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1 Introduction

Solid-state induced-strain actuators are extensively studied
for a variety of aerospace and mechanical engineering applica-
tions (Dadone, 1995; Straub and Merkley, 1995; Steltzner et
al. 1965; Bamford et al., 1995). In previous work, Giurgiutiu,
Chaudhry, and Rogers (1994a, 1995a) have shown that active
vibration control for aeroelastic and other applications is con-
ceptually possible using induced-strain actuators (ISA) instead
of conventional hydraulic and/or electro-mechanical devices.
Induced-strain actuators have obvious benefits in terms of relia-
bility, autonomy, and compactness. Their energy requirements
appear to be within the capabilities of commercially-available
ISA devices (Giurgiutiu, Chaudhry, and Rogers, 1996a). How-
ever, the problem of amplifying the very small displacement of
the induced-strain material -(order of 0.1 mm) presents a sig-
nificant challenge. Displacement amplification cencepts are
abundant, but conventional displacement amplifiers are usually
built without concern for efficient energy transfer. In this-paper,
we present a step-by-step approach to understanding the ‘sensi-
tive areas of induced-strain actuator design,.and achieving effec-
tive energy transfer through a displacement amplifier suitable
for use in conjunction with.commercially-available ISA devices.
The development is performed under quasi-static conditions.
Extension to dynamic conditions can be readily -achieved
through the dynamic stiffness concept (Giurgiutiu, Chaudhry,
and Rogers, 1994b). Although this research was initially
spurred by the needs of aeroelastic vibration control, the results
presented in this paper have a much larger arena of applicability.
These results can be used in conjunction with the effective
design of most induced-strain actuators, either for new applica-
tions, or for replacing conventional hydraulic or/and electro-
mechanical devices.

2 Conventional Induced-Strain Actuators

Conventional induced-strain actuators are readily available
on the commercial market (Giurgiutiu, Chaudhry, and Rogers,
1996a). When activated by electric or magnetic fields, these
devices produce an output displacement that is more or less
proportional to the applied field. Piezo-electric (e.g., PZT) and
electro-strictive ceramics (e.g., PMN) are commonly ‘used in
induced-strain actuators employing electric fields. Magneto-
strictive materials (e.g., TERFENOL) are used in induced-strain
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induced-strain actuator is first reviewed. The effect of structural elasticity is then
discussed. Basic principles of displacement amplification are presented. The influ-
ences of structural and amplification elasticity are then discussed. An example of
effective induced-strain actuator design with displacement amplification is provided.

actuators using magnetic fields. Mechanical modeling of both
types of induced-strain actuators is similar, and the generic
terminology, induced-strain actuation -(ISA) devices, will be
used henceforth. Figure la shows schematically a conventional
induced-strain actuator of internal stiffness k;, producing an
induced-strain displacement w5, . The internal stiffness, &;, and
the induced-strain displacement, us,, also known as free-stroke,
are basic characteristics of any ISA device.

2.1 Displacement Analysis. Figure la presents an ISA
device of internal stiffness k; acting against an external spring
of stiffness k.. If u, is the compression of the external spring,
k., then the force is F = k.- u,. The force, F, also produces
internal compression of the ISA -device, i.e., u; = F/k;. The
sum of the internal and external displacements equates the ISA
displacement, i.e., &; + u, = usa. This shows that the induced-
strain displacement, usa, is partly consumed in the internal
compressibility of the ISA device, u;, and partly delivered as
useful output displacement, u,. Upon elimination,

ue=u15A/(l +ke/k,'). (1)

Introducing the stiffness ratio, r = k./k;, and the output dis-
placement coefficient, n(r) = u./us, one writes u, = n(r)-
usa. Upon substitution, Eq. (1) yields

n(r) = 1/(1 + r). (la)

Variation of the output displacement coefficient 7(r) with
stiffness ratio, r, is shown in Fig. 2a. As the external stiffness
increases, the fraction of the induced-strain-displacement, u;sa,
that reaches the output diminishes. For very large external stiff-
ness, one gets the blocked condition, i.e., u, = 0, as r = =,

