
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