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We consider the problem of using active feedback control to create tunable and reconfig-
urable mechanical metamaterials capable of supporting unconventional wave propagation
mechanisms. The nominal system chosen for this analysis is a one-dimensional homoge-
neous bar having periodically distributed force actuators and subject to longitudinal waves.
We note that this system does not make use of local inclusions, instead the actuators are
attached directly to the beam and achieve metamaterial properties by means of periodi-
cally applied forces. We design control algorithms in order to achieve desired constitutive
parameters for the metamaterial in closed loop. In particular, the control system is
designed to generate either zero or negative values of the effective properties (i.e. stiffness
and mass) to obtain a metamaterial with different dynamic behaviors. Four different
regimes of effective properties are considered in this study: single negative or zero, double
negative, double zero, double positive. The constitutive parameters achievable via the
direct control approach are therefore defined only by the feedback algorithms and are
not confined to any particular properties that would otherwise be imposed by local res-
onators. We model and analyze the system by fractional order transfer functions, which
explicitly exhibit the special characteristics of the metamaterial, including the constitutive
parameters, dispersion, and transmission and reflection properties. We illustrate the stabil-
ity and performance of the control system through numerical simulations. Finally we note
that, despite the choice of the mechanical system used in this study, the proposed results
have general applicability to all those systems described by the second order wave equa-
tion in their nominal uncontrolled state.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Metamaterials are artificially designed structures, usually of periodic nature, that can exhibit properties not necessarily
available in natural materials, such as negative or zero effective constitutive parameters. The original concept was formu-

lated for electro-magnetic systems [1-4],

and later extended to acoustic and elastic systems. A variety of unconventional

wave propagation effects have been proposed over the years including Dirac-like cone dispersion [5], acoustic leaky wave
antennas [6], subwavelength imaging [7], cloaking [8], and many more as summarized in [9]. The current work aims at
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developing transmission line type metamaterials, which essentially represent one-dimensional periodic waveguide. Such
metamaterial waveguides were described in [10-12] for electric transmission lines involving periodic arrangements of
capacitors, resistors, and inductors. Later, the analogous concept of acoustic waveguides were reported in [13-17] where
local acoustic resonators and scatterers were periodically distributed along a tube. Closely related to these acoustic systems
are mechanical metamaterial waveguides that have been reported in [18-20] based on either discrete or continuous config-
urations [21].

To date, most of the acoustic and elastic metamaterial research has considered passive structures where the unit cell is
made of passive materials having given shape and dimensions. Such material system results in constant dynamic properties
(i.e. effective parameters and dispersion) at a given operating frequency. In an attempt to achieve tunable properties and
extended operating ranges, active materials [22-26] have been considered. In the existing literature, active metamaterials
have been implemented via actuators connected to built-in passive resonators in an effort to tune the response of locally
resonant units. As an example, in [22] piezoelectric disks were installed into cavities to control the dynamic stiffness of
the acoustic unit cell and design tunable metasurfaces. In [23], programmable effective acoustic mass density of a single unit
cell was obtained using active membranes attached to a tube section, whereas in [24] an active membrane was attached to
the bottom of a passive resonating cavity to control the effective acoustic modulus. In [25], piezoelectric patches attached to
a beam with periodic protrusions were used to tune the bending stiffness of the beam. In [26], velocity and acceleration feed-
back control was designed for a discrete chain of mass-in-mass passive resonators in order to tune the stop band of the
resulting negative effective mass metamaterial. The advantage of this class of active metamaterials consists in the fact that
the basic properties of the underlying passive structure can be tuned to different frequencies (within the available actuators
magnitude and bandwidth), hence extending the operating dynamic range of the metamaterial. One the other side, however,
the achievable effective constitutive parameters are limited in the neighborhood of the properties set for the passive res-
onators. Another disadvantage is the manufacturing complexity of locally resonant inclusions that are still required in cur-
rently available active designs.

The goal of this work is to design an active mechanical metamaterial implemented only via external actuation, i.e. by
using a periodic distribution of actuators attached to the host structure and activated by a proper control logic. Such design
will leave the properties of the host structure unchanged when the transducers are inactive, while it will produce desired
combinations of dynamic constitutive parameters when using a properly designed feedback control. It appears that this
approach could lead to real-time tunable and reconfigurable metamaterial configurations. In the following, we will show
how the host structure can be turned into four different dynamic systems operating at the same frequency by proper actu-
ation of the controller. This approach could also turn any conventional material into a metamaterial and, potentially, it could
be retrofitted to existing systems. For the nominal system, we consider a beam in axial vibration. This system, when uncon-
trolled, is governed by a second order wave equation and will allow extension of the results to analogous systems such as, for
example, acoustic ducts and electric transmission-lines. The nominal system is augmented by active elements operating in a
real time loop and controlled by a feedback logic capable of targeting desired effective constitutive parameters (e.g. equiv-
alent effective mass and stiffness).

The control system is designed using infinite dimension transfer function modeling. This kind of modeling was reported
in the literature for vibrating strings and beams, and acoustic ducts [27,28], rotating shafts [29,30], vibrating membranes
[31], power grid swing dynamics, [32,33] among other systems. For linear systems, the transfer function model can capture
the exact wave propagation properties of the structure, including the dynamic constitutive parameters, the dispersion rela-
tion, time delays and reflection/transmission coefficients. We derive the model for the nominal conventional beam and for
the target metamaterial on the section of the beam were actuators are applied. This model, which turns out to be of fractional
order, is the key element in the control design.

The paper is organized as follows. In Section 2, we present the feedback control setup on top of the conventional beam,
derive the transfer function models for the nominal and the target systems and discuss their properties. Then, we design the
control algorithm capable of generating an equivalent mechanical metamaterial having prescribed effective constitutive
parameters. In Section 3, we consider an example of particular constitutive parameters, that are similar to those reported
in the literature for acoustic and electric metamaterials. In Section 4, we present numerical simulations of the control system
performance. In Section 5 we conclude the paper and in Appendix A we present the closed loop stability analysis.

2. Mechanical metamaterial modeling and control

We consider the problem of creating a mechanical metamaterial using active control elements that are periodically dis-
tributed along an otherwise homogeneous mechanical structure and that operate in a real time feedback loop. In Section 2.1
we discuss the proposed metamaterial setup while in Section 2.2 we derive the transfer function model of the target closed
loop system.