2.2 Energy Analysis. The output energy is the energy
delivered by the ISA device into the external spring, i.e.,

=1 2
Ee = fk,,'uy,

(2)

Upon substitution,

E. = [r(1 + r) ) (gkaksa)- (3)
Note that the output-energy expression given in Eq. (3) consists
of a variable coefficient that depends on the stiffness ratio, r,
and a constant energy term that depends only on the free stroke,
uisa, and internal stiffness, k;, of the induced-strain device.
Since uss and k; are reference parameters.of the induced-strain
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Fig. 1 Schematic representation of a conventional induced-strain actu-
ator: (a) with rigid support (b) with compliant support

device, we call the latter term of Eq. (3) the reference energy
of the induced-strain device, i.e.,
Ew = 3k ufsn. (4)
Values for the reference energy, E.:, and for its specific
values per unit volume and unit mass for commerciaily-avail-
able ISA devices were given by Giurgiutiu, Chaudhry, and Rog-
ers (1995b). Maximum output energy vaiues around 2.7 J were
found. Maximum energy densities per unit volume and unit
mass around 21 J/dm® and 2.7 J/kg, respectively, were also

recorded.
The variable term in Eq. (3) is the output energy coefficient,

E, = EJ/E., ie.,

ENr)=r(1 +r)2, (5)

The governing design factor in the construction of a conven-
-tional ISA .device is the stiffness ratio, r. Variation of the dis-
placement and energy coefficients with the stiffness ratio, r, is
given in Fig. 2(a). The maximum displacement output is ob-
tained .as r approaches zero, i.e., when the external stiffness is
so weak that practically no resistance is presented to the ISA
device and hence the full induced-strain displacement, g4, is
delivered externally. This-case is of limited interest for actuator
applications since the actuation force is zero and no output
energy is delivered. In the other extreme, when the external
stiffness is very much greater than the internal stiffness, the
output force is maximum, but the output displacement is zero.
Hence, the output energy is again zero. Between these two
extremes, an optimum solution may be reached. By differentiat-
ing the energy coefficient with respect to the stiffness ratio, r,
one gets

dr 1 +r

=027 = L (6)

This is the well-known stiffness match principle. When the
externdl stiffness matches the internal stiffness, the energy out-
put is maximum and its value is E, = ;E..

3 Induced-Strain Actuators With Support Elasticity

Figure 15 shows schematically an induced-strain actuator in
which the support structure is not infinitely rigid. A stiffness
value, k,, is assumed to be present at the support end of the
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ISA device. The presence of finite support stiffness, k,, can
significantly modify the output displacement and output energy
of the induced-strain actuator, as seen in the following analysis.

3.1 Displacement Analysis. The induced-strain displace-
ment, 4, is consumed in the support stiffness, k,, in the inter-
nal stiffness of the actuator, k;, and in the external stiffness, k.,
ie., wga = Flk, + Flk; + u,, F = k,-u,. Upon elimination,

(7

Introducing the structural stiffness coefficient, r, = k,/k;, we
write the output displacement coefficient, 77, as a function of
both r and r,, i.e.,

U, = (1 + ke/kx + ke/k,-)"l'u[SA.

n(r,ry) = U1 +r(1 + 1/r)]. (8)
The output displacement, u,, is expressed in terms of the refer-
ence (free-stroke) displacement, us,, as:

U, = (7, ;)" Uisa. )

It can be seen that the output displacement coefficient, 7,
increases as r, increases, i.e., a stiffer support will give a better
displacement output. As r, = «, the expression of r approaches
the simpler expression n(r) = 1/(1 + r), which was derived
in the previous section as Equation (1a).