2.1. Description of the system

The proposed setup is schematically illustrated in Fig. 1. It consists of a conventional homogeneous beam of length L and
cross-section A as well as constant and positive mass density and stiffness (Young modulus), denoted here by the pair
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Fig. 1. A schematic diagram of a mechanical active metamaterial generated by feedback control. The base system is a conventional homogeneous beam of
length L and cross-section A, characterized by positive values of the static constitutive parameters, which are the mass density m, and stiffness (Young
modulus) ko. A force source y drives the system at x = 0. At the section Xy < x < L, active elements (gold flat squares) are assumed attached to the beam on
both sides with equal spacing of dx from x, to L. The elements are actuated simultaneously, thereby exciting only the longitudinal modes of the beam. The
active elements operate in feedback loops according to the controllers Cj(s). We denote the uncontrolled section 0 < x < Xo by medium I, the controlled
section Xo < X < L by medium II, the control inputs by h; and the measurements by z;. For brevity, unity actuators dynamics is assumed. The actuators
allocation renders medium II a periodic structure with unit cell length of dx. At the j unit cell (dashed box), the control law h; = —Cj(s)z; generates an
effective stiffness K(s) = k(s)/dx and effective mass M(s) = m(s)dx.

{mo, ko}. A concentrated force y is applied at x = 0 on the neutral plane and oriented along the x axis so to excite only lon-
gitudinal waves. The beam can be decomposed into two sections. The first section, 0 < x < Xp, does not have external actu-
ators (hence it is not actively controlled) and is denoted by medium I. The second section, xo < x < L, consists of the active
metamaterial section and it is denoted by medium II. This section comprises actuators, e.g. piezoelectric or microfiber com-
posite (MFC) patches schematically indicated by gold flat squares, that are connected to the beam and periodically dis-
tributed with a fixed spacing dx from x, to L. The spacing dx defines the unit cell length. We stress out that since no
passive resonating elements are present in the setup, the metamaterial fabrication is substantially simplified, as it comprises
attaching commercially available actuators to a conventional homogeneous bar. The actuators are assumed attached on both
sides of the beam and actuated simultaneously so to excite only the longitudinal modes of the beam. The actuators operate in
real time feedback loops with controllers Cj(s). The goal of this work is to design control laws for Cj(s) so that, in closed loop,
medium II will exhibit a target dynamic mass and stiffness {m(s), k(s)}, where m(s) = moM(s) and k(s) = koK (s). We denote
the system {m(s), k(s)} as the target system.

Ideally, the choice of M (s) and K (s) is completely free and can potentially achieve any value. This is a direct consequence
of our approach that does not rely on the existence of local inclusions between the actuators and the host structure. As pre-
viously mentioned, these inclusions would otherwise impose constraints on the achievable dynamic constitutive parame-
ters. Although our control design is for the effective continuous system, the actual actuation is discrete. At the cell j, the
control input is denoted by h; and the respective measurement by z;. For each cell, the controller generates the effective mass
M(s) = MoM(s) and stiffness K(s) = KoK (s), where My = modx and K, = ko/dx are the undriven nominal unit cell mass and
stiffness. m(s) and k(s) are therefore the continuous limits of M(s) and K(s). When undriven (h; = 0), we retrieve M(s) = 1

and K(s) = 1.
2.2. Transfer function model derivation

In this section we derive the transfer function models for the conventional medium I and the metamaterial medium II, as
obtained in closed loop. To facilitate the analysis of the system and the results that will follow, we eliminate any wave reflec-
tions from the boundaries x = 0 and x = L by assuming that impedance matching controllers are operating at the boundaries.
Under ideal conditions, such controllers can eliminate completely boundary reflections.

2.2.1. Modeling the conventional medium I
The displacement of the conventional medium I and the internal force reaction, respectively denoted by y' and f, satisfy
the constitutive equations, i.e. Hooke’s law and conservation of momentum, which in the Laplace domain are given by
f(x;5) =Akoyy(x:5), (1a)
fo(x;5) =Amos?y' (x;s), (1b)
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where A, my and k, are the cross-section, mass density and stiffness of the beam, s is the Laplace variable, and the subindex x
indicates the derivative with respect to the spatial variable. The combination of (1a) with (1b) implies that medium I is gov-
erned by the classic wave equation [34], which in the Laplace domain is expressed as

I (4. _il .
YulX:5) = 5V (%:5), (2)

where ¢ = /ko/my is the longitudinal wave speed. At the boundary x = 0, in addition to the source ¥, we employ an impe-
dance matching controller to eliminate reflections from x = 0. We follow the results reported in [29], where it was shown
that the controller has the form of an active damper, whose value must be set to the characteristic impedance z, of medium
I, given by

Zy = A\/ k()m()‘ (3)

The overall boundary condition at x = O therefore becomes
—Akoyy(0;5) = —2osy'(0;5) + Y (S). (4)

Since medium I is non-dispersive, (4) can be also regarded as a passive radiating boundary condition [35-37] having constant
damping equal to the domain impedance z.

2.2.2. Modeling the metamaterial medium Il
Here we model the target metamaterial that we want to obtain using feedback control, i.e. the desired closed loop system.

It will have dynamic constitutive parameters, which for a unit cell are the mass MoM(s) and stiffness KoK (s). Following a
similar approach to that used for medium I, the governing equations for medium II can be written as

f(x;5) =AkoK (s)y" (x;5), (5a)
fr(x:5) =AmM (s)s*y" (x;s). (5b)
where y! indicates the particle displacement. The dynamic extensions of the nominal constitutive parameters, K (s) and M (s),

can be regarded as the local transfer functions from the displacement gradient to force, and from acceleration to the force
gradient, respectively. Combining (5a) with (5b), we obtain

o(8)

Vi) = =52y (x:9), (6)
where
_ M)
a(s)=s IN((S) (7)

may be regarded as the dispersion relation. We now consider the end conditions of medium II. Continuity of displacement
and force between the media at x = xy requires

¥ (x0;8) =Y"(x0;9), (8a)

Akoy. (Xo; 5) =AkoK (5)y" (x0: 5). (8b)

Similarly to the boundary condition used at x = 0, at x = L we employ an impedance matching boundary control to prevent

reflections. Since the medium is now governed by an extended wave Eq. (6), we can no longer use the simple active damper

as in (4). Following the results in [31,30,38] for boundary control of dispersive systems, we set the impedance matching con-
troller at x = L to a dynamic function, equal to the characteristic impedance of medium II, which is given by

25) = wZ(s), 2(5) =/ Ms)R(s) = KX )
where z; is the impedance of medium I, defined in (3), and o(s) is defined in (7). The boundary condition at x = L becomes

AkoK (5)y!(L; $) = zoZ(5)sy'(L;s). (10)
We note that since medium II is despersive, achieving (10) by means of conventional passive boundary conditions is usually

impossible, as the impedance z(s) is generally of fractional order, see Section 3.

2.2.3. Overall transfer function model
Since usually the velocity is the output of interest, in particular in the analogous acoustic system, we write the system TF
model in the two media for the velocity variable v = sy. Considering Egs. (2), (4), (68) we obtain the velocity response of
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media I and II to the source y(s) as ¢/(x;S) = G'(x;s)y(s) and 2"(x;s) = G"(x;s)y(s), respectively. The corresponding transfer
functions are given by

Gl(x;s) = ZLZO [e +R(s)e (27 )] (11a)

G'(x;5) :%T(s)e’%se’(”’%)“(s), (11b)
0

where 7, =% and 7y, =% are time constants, and

T(s) ==———, R(s)=T(s)—1, (12)

are the transmission and reflection coefficients of the system. The normalized impedance Z(s) and o(s) were respectively

defined in (9) and (7). In closed loop the transfer functions G'(x;s) and G” (x;s) are infinite dimensional, explicitly indicating
wave motion and capturing the entire transients and steady state response to external sources. Infinite dimensional and frac-
tional order transfer functions of other systems with complex dynamics were reported also in [38,31,30]. The exponents in

G'(x;s) and G"(x;s) represent the wave shape evolution during propagation along each medium, whereas the transmission
and reflection coefficients T(s) and R(s) characterize the interface between media. Since we assumed in Section 2.2 that

boundary impedance matching controllers are employed, there are no exponents in the denominators of G'(x;s) and
G"(x;s). The combinations of time constants indicate the wave arrival times to the corresponding locations, as illustrated
in Fig. 2 for the different wave paths. For example, e-™ of G'(x;s) represents a wave that is generated by the source
and travels from x = 0 to any x in medium I at 7, seconds. Since in medium I there is no dispersion, the wave has constant
velocity c. The exponent e (2m-n)s represents the above wave when reflected from x, back to medium I (hence multiplied by
R(s)). As for G"(x;s), the exponent e ose (o)) represents the source wave that is transmitted to medium II (after trav-
eling for 7,, seconds in medium I). The dispersion of medium II is captured by «(s), the dispersion relation, and by the expo-
nential term. Due to dispersion, only the wave head arrives at x after 7, — 7, seconds, whereas the behavior of the rest of the
wave is captured by o(s). a(s) is related to the wavenumber k of a commonly assumed steady state solution e'®*-©% where
is the source signal frequency, via

2.3. Closed loop metamaterial control design

In this section we design control algorithms for the controllers C;j(s) in Fig. 1 in order to convert medium II into a target
metamaterial system 6,7 using real time feedback loops. We carry out the derivation for general constitutive parameters k(s)
and m(s). Controllers for specific parameters are designed in Section 3.2. A complete analysis of closed loop stability is given
in Appendix A. Since the actuators are attached directly to the beam (gold squares in Fig. 1) we denote our control strategy by
direct external control. In the absence of these control loops, medium I is characterized by the nominal constitutive param-
eters ko and my, as the other section of the beam. The previous consideration assumes that the local stiffening produced by
surface-bonded actuators can be neglected. Several flexible actuators are available on the market that would satisfy this
assumption. Otherwise, the local stiffening effect could also be easily introduced in the model. Since the actual actuation
and measurement is spatially discrete, we design the control algorithms for a single unit cell, achieving the constitutive

LR(s)e—(k,o —rx)s ¥

72 1 ~7, S (r,.—z'xo )a(s)

1 7 0 —T(s)e ™e

Ze 7.5 R 4—/ 220 ( ) >

0e x T mok %o m(s).k(s) L

Fig. 2. Schematics indicating of incident, reflected, and transmitted waves in accordance with the transfer function model (11). Each wave is labeled by an
arrow indicating its propagation direction and the corresponding propagation exponent. The arrival times are: 7, and 27, — T4, for medium I respectively
before and after reflection from xo, and 7, for medium II after transmission from x,.
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parameters K(s) and M(s), for which k(s) = K(s)dx and m(s) = M(s)/dx are the continuous limit. In the forthcoming deriva-
tions, we denote the j,, unit cell displacement by yj’.’ . At each unit cell we employ a single actuator that is attached directly to
the structure (each golden square in Fig. 1), and is designed to control simultaneously the stiffness and mass parameters. The
goal is to convert, in the continuum limit, the nominal system {kq, mo} to the target system {k(s), m(s)}, by a proper design of
the controllers. Denoting the external control input by h;, the governing equations for the j,, unit cell, which are the nominal
(uncontrolled) form of Egs. (5), become

o = Ao (32, ~31) (142

fin —f;j = AMos’y} — h;. (14b)

We model h; as an external input which affects the system through the mass Eq. (14b). A proper design of h can generate a
desired expression for the dispersion o(s). We defining the collocated control law

hj:—Cj(s)zj:—C(s)u}’, j=2,...,N-1 (15)

where v/' is a velocity measurement. The controller

N 2(c) _ o2
Cls) = AMos | M) _ 1] — am, 26 =5 (16)
K(s)
converts (14) into
AKoK (s) (y]’L] — 2y 4yt ]) — AMoM(s)sy!, 17)

whose continuum limit coincides with (6). The choice of M(s) and K(s) must provide a causal C(s). It is interesting to note
that the controller in (16) might have zeros at frequencies w,, provided o?(iw,) = @? has a solution. The control signal at
these frequencies will then converge to zero at steady state. At the transition/end points, however, there is an individual
influence of the effective stiffness, as stems from the continuity conditions at x = xo, (8), and in the boundary conditions
at x =L, (10). At the end unit cells j =1 (x = x¢) and j = N (x = L), the open loop system