3.2 Energy Analysis. The output energy delivered by the -
induced-strain device is, as before, E, = (1/2)k,~u?. Upon
substitution,

E,=r/l1 +r(1 + 1/r)]7% 3k udsa). (10)
1.00 ' ‘ T 3
Rigid support
0.75  weluisa —
EJEry
and 0.50 - -
ue/ulSA
025 1" FulEry — N
0.00 L ' L
0.01 0.1 1 10 100
(a) Stiffness ratio, » = k/k
1.00 ! ' =
Flexible support
0.75 -
E/Eynys .= 10
and. 0.50 "
e/ ursa
0.25[ - -
EJEny rs=10
0.00 L7l |
0.01 0.1 1 10 100

Stiffness ratio, r = k./k;

(b

Fig. 2 Variation of output displacement coefficient, n = u./us., and
output energy coefficient, E; = E,/E,., with stiffness ratio, r = k./k;: (a)
rigid support (b) flexible support with various values of the support stiff-
ness ratio, r
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The last parenthesis in Eq. (10) is the reference energy, E,
defined by Eq. (4). Dividing Eq. (10) by E, yields the expres-
sion of the output energy coefficient,

El(r,r) =r/[1 +r(1 + 1/r)]% (11)
Note that the output energy coefficient depends on both the
stiffness ratio, r, and the structural stiffness coefficient, r,. Fig-
ure 2b presents the variations of the displacement and energy
coefficients with the stiffness ratio, r, for two values of the
structural stiffness coefficient, r, = 10, and r, = 1. For the case
of “‘stiff > support (r, = 10), the displacement and energy
curves in Fig. 2(b) are almost identical with those discussed
in the previous section for an induced-strain actuator with rigid
support. For the case of ‘*elastic’” support (r, = 1), a significant
shift is observed in the output displacement and output energy
curves. More importantly, the peak of the output energy curve
is reduced by about a factor of 2. This 50 percent reduction in
energy output is explainable, since half of the available energy
ends up as elastic energy stored in the support.

4 Displacement-Amplified Induced-Strain Actuators

4.1 Displacement Analysis. Displacement amplifiers are
currently used to boost the output of ISA devices. The simplest
displacement amplification concept is that of a lever with un-
equal arms (Fig. 3(a)). This simple concept can be used to
analyze even more complicated displacement amplifiers (flex-
tensional, deformable triangles, hydrostatic, etc.). At the input
end, the lever is actuated by an ISA device (internal stiffness
k;) producing the induced-strain displacement uga. The dis-
placement of the input lever arm is usa — F;/k;, where F; is
the force in the ISA device. This displacement produces rotation
# of the lever and hence,

[0 = usa — Fi/k;. (12)

If the amplifying lever is considered rigid, then the displace-
ment at the output arm, u,, is given by simple rigid body rota-
tion, i.e.,

u, = 1.0 (13)
where u, is the external displacement. For an equivalent external
stiffness k;, the external reaction, F,, is:

F, = ku,.

(14)

k;
Internal | 1;
Stiffness

[}

Gain, G = ¢
I;

External

u,=l,8
Stiffness L

Output

(a) (b)

Fig. 3 Conceptual models for displacement-amplified induced-strain
actuators: (a) rigid support and amplification mechanism (b) elastic sup-
port and amplification mechanism.
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The input force, F;, and the output reaction, F,, satisfy the
lever equilibrium relation:

Fi~l; = F,-1l,, (]5)

where /; and [, are the lever arms connected to the internal and
external displacements, respectively. Introducing the kinematic
gain:

G =L/, (16)

one expresses the internal force in terms of the external reaction,
and vice-versa, i.e.,

F,=G*F,, and F,=F,/G. 17)

Eliminating 8 between Eqs. (12) and (13), and using Egs. (14)
through (17), yields

u, = G(1 +-G%./k;) ' tssa. (18)

Using the definitions r = k./k; and n = u./u;s4, One writes the
output displacement coefficient:

(G, r) = GI(1 + r-G*). (19)

The output displacement coefficient, (G, r), is always less
than the kinematic gain, G, since part of the amplification effect
is always lost due to the internal compliance of the induced-
strain device.