AKo (5 — ¥{) — AKo (y’l’ — y’N]) = AMps®y! — hy, (18a)
—AKo(yy = Yn-1) = AMos’yy — hy, (18b)

where y’N1 is the displacement of the last point of medium I, needs to be converted to the target closed loop system
AKoK (s) (4 — y1) — AKo (y'{ fy’M) =AM, M(s)s?y!, (19a)
~AKoK (S) (Vi — Y1) =AMoM (5)5%y, (19b)

using an appropriate choice of the control inputs h; and hy. Controlling «(s) through m(s) at the transition point then
becomes insufficient (but still can be done at x = L though in the absence of external inputs there). Therefore, at the end unit
cells we define mixed control laws of the form

hy =~ C1(8)21 = —Cn(8) 2! — Cu(s)f, (20a)
hy = — Cn(s)zn = —Cin($) v + Cu(S)f v (20Db)

where ]! = sy!l. The measurements of the reaction forces f, and fy are equivalent to AKo(yj —y{) and AKo(y} | — ¥i).
respectively, evolving into spatial derivatives at the continuous limit. The corresponding end point controllers are then given
by

Cp(s) :AMos(M(s)—1>, Ce(s) =1 —K(s). (21)

The forces, or equivalently, the displacement gradients feedback in (20) represent the manipulation needed to compensate
for the actuators h; and hy not having an access to the stiffness Eq. (14a). Relations (17) and (19) therefore represent a beam
of mass density mgy and stiffness ko, whose right section xo < x < L is controlled in closed loop by periodically spaced actu-
ators and as a result has the dynamic effective mass density moM(s) and stiffness koK (s). Denoting the position of the actual
discrete actuator h; by x;, the resulting transfer functions from y to h; then become

B _ 1 ipmere (5
—_—Z—ZOT(s)e e

) Cn(S) +2a(5)Ci(s), j=1,
i xp S
¥(s)

C(s), j=2,...N-1 (22)
Cin(s) — £at(s)Cu(s), j=N.
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In Appendix A we prove that the TFs in (22) are stable. The advantage of the direct external control approach of Section 2.3,
which is suitable for the direct actuation setup proposed in this work is in the versatility it provides in the achievable con-
stitutive parameters. Within the limits of available actuation effort, any desired expressions of K(s) and M(s) can be
obtained, provided that the controllers are causal and the loop is stable. Since there are no built-in structural inclusions,
there are no predefined expressions that the target parameters are obliged to follow. There is also a fabrication advantage,
as the open loop system is a conventional continuous structure defined by {ko, m}, with actuators spread along it. The draw-
back of this approach is the higher control effort that might be required to compensate for the lack of passive resonators.

3. Application to selected metamaterial configurations
3.1. The unit cell

In this section we analyze the wave propagation in the structure in Fig. 1 for effective constitutive parameters k(s) and
m(s) obtained by the feedback loops therein. For the base structure we consider an aluminium rod of mass density
mo = 2700 [kg], Young modulus ko = 70 - 10° [N/m?] and cross-section A = 0.006 - 0.02 [m?] (where A becomes relevant in
Section 2.3 only), leading to ¢ ~ 5092 [m/s]. k(s) = koK (s) and m(s) = myM(s) are the continuum limit of the unit cell param-
eters K(s) = KoK(s) and M(s) = MoM(s). Using spring-mass representation, the effective unit cell mass M(s) is obtained by
connecting M, to a spring K,, and a damper B,,, whose other end is fixed. The effective unit cell stiffness (spring) K(s) is
obtained when connecting Ky to a spring K; and a damper B;, whose other end is connected to the successive unit cell.
The relative displacement of K, induces, through two lever arms, the displacement of a mass Mj, which is proportional to
the double tangent of the lever arm angle 6 with the x axis. We define Mj, ~ 2M tan 0. Such an arrangement of K(s) and M(s)
has analogies in other disciplines. The first example is the electro-magnetic metamaterial in the pioneering work [4] on left
handed materials, where the effective permittivity and permeability respectively stand for the effective mass and stiffness of
the mechanical unit cell in Fig. 3, and have the same expressions as in (24), derived below. Another example [12] is an elec-
trical transmission line with a unit cell comprised of capacitors ﬁKl—m and inductance M, related as in Fig. 3, that was sug-
gested as a composite right/left handed electronic material. There is also an example in acoustics [17,14,13], where a tube
with elastic membranes K, and cavities (Helmholtz resonators) K}, M, was considered as an acoustic metamaterial with a
similar type of unit cell. We now derive explicit expressions for K(s) and M(s). Applying a force balance to both masses My
and M;, and at the point connecting the springs Ko, and Kj;, we obtain the associated unit cell impedance relations
Zh(S) = Mps + By + % and  zp(s) = MoS+ Bm + ’%"‘ Defining the corresponding densities ky, = K,,/dx, b, = Bn/dx,
kn = Kpdx, m, = Mydx and b, = B,dx, and the consequent normalized parameters

k ky ko b by, by

2 __m 2 -2 2 — m2(1 ) =2 =_"" = ) = 2

On =y O Tmy @y(1+b), b k' o™ 20mmo’ M T 2aumy’ & 20pmy’ (23)
the resulting normalized effective stiffness and mass take the form

= szp(8) §% + 20p S + 3
K(s) = = , 24

(s) Ko +5zn(s) % +200p5 + F (243)
~ 2 2
M(s) _Zm(S) _ 8"+ 2{mWnS + 0, . (24b)

" Mops s2

As shown in the discussion below, the form of I~<(s) and 1\71(5) in (24) give rise to different interesting working regimes.
However, a particular special regime is obtained when w,, = w; (leading also to {,, = ;) so this is our assumption in the