4.2 Output Energy Analysis. The energy output from
a displacement-amplified induced-strain actuator is simply the
energy stored in the external spring, i.e.,

E, = sku?. (20)
Substituting k, = r + k; and u, = 7- uisainto-Eq. (20), and using
Eq. (19), yields:
E, = [r-G¥(1 + r-G*?)- (3k; - uksa). (21)
Dividing the output energy, E,, by the reference energy, E,.
= (1/2)k; - ulsa, one gets the expression of the output energy
coefficient, E;, for a displacement-amplified induced-strain ac-
tuator:

E! = rG*(1 + rG*)*. (22)

The energy coefficient is a function of both the stiffness ratio,
7, and the kinematic gain, G. Figure 4 shows plots of the energy
coefficient vs. stiffness ratio, r, for various values of the kine-
matic gain, G. For G = 1, ie., for an ISA device without
amplification, the peak value of the energy coefficient is reached
for rope = 1, i.e., the stiffness match concept. For values of G
greater than 1, i.e., for devices with displacement amplification,
the value of the optimal stiffness ratio, ro, changes, and the
peak energy output is reached at lower values of r,,. For a ten
times kinematic gain (G = 10), the optimal stiffness ratio is
about 1/100. Exact expressions of the optimal stiffness ratio in
terms of the kinematic gain, G, are obtained by differentiating
the energy coefficient with respect to r, and setting the deriva-
tive equal to zero, i.e.,

2
4 g - 16401 + 6971 - r—5 )=
dr \ 1+r-G

hence ro = 1/G*. (23)

Conversely, for fixed external and internal stiffness values, the
optimum gain is

Gope = 11r.

The output displacement coefficient (overall amplification
ratio), corresponding to the optimum kinematic gain, is ob-

(23a)
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‘Fig. 4 Output energy coefficient E,, versus stiffness ratio, r = k./k;, for
various values of the kinematic gain, G

tained by substituting the expression of G, into Eq. (19) for
7. Upon simplification,

Tow = 0.5/r .

It should be noted that the value of the optimum amplification
ratio, Moy, is half the value of the optimum gain, G,,. To obtain
a certain overall amplification ratio at the optimum operating
point, one has to provide twice as much kinematic gain in the
internal construction of the disptacement amplifier. Plots of the
optimal kinematic gain, Gy, and of the amplification ratio, 7oy,
versus the inverse stiffness ratio, 1/r, are given in Fig. 5.

(24)

4.3 Optimal Kinematic Gain, G, for a Given Value of
7. ‘When the output displacement coefficient, n = u,/u;sa,-and
the stiffness ratio, r = k,/k;, are specified, the value of the
kinematic gain, G, must be selected. The expression of the
output displacement coefficient given in Eq. (19) can be solved
for a given 7 to obtain the desired value of G. A plot of 7 vs.
G for a fixed value of r is given in Fig. 6. The kinematic gain,
G, that will produce a required output displacement coefficient,
7, is obtained by intersecting the n — ‘G curve of Fig. 6 with
an n = const. line. Figure 6 shows that two solutions, G, and
G,, are generally possible. The same result can be obtained
symbolically by solving Eq. (31): One gets the two solutions
of ‘a quadratic .equation in G, containing the * sign. Of the
two possible solutions for &, only one is optimal (Giurgiutiu,
Chaudhry, and Rogers, 1994a), i.e.,

30 T T
Optimal kinematic
20- gain, Gopr N
Gapl
and
MNopt
10~
Optimai
amplification
ratio, 7oy |
1 !
1 10 100 1000

Inverse stiffness ratio, 1/7 = k/k.

Fig. 5 Optima! kinematic gain and amplification ratio versus inverse
stiffness ratio
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10 T T T T
Required n = 8.333

nvs. Geurve

0 1 | 1 1
0 20 40 60 80

Kinematic gain, G

100

‘Fig. 6 Variation of output displacement coefficient, n, with kinematic

gain, G, for a fixed stiffness ratio, r = 1/300

) 11
G, r) = Z;[l — VI —4n*r].