Fig. 3. Spring-mass representation of a possible unit cell of the mechanical metamaterial in Fig. 1. The effective mass M(s) = MoM (s) (red box) comprises
the original mass M, attached to a fixed wall through a spring K, and a damper B,,. The effective stiffness K(s) = KOI~<(s) (blue box) comprises the original
spring Ko, connected in series to another spring K, and damper By, and induces a corresponding motion of a mass M;, ~ 2M, tan 0. The explicit expressions
for M(s) and K(s) are given in (24). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)



124 L. Sirota et al. / Mechanical Systems and Signal Processing 123 (2019) 117-130

following. For brevity, we also assume that B, = By, leading to {, = ( %h’ The propagation exponent in (7) and the
impedance in (9) then take the form

2 p 2 ~ S2 4+ 208 + 2
5) = §2 4+ 2{mWpS + 07, Z(s) \V h (25)

/8% + 20hps + @2 s

Both a(s) and Z(s) in (25) are of fractional order, implying that the transfer functions G'(x;s) and G"(x;s) in (11) are of frac-
tional order. From time domain considerations, «(s) determines the entire time response through the inverse Laplace trans-
form of the propagation exponent e (550)%6) i (11b), which is expected to give rise to special functions (see [31,30] for
analysis of fractional order transfer functions of similar kind involving Bessel functions). From frequency domain consider-
ations (steady state response), the fractional order of o(s) indicates the dispersion in medium II due to the dynamic 1\~/I(s) and
K (s), as implied by the wavenumber relation (13). The effect of the specific constitutive parameters in (24) on the wavenum-
ber k is illustrated in Fig. 4-(a) for the parameters f, = w,/2n =1.323 [kHz],b=3 and {,=0.01, leading to
fm = ®n/27 = 2.646 [kHz] and {, = 0.02. It depicts the Bode plot of normalized effective stiffness R(s) (blue) and mass
M (s) (red), the dispersion function o(s) (black), wavenumber k(iw)c (grey) and the nominal wavenumber kyon, (green) for
comparison. While M, K and o are independent of the base beam material, k and kuom do depend on it through c.

In the forthcoming discussion {,, and {, are ignored, however we keep in mind that some damping always exists, main-
taining the transfer functions in (11) stable, so that the response indeed reaches steady state. A rigorous stability analysis is
given in Appendix A. We focus the following discussion on the existence of four different regions in Fig. 4-(a) that correspond
to four different regimes of operation of the active metamaterial.

Regime 1: 0 < < ;. The phase of the effective mass M(iw) is 180°, whereas the phase of K(iw) is 0°, indicating that
M (iw) is negative and K (i) is positive (zero at w = w;). Medium II is thus a negative-mass positive-stiffness metama-
terial. The phase of a(iw) is 0°, i.e. it is positive (equivalently, k(iw) is pure imaginary due to 90° phase). According to the
transfer function in (11b), no wave propagation is thus possible in medium II at this frequency range. The wave decay rate
is determined by the amplitude of a(iw), which increases as w approaches wy (K (iw) approaches zero). This regime is
useful for wave isolation applications.
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Fig. 4. (a). lllustration of the different working regimes of the mechanical metamaterial in Section 3. Plots illustrate the frequency response diagrams of the
normalized effective stiffness I~<(s) (blue) and mass M(s) (red) in (24), the resulting dispersion function o(s) (black) in (25) and the wavenumber k (grey) in
(13) for f, = 1.323 [kHz|,{, = 0.01,f,, = 2.646 [kHz] and {, = 0.02. The nominal wavenumber k. (green) of medium II is given for comparison. We
distinguish between the following four regimes. Regime 1: 0 < @ < ;. M(iw) < 0, K (iw) > 0, o(iw) > 0 and k(iw)  i. This is the negative mass, positive
stiffness (zero at wy) regime. All waves decay, hence wave propagation is blocked. Highest decay rate is at @ = w (k(iw,,) — 0,0(iwy) — o). Regime 2:
Wy < W < W M(iw) <0, I?(iw) < 0,0(iw) o i and k(iw) < 0. This is the double-negative regime. Waves propagate with a negative phase velocity. Regime
3: ® = wp. M(iw) — 0 and K(iw) — . This transition point is denoted by the "double-zero” regime, for a zero mass and a zero inverse stiffness. Since
a(iom) — 0, the transfer function (11b) becomes independent of x, as if medium II was a rigid body. Regime 4: w, < ® < .
l\7](iw) >0, I?(iw) > 0,a(iw) oc i and k(iw) > 0. This is a double positive regime, indicating wave propagation with positive phase velocity. In all regimes
knom 1s positive and increases with , eventually aligning with k (in regime 3). (b). Frequency response diagram of the controllers in (26), which generate the
target constitutive parameters in (24): C(s)/M, (black), Cx(s) (blue) and Cr,(s)/M, (red). C(s) has a pole at ~ @y, leading to highest control signals h; in (22),
j=2,..., N — 1, at this frequency (regime 1). At w;, the zero of C(s) (regime 2), hj,j = 2,...,N — 1, decay to zero at steady state. Although K (i) has a pole at
wp, (regime 3), C(s) does not, hence h;,j = 2,...,N — 1, are not the highest there. Only the end controller Cy(s) has a pole at w,, implying h; and hy are the
highest at w,. C,(s) has a pole only at the origin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Regime 2: v, < w < wn,. Both R(iw) and M(iw) are negative (phases 180° and —180°, respectively). The phase of a(iw) is
—90°, and, equivalently, the phase of k(iw) is —180°, yielding a negative wavenumber. The system therefore supports
backward wave propagation in steady state with a negative phase velocity v,, = w/k(iw) < 0. In this regime, medium
Il behaves as a negative-phase-velocity metamaterial.

Regime 3: w = wy,. At this frequency we have a sharp transition from the doubly-negative to the doubly-positive region,
with M(iw) = 0 and K (i) — oo. This special regime is referred in the literature as a double-zero metamaterial (meaning
zero mass and zero inverse stiffness) [21]. At this frequency, «(iw,;) — 0. The implication is that the transfer function
(11b) becomes independent of x, and medium II thus behaves as a rigid body (i.e. infinite phase velocity).

Regime 4: m,, < ® < oco. Here both M(iw) and K(iw) are positive (phase 0°), and so is k(ic). On the contrary, a(iw) is
imaginary therefore yielding a conventional positive-mass positive-stiffness material. Note that dispersion still exists
where the positive phase velocity decreases with frequency (as the amplitude of k(iw) increases).