The sign of the discriminant 1 — 4n°r determines the exis-
tence of the solutions. In practical terms this means that, for a
given value of the output -displacement coefficient, 7, and a
given stiffness ratio, r, one may or may not be able to construct
an actual amplification device depending on the sign of the
discriminant. For a given displacement coefficient, real values
of the kinematic gain, G, are only obtained if the stiffness ratio,
r, satisfies the condition:

(25)

r=r,, where r,=1/4n% (26)

Real values of the kinematic gain, G, exist only if the internal
stiffness of the ISA stack is greater than a critical value, i.e.,

k; = (k;)., where (k). = k/r.. (27)

For r = r,, the kinematic gain, -G, takes the value G, = 27.
The output energy -coefficient, E., given by Eq. (26), can be
expressed as:
El =3-(rir,). (28)
Figure 7 gives plots of the normalized kinematic gain, G' =
G/G,,, and output energy coefficient, E/, versus the internal
stiffness ratio, k;7k, = 1/r, for a fixed value of the output
displacement coefficient, . The output energy is maximum

1.0 T T T
0.8 R N
Normalized
kinematic-gain, G’
06 n
Gl
and
E' 94} =
Energy
coefficient, F,'
02 r 1
0.0 1 | 1 1 1 | 1

400 600 800 1000
Relative internal stiffness, k/k. = 1/r
Fig. 7 Variation of normalized kinematic gain, G, and of output energy

coefficient, E’, with relative internal -stiffness, k;/k, = 1/r, for a fixed
value of 9 (n = 8.333)
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when the stiffness ratio matches the critical stiffness ratio given
by Eq. (26). Hence, the critical stiffness ratio defined by Eq.
(26) is actually the optimum stiffness ratio for the displacement-
amplified induced-strain actuator. This observation is of utmost
importance in the design of a displacement-amplified induced-
strain actuator.

Another observation stemming from Fig. 7 is that the behav-
ior of the kinematic gain and of the output energy coefficient
around the optimum point is not robust. Small variation in the
stiffness ratio can produce large variations in G and E,. It can
be easily verified that the derivative of G with respect to r has
an infinite value at the optimum stiffness ratio point, r/r., = 1.
The use of optimum stiffness ratio in displacement-amplified
induced-strain actuators, though attractive, may not be desir-
able, since small manufacturing variations easily lead to ‘‘de-
tuning’’ and loss of performance. A design point slightly away
from the optimum may offer-a better choice from this point of
view, and may lead to a more robust behavior.

5 Displacement-Amplified Induced-Strain Actuator
With Support and Transmission Elasticity

Real-life displacement-amplified induced-strain actuators
incorporate a host of parasitic flexibilities that diminish their
performance. The support structure, the lever arms, and the
lever fulcrum may present significant compliance. Figure 3b
shows these parasitic effects modeled by the finite stiffness
values, ky;, k;;, k.., and k.o. The effect of these parasitic elastic-
ity effects upon the output displacement and output energy of
the displacement-amplified induced-strain actuator have also
been studied.

5.1 Displacement Analysis. The induced-strain displace-
ment, uis,, is consumed into the support elasticity, kg, the inter-
nal elasticity of the ISA stack, k;, the -elasticity of the input
lever arm, k;, the elasticity of the fulcrum support, ko, and the
lever rotation 6. Hence,

uISA=ﬂ+ﬂ+ﬂ+ES—G+l,~0, (29)

ki ko ki ko
where F; is the force in the ISA device, and F, is the force
in the fulcrum support. Note that, at the fulcrum support, one
encounters the combined action of the input and output forces,
ie., Fyo = F; + F,. The rotation, 8, produces an amplified
displacement, 6, which is distributed into the displacement
of the output lever arm, F,/k,, the displacement of the ful-
crum support, Fy/k,, and the useful output displacement, u,.
Thus,

16 = E Fro + u,.
kle kxO

(30)

Recalling that F, = k.u,, and F.l, = F;l;, one eliminates ¢
between Egs. (29) and (30), and gets the constitutive relation of
the displacement-amplified induced-strain actuator with support
and amplification elasticity. Introducing notations for the equiv-
alent input and output stiffness:

+ -1
A SR IS ) S I
k; ki ky G kyo

11 e
k¥ = —+—+(1+G)—] (31)
I:k{, ” kso
yields
u, = G+ (kJk¥ + G JkF) ussa. (32)
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Expression (32) can be simplified by defining the input and
output stiffness ratios, » ¥ and r ¥, as
r¥ =kJlk¥,

and r¥ = kJ/k¥. (33)

Hence, the constitutive relation of the displacement-amplified
induced-strain actuator with support and amplification elasticity,
becomes:

U, = G- (r¥ + r* G 'uga. (34)

The ‘output -displacement coefficient, 5 = u./us,, for a dis-
placement-amplified induced-strain actuator with support and
amplification elasticity, is

n=GI(r¥+r¥:-G%). (35)

Note that the displacement amplification coefficient, 7, is
only a fraction of the kinematic gain, G, since part of the
amplification effect-is lost in the elasticity of the ISA material,
the structural support, and the lever arms. Also note the similar-
ity of Egs. (35) and (31) giving the displacement amplification
coefficient for a displacement-amplified ISA .device with and
without support and amplification elasticity, respectively. The
improved Eq. (35), that takes into account support and amplifi-
cation elasticity, -uses the modified stiffness ratios, rj¥ and

r¥, defined by Egs. (30), (31) and (33). When ‘the support

and amplification elasticities are ignored, r¥ = 1 and r ¥ — r,
and Eq. (35) reduces to the simpler Eq. (31).

Active material
induced-strain Lavge Smal
actuators P 7° pig

(a)

ISA actuator Angular
+ hydrostatic {ioad deflection
ampiifier simulator  Servo-flap indicator

Fig. 8 Hydraulically-amplified high-displacement induced-strain actua-
tor proof-of-concept demonstrator, HAHDIS Mk. 1: (8) internal construc-
tion (b) experimental set-up for static and dynamic testing
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5.2 Output Energy. Substituting Eq.-(35) into Eq. (2),
and using k, = r -k, and u, = n- us4, and using the previously
derived expression for 7, yields the output energy expression
for a displacement-amplified induced-strain actuator with sup-
port and amplification elasticity:

E.=[r-Gr¥+rf-G) )Gk ulss).  (36)

Dividing the output energy, E,, by the reference energy, E.
= 3k -uka, yields the output energy coefficient, E], in the
form:

El(r,r¥, r¥)=r-GI(r¥ + r¥-G??2. (37)

In maximizing the output energy coefficient of a displace-
ment-amplified induced-strain actuator with support and ampli-
fication elasticity, one needs not only to take into account the
conventional conventional stiffness ratio, r = k,/k, , but also the
additional stiffness ratios, r; = k./k# and r, = k. /k¥, that ac-
count for the elasticity of the support structure and of the ampli-
fication arms.

6 Practical Tests and Experimenta! Results

To test the present analysis, two proof-of-concept demonstra-
tor models have been designed, built, and tested. Details of
this work have already been reported by the authors in other
publications (e.g., Giurgiutiu, Chaudhry, and Rogers, 1996b;

12+ A& o L e s
e
Aﬁun‘“nn 22 s & N
1 Bgm L Compensated output
10 . displacement, u,*
]
08+ B
u, mm
(p-p) L
0.6 - 8" .
Output displacement, u, ']
0.4 + B B L ]
B g
02+ . ;
Averaged input displacement, ua,
00 ,0000000000
IAAAOAAAES LT TVT LT PP PUPUPIN
0 t | t t i al
(a) o 5 10 15 20 % 30
Frequency, Hz
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0.8
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5 [} o]
04 g 9 a
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L]
2a
0.2 | 2
Averaged input displacement, u, “e
o000 000 0
0 ) ) 00,‘000.¢’¢00.‘?..4‘!
(b) 0 5 10 15 20 25 30