We now discuss the impedance z(s) and the transmission coefficient T(s) in (25). At 0 < w < wy, (regime 1), \Z(iw)\
decreases from infinity to zero, resulting in |T(iw)| increasing from zero to 2. Wave propagation is still blocked at @ = wy
due to the propagation exponent e~ (%-™)2i©) \which then approaches zero. At w;, < w < oo (regimes 1,2 and 3), \Z(iw)\
increases and |T(ic)| decreases monotonically to 1. It is interesting to note that at w = ,, we obtain Z(iw) = \/b/(1 + b).

3.2. The corresponding control design

In this section we obtain the explicit form of the controllers derived in Section 2.3 for the particular unit cell design pre-
sented in Section 3 and illustrated in Fig. 3. The resulting closed loop is proved in Appendix A to be stable. The main field
controller in (16) and the end point controllers in (20) become

20 OnS’ + 202 + 40,02 — @F)S* + AL, F, + of

= AM,
Cs) 0 (8% + 2{npS + W3)

, (26a)

” 2

Cn(5) = AMy 2 PmS+ O (26b)
 2(ln®m — Lon)s + 0} — 0}

Cils) = 2 4 2{ WS + 2, : (26¢)

All the controllers in (26) are causal. The frequency response diagram of the controllers in (26) for
fn=1323[kHz],{, = 0.01,f,, = 2.646 [kHz] and {, = 0.02, is illustrated in Fig. 4-(b), with C(s)/M, (black), Ci(s) (blue) and
Cm(s)/My (red). The main field controller C(s)/M, has a pole near wy, hence highest control signals h;,j=2,...,N—1, in
(22) are expected at this frequency, effectively to generate regime 1. Another pole is at s = 0. It also has a zero at w,, which
tends to (1 +b)/v'1+ 2b as damping becomes smaller and falls within the double-negative region (regime 2). This implies
that we can turn medium Il into a negative phase velocity metamaterial with no control effort in steady state (clearly, a tran-
sient effort is still required). Although K(iw) has a pole at wn,, C(s) does not, hence h;,j =2,...,N — 1, are not the highest
there (regime 3). Only the end controller Ci(s) has a pole at w,,, implying h; and hy are the highest at wy. Ciy(s) has a pole
only at the origin. All the three controllers in (26) introduce phase lag to the open loop system.

4. Numerical simulations of the active metamaterial

In this section we simulate the system in Fig. 1 when operated in closed loop according to the direct external control
design in Section 2.3. The target closed loop constitutive parameters are given in (24) and the particular controllers are given
in (26). The physical parameters of the nominal structure are given by mg = 2700 [kg], ko = 70 - 10° [N/m?] and
A =0.006-0.02 [m?], leading to ¢ ~ 5092 [m/s]. The total length of the structure is L = 1 [m], where the controlled section,
medium II, begins at xo = 0.5 [m]. The spacing of the cells in medium Il is set to dx = 0.05 [m], implying a total of N = 11 actu-
ators. We denote this setup by the actual metamaterial. For this spacing to be a sub-wavelength periodic structure, the sup-
ported wavelength should be at least four times longer [10], i.e. 2 > 0.2 [m], which implies a maximum wavenumber of
k < 107m[1/m] ~ 30 [dB].

In the simulations of Fig. 5 we wish to demonstrate the main achievement of our control design that is the ability of the
active metamaterial to obtain desired constitutive parameters only by an appropriate choice of the controllers. We choose
four different sets of the parameters in (26) so that our system can operate at any of the four regimes described in Section 3
for a fixed frequency source. We consider a source y of frequency f = 2 [kHz] at x = 0, four different characteristic frequen-
cies f, = wy/2m, respectively given by f, = {2.2,1.32,1,0.5} [kHz], and the fixed values b = 3 and ¢{,, = 0.01. This implies
{, =0.02 and f,,, = 2f, = {4.4,2.64,2,1} [kHz], leading to four different working regimes, as discussed in Section 3: negative
effective mass, as well as double negative, double zero, and double positive effective parameters (i.e. mass and stiffness). The
system consists of the aluminium rod considered in Section 3 with the nominal parameters my = 2700 [kg] and
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Fig. 5. Simulation of the feedback-based metamaterial in Fig. 1, comprising an Aluminium rod with 11 actuators evenly spanned between x, = 0.5 [m] and
L =1 [m]. The system is generated by the control algorithm in (15), (20), and (26). Four different controller parameters f;, = {2.2,1.32,1,0.5} [kHz] and fixed
b = 3,(, = 0.01 are considered, leading to f,, = {4.4,2.64,2,1} [kHz]. This implies four different working regimes for a source frequency f = 2 [kHz] (acting
at x = 0), which is marked in the right column on top of the Bode plots of the resulting K (s) = k(s)/ko (blue) and M(s) = m(s)/my (red). The middle column
depicts steady state velocity response, comparing analytic TF (11) (solid), numeric with spacing dx = 0.001 [m] (dashed-dotted) and actual metamaterial
with spacing dx = 0.05 [m] (circles). Left column depicts the response in a 2D space-time plot. (a) Regime 1: m < 0,k > 0. Wave propagation is blocked,
decaying significantly at about xo + 0.1 [m]. (b) Regime 2: m < 0,k < 0. Double-negative regime. Waves propagate with negative phase velocity. The slope
of the equal amplitude lines in the 2D plot turns negative at X, < x < L. (c) Regime 3: m — 0,k — cc. Double-zero regime. The metamaterial vibrates as a
rigid body. 2D plot slope turns zero at xo < x < L. (d) Regime 4: m > 0,k > 0, as in a conventional material. 2D plot slope changes but remains positive at
Xo < x < L. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ko =70-10° [N/m?]. The corresponding unit cell nominal parameters then become My = 135 [kg-m] and Ko =1.4- 10"
[N/m?]. The response of the system is simulated for t; = 0.02 [s]. The results of the simulations are summarized in Fig. 5.
Column (a) depicts the velocity response of the entire beam (0 < x < L) in a two-dimensional plot as a function of space
and time, where the time axis is shown only for its last 20%. Column (b) depicts a snapshot of the entire beam velocity
response at steady state. The response of the actual 0.05 [m] spacing metamaterial (orange circles) is compared to the
numeric response of the continuum limit (a 0.001 [m] spacing, black dashed-dotted lines), and to the exact analytic solution
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given by the transfer functions in (11) (grey solid lines). Column (c) depicts the frequency response of the closed loop effec-
tive constitutive parameters in (24) (blue - K (iw), red - M (iw)). The working frequency f = 2 [kHz] is marked on both K and
M curves, indicating the relevant region out of the four regions listed in Section 3. In all the four cases the waves propagate in
the dispersion-less medium I with phase velocity c = 5092 [m/s] and a corresponding wavelength 4 = 2.55 [m]. They are par-
tially reflected at x = xo according to (12) and are absorbed at x = 0 due to the embedded impedance matching boundary
controller defined in (4). The waves at x = L are fully absorbed by the boundary control defined in (10).

The control signals h;(t) are depicted in Fig. 6. They are calculated according to the laws (15) and (20), and given in ana-
lytical form by (22). The force feedback of the end signals h; and hy in (20) is calculated as a spatial difference AKo (y — yY)
and AKo (y§_; — y!), respectively. Regimes 1,2, 3,4 are respectively depicted in plots (a), (b), (c) and (d). The dashed-dotted
grey lines mark the unit amplitude threshold, within which the control signals can be generated by the same actuators that

produce the source . The individual conclusions for the four regimes, respectively plotted in the four lines (a), (b), (c) and
(d) of Fig. 5 and of Fig. 6, are ordered below.

(a) - regime 1. f, = 2.2 [kHz| and f,, = 4.4 [kHz]. Fig. 5-(a): the controller creates K(iw) > 0 and M(iw) < 0, i.e. positive
spring - negative mass regime. As was discussed in Section 3, in this regime there is no wave propagation in medium
I, where waves that are transmitted to X, < x < L have a real positive o(iw) and decay according to the transfer function
model (11). At f = f, we have K(iw) = 0 and thus «(iw) that approaches zero. Therefore, the closer fis to f,, the faster is
the decay. In our case a significant decay is obtained at about 10 [cm] after x,, as stems from the corresponding 2D plot.
Fig. 6-(a): since in this regime the velocity response is decaying, the control signals amplitudes decrease as actuators posi-
tion approaches x = L. The amplitudes that are greater than 1 are those of h; (blue) and h, (orange). The value of h; will
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Fig. 6. Control signals h;(t),j = 1,..., N, of the simulations in Fig. 5, calculated according to the laws (15) and (20), and analytically given by (22). Regimes 1,
2, 3, 4 are respectively depicted in plots (a), (b), (c) and (d). Signals with amplitudes 1 or smaller (within dashed-dotted grey lines) can be generated by the
same actuators that produce the source y. (a) - regime 1, negative mass: Due to the decaying velocity response, the control signals amplitudes decrease as
actuators position approaches x = L. The amplitudes that are greater than 1 are those of h; (blue) and h, (orange). (b) — regime 2, double negative: The
system is simulated at f,, the frequency at which the j = 2,...,N — 1 cells controller (16) has a zero. The respective signals h; decay to zero at steady state. h;
(blue) oscillates within +2. (c) - regime 3, double zero: All h; oscillate below +1, with highest transient amplitude for h; (blue). (d) - regime 4, double
positive: As k approaches kyom (Fig. 4), all h; oscillate considerably below +1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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increase when f approaches f; due to the controller’s pole at f},, and will ultimately be determined by the damping ratio
Ch-

(b) - regime 2. f, = 1.32 [kHz] and f,, = 2.64 [kHz]. Fig. 5-(b): the controller creates both K(ic) < 0 and M(iw) < 0, lead-
ing to the double negative regime. According to Section 3, in this regime the steady state propagation in medium II has a
negative phase velocity, which is expressed through the negative slope of the equal amplitude lines at the corresponding
2D plot. Fig. 6-(b): for the given f},, we obtain f = f,, where f, is the zero of the j = 2,...,N — 1 cells controller (16), and
the effective and the nominal wavenumbers k and ko, intersect. The respective signals h; therefore decay to zero, imply-
ing that no control effort is required at steady state to obtain this particular double negative metamaterial. The end con-
trol signal h; (blue) oscillates within +2.

(c) - regime 3. Fig. 5-(c): the controller creates K(iw) — oo and M(iw) — 0, designated by the double zero regime. In this
regime o/(iw) = 0 and (11b) becomes independent of x. According to the analysis in Section 3, every section of the meta-
material then vibrates in phase (as a rigid body) at a constant velocity for all xo < x < L. Therefore, the slope of the equal
amplitude lines at the corresponding 2D plot turns zero at medium II. This result is consistent with the static-like behav-
ior observed in double-zero metamaterials where the phase velocity diverges and the group velocity is progressively
reduced to zero [39]. Fig. 6-(c): all the control signals h; remain within +1, where the highest amplitudes are obtained
for the end signal h; (blue).

(d) - regime 4. Fig. 5-(d): the controller creates both K(iw) > 0 and M(iw) > 0, i.e. a doubly positive regime. Here the
steady state wave propagates forward with a positive phase velocity, which is expressed through the positive slope of
the equal amplitude lines of the corresponding 2D plot. Fig. 6-(d): as indicated by Fig. 4, in this regime as the working
frequency increases, k approaches k. The required control effort thus decreases accordingly, yielding the control signals
h; to oscillate considerably below +1.