Frequency, Hz
Fig. 9 Frequency response curves of the improved HAHDIS Mk.1a dem-

onstrator in the range 1-30 Hz: (a) no external load (b) low inertial from
fight realistic flap
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Fig. 10 The LARIS concept for linear-to-rotary conversion and displace-
ment amplification: (a) the twist-warping coupling -principle (b) LARIS
frequency response curves up to 50 Hz

Giurgiutiu and Rogers, 1997; Giurgiutiu, Rogers, and McNeil,
1997) and hence only a succinct review of ‘the main features
will be presented here. These actuators were intended for aero-
space solid-state actuation with special interest to the aero-
servo-elastic control of vibrations and flutter through solid-state
actuated flaps, tabs, and vanes. Two amplification concepts were
employed: (a) one concept was based on hydrostatic principles
(HAHDIS); (b) the another concept was based on twist-warp-
ing coupling in thin-wall open tubes (LARIS).

The HAHDIS Mk 1 proof-of-concept demonstrator (Giurgiutiu,
Chaudhry, and Rogers, 1996) consisted of two counteracting active
material stacks placed in a boxer configuration and activating large-
area input pistons. The volumetric fluid displacements generated
by the piezo stacks operated the opposing chambers of an output
hydraulic cylinder which performs an oscillatory motion. Since
the -output cylinder has a much smaller diameter than the .input
cylinders, hydrostatic amplification .is realized with the kinematic
gain G = d;,/d’,. Figure 8 presents the internal construction of
the HAHDIS MKk 1 test article (Fig. 8a) and the experimental set
up for static and dynamic testing (Fig. 86). Figure 9 shows the
frequency response under no load (Fig. 9a) and inertial load (Fig.
9b). The capability of the HAHDIS device to produce sizable
output displacements in excess of 1 mm over a frequency range
of up t030 Hz is apparent.

Remarkable results for angular motion actuation have been
shown by the LARIS displacement amplification -principle. The
warping-torsion coupling of an open-tube structure is utilized to
transform and amplify the small axial displacement produced by
the induced-strain-actuator and to obtain a sizable angular deflec-
tion at the device output (Giurgiutiu and Rogers, 1997; Giurgiutiu,

Rogers, and McNeil, 1997). Figure 10a shows the principle of

the LARIS design, while Fig. 10b demonstrates the excellent fre-
quency response. Almost flat response up to 50 Hz was experimen-
tally recorded, and the output displacement was at least 6°. These
two examples are tangible illustration of the power of the induced-
strain actuator design methodology presented in the present paper.
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7 Conclusions

The induced-strain actuators for aeroelastic vibration control
applications need to satisfy stringent weight and energy density
requirements. This paper shows a rational way to meet such
requirements in an optimal manner. The maximization of output
energy delivered by an induced-strain actuator can be achieved
if careful consideration is given to the interplay of stiffness
and displacement taking place inside the actuator. The cases
presented and-analyzed increased in complexity from a conven-
tional design obeying the well-known stiffness match concept,
to more complicated analyses. For displacement-amplified in-
duced-strain actuators, a comprehensive analysis tool was de-
veloped and presented. Modulation of the stiffness ratio by the
kinematic amplification gain was quantified. Design guidelines
and a design example were provided. The influence of support
and amplification elasticity were included in the expanded for-
mulation -of -our analysis and are readily available for ‘design
use. It was found that support elasticity can adversely modulate
the stiffness match concept and dramatically decrease-the output
effectiveness. Values of support stiffness at least ten times
greater than the internal stiffness of the ISA device are necessary
to maintain this loss below 10 percent. A hydraulically-ampli-
fied high-displacement induced-strain (HAHDIS Mk. 1) actua-
tor was designed and built as a full-scale proof-of-concept dem-
onstrator. Static and dynamic tests have confirmed the analysis.
Good frequency response was measured over the range 0-30
Hz. In another application, the LARIS actuator based on warp-
ing-torsion coupling, produced in excess of 6° displacement
over the 0—50 Hz frequency range.
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