5. Conclusion

We considered the problem of converting a mechanical structure, which in its nominal state is governed by the second
order wave equation, into an active (tunable and reconfigurable) metamaterial using feedback control. The representative
example for the nominal system is a beam in axial vibration. We designed a control algorithm that was capable to achieve
different unconventional constitutive parameters (i.e. different effective dynamic stiffness and mass) for the same operating
frequency. Such properties can be activated, deactivated, or tuned in real-time given that the design does not require any
passive periodic feature embedded in the host structure, unlike traditional metamaterial designs. We showed by using
numerical simulations that the control design was capable of obtaining a variety of conditions including negative effective
mass (useful for wave propagation suppression), zero stiffness and negative mass (useful for total wave blocking), double
negative parameters (i.e. negative phase velocity that results in backward wave propagation), and double zero properties
for total impedance matching. We considered an external actuation approach, which consists in bonding actuators in peri-
odic patterns to an initially homogeneous beam. This design enables large flexibility in terms of achievable effective consti-
tutive parameters, that are only limited by the actuators gain capabilities. We derived the continuum model of the overall
system in the form of fractional order transfer functions, which explicitly exhibited the special wave characteristics of the
system, including the dispersion function, time delays, transmission and reflection coefficients. We used the transfer func-
tion model to explore the transmission and reflection properties between the controlled part of the beam (the metamaterial)
and its uncontrolled part (a conventional medium). We proved that the closed loop system is stable and verified the control
algorithm performance using numerical simulations.
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Appendix A. Closed loop stability analysis

In this section we prove the stability of the closed loop system generated by the feedback control algorithm of Section 2.3.
The control setup consists of a continuous beam, N concentrated actuators h;,j = 1,...,N, and respective N measurements, as
illustrated in Fig. 1. The controllers C(s), Cn(s) and Ci(s) correspond to the direct external control strategy, specified by (15),
(16),(20) and (21). The closed loop transfer functions from a source  to the velocity response and to the control inputs were
derived in (11) and (22), respectively. The complete transfer matrix between all possible signals in the closed loop, including

unmodeled signals such as actuation uncertainties and measurement noise, is given by

ME ol

h - Ghd Ghn n '
Here v = [¢/(x;5) v/ (x;s5)]" is the outputs vector including the axial vibration velocity at any location x along the beam.
h = [hi(s) h(s) hn(s)]'.j = 2,...,N — 1, is the controls vector. d = [y(s) d;(s)],j = 1,...,N, is a representative external inputs

(A1)
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signal that stands for the source y and possible actuation disturbances d;. n = [n; (s) n;(s) nN(s)]’,j =2,...,N—1,is the mea-
surement noises vector. The sub-matrices in (A.1) are given by

(x:5)  Ga(x:$) _ [Gixs)
O [G”( X:5) GQ(x;s)}’ Gm = [G’d’(x;sjc’ (A2)
Gha "(x;5) Ghx;s)].  Gnn=—CGy(x;5),2

c[d
where G'(x;s) and G"(x;s) are defined in (11a) and (11b), and G, (x;s), G"(x;s) and G,(x;s) are respectively given by
d d

(g — =\ =T Js)
Q(X;S) B T(s)e (t~Tx)5 ( 1 o) . . A3
Glx;s - 2720 = [Tx—Tx; |US) — [ Tx4Tx, — 2T, [(S) ) =L (A3a)
d( ) 1 (e i +R(s)e i 0
Z(5)
Gi(x;5) = T(s) |:€7(T"1 GOSN (ij’r"n)(“(s)’s) e (T 7rx0)(c¢(s)—s)} j=2,..,N-1. (A3b)

In this section, we show that the complete closed-loop system (A.1)-(A.3)) is stable invoking the internal stability crite-
rion, which claims that the closed loop system is stable provided that TFs from all possible inputs to all possible outputs are
stable. These, in turn, are captured by the transfer matrix in (A.1), which consists of finite summations or multiplications of

Gi(s) = e ™), Gy(s) = e "0 Gy(s) =Z1(s), Gals) =T(s), (A4)

where by (12), stability of R(s) stems directly from that of T(s). The argument 0 represents the various combinations of the
time constants in (A.3). The goal of this section is therefore proving stability of each of the systems listed in (A.4), as stated in
the following proposition.

Proposition A.1. All the components of the complete closed loop system (A.1), which are given by the fractional order TFs in (A.4),
are stable.

Proof. Since the underlying TFs are all irrational, their stability analysis cannot, in general, be limited to pole location only. It
could be therefore carried out either in frequency domain via the H® criterion or in time domain via the L' criterion, as was
discussed in [40]. For the L! criterion the inverse Laplace transforms of the TFs are required, which is nontrivial to obtain for
fractional order systems. This was the approach for systems similar to (A.4) in [31,30]. Here we invoke the H* criterion, and
prove that the systems in (A.4) are analytic and bounded in the open right half plane.

Stability proof of Gy (s). The branch points, which are the zeros of the square roots in ¢(s), defined in (7), are located in the
open left half plane, and approach the imaginary axis as the damping approaches zero. Hence, G;(s) is analytic in the open
right half plane. To prove that |G (s)| is bounded in the open right half plane, it is sufficient to show that o(s) is non-negative
for all s = 0 + wi, where ¢ > 0, implying that |G;(s)| < 1. Suppressing the damping for brevity, we define the mappings
Zm = s? + w?, and z, = s? + w?. We then denote the angles of 0(s), zn, 2, and z by ¢,, ¢, ¢y and ¢, respectively. Since the
angle of \/zj is given by 1 ¢;,, we obtain ¢, = ¢,, — 1 ¢,. We need to prove that ¢, < 17. Now, we have 0 < ¢ < 1. Since we
also have @, < wn, by the definition in Section 3, we obtain the relation ¢,, < ¢;, < 2¢ < 7. This implies 1 ¢,, <1, and
1¢m <1m, and therefore ¢, = ¢, — 1 ¢ <1y < 17, which completes the proof.

Stability proof of G, (s). To prove that G,(s) is bounded in the open right half plane it is sufficient to show that the real part
of «(s) —s is non-negative there. Defining the radii of «(s) and s by r, and r, respectively, we need to show that
4 COS ¢, > TCOS . Since o(S) = zm/+/zy and |z;;| > |zp|, it is clear that r, > r. Following the lines of the proof for G, (s), we have
®m < 2¢. Therefore, 1, < ¢, ¢, < ¢ and cos ¢, > cos ¢, which completes the proof.

Stability proof of G3(s). Since the damping {j, is always positive, the roots on(s) in (9) always lie in the open left half plane,
implying that |Gs(s)| is bounded in the open right half plane.

Stability proof of G4(s). Since we consider the principal surface of the complex plane leading to a non-negative real part of
o(s), there are no solutions of o(s) = —s for s in the open right half plane. Therefore, there are no poles of T(s) in the open right
half plane, and it is thus bounded there. O
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