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Abstract. A bio-inspired passive actuator inspired by an energy dissipating mechanism called
‘sacrificial bonds and hidden length’ is designed, fabricated and implemented in a test case of
a three-story structural model for testing its performance and effectiveness for passive
controlling structural responses. A new type of element in the current dynamic system called
a ‘negative spring’ is used to optimize passive damping based on a recently developed
method: Force, Distance and Velocity (FDV) plots optimized with a Linear Quadratic
Regulator LQR feedback controller. This novel actuator can give a relatively higher force
output at a much more affordable cost, which makes the bio-inspired passive actuator more
practical for implementation in real structures. Numerical prediction with experimental
validation for the illustrative examples suggests that the bio-inspired passive actuator with
currently designed negative spring has comparable performance to state-of-the-art semi-active
actuators. It could thus be developed to become a practical, low cost, electrically free, and
effective passive control device for practical use in actual civil, mechanical, aerospace, and
other structures.

1. Introduction

The amazing fracture resistant performance of abalone shell (Evans et al. 2001, Schaffer et al. 1997, Fritz et
al. 1994, Zaremba et al. 1996) and bone (Thompson et al. 2001, Hansma et al. 2005, Fantner et al. 2006b,
2007) has been studied by various researchers. Abalone shells and bones contain sacrificial bonds and hidden
length (Smith et al. 1999, Fantner et al. 2005, 2006a) that stretch after initial break under load, then reform
back to its original form when unloaded. The energy required to stretch the bond is two orders of magnitude
higher than the energy required to break the initial bond. This mechanism has inspired the development of a
new concept of energy dissipating passive actuator for control of civil infrastructures in resistance of
disturbances such as earthquakes or winds (Yang et al. 2010), and of aeronautical vehicles in resistance of
aerodynamic forces that could cause flutter.

As an effort to develop a highly efficient passive actuator, a concept of bio-inspired passive actuator was
presented by the present research group (Yang et al. 2010). A numerical model of a bio-inspired passive
actuator was designed as a combination of negative spring, damper and the mechanical behavior of sacrificial
bond-hidden length of abalone shell. The performance of the bio-inspired passive actuator, estimated through
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numerical simulation, was comparable to the state-of-the-art active and semi-active actuators (Dyke ef al.
1996b, Scruggs and Iwan 2003). An experimental model of a passive actuator exhibiting the behavior of
negative spring using permanent magnets was introduced, built, and tested. Due to the usage of permanent
magnets, the experimental model presented difficulty of achieving large enough force output for controlling
civil structures. While the concept of bio-inspired passive actuator presented great performance potential in
structural control, achieving the desired magnitude of force in large scale experiment remains a challenge and
it has become the subject of this research and development.

The focus of this study is to create and test a new type of negative spring passive actuator, experimentally
demonstrate its capability, and validate its accuracy by comparing the experimental results with numerical
predictions. Improvements are made by removing the use of magnets from the design and also implementing
adjustable maximum force capacity. The new design allows the actuator to be easily scaled and implemented
into a variety of realistic structures such as tall buildings, bridges, aircraft wings, etc.

In addition to the experimental validation of the numerical model, the actuator’s performance in structural
response reduction is also evaluated. Specifically in the evaluation, the ability of the system to reduce the
peak responses in the case of the earthquake excitation is studied.

This study includes a specific novel design of the new negative spring combined with dashpot damper which
exhibits the mechanism of the negative sacrificial bond-hidden length. This focus is approached in three steps.
First, a newly constructed three-story model structure is introduced. The design and optimization of the new
bio-inspired passive actuator with negative spring are then discussed. Lastly, the experimental results
including the system setup description, demonstration, evaluation and validation are discussed.

2. Identification of the three-story model structure

Figure 1 is a diagram of the passively controlled, three-story model newly constructed specifically for the
current study. The test structure is subjected to a one-dimensional ground motion, and it has diagonal trusses
to restrict motion to the same direction. The building frame and the floors are constructed using aluminum,
with a height of 165 cm. Each of the three floor masses of the model structure weighs 11.1 kg.

Efforts were made to obtain a mathematically accurate model for the test model structure in order to construct
numerical simulation. Efforts were made to limit the amplitudes of vibrations of the shaking model so that the
response of the structure is assumed to be within geometrically linear range. In practice, excitations and the
structural response are maintained under 2 percent of the height of the structure so the assumption of
geometric linearity is valid.

The equation of motion (Craig Jr 1981) of the model structure can be written as

Ms& CS&+ st = Ff _MSA'% (1)

where x is a vector of the displacements of each floor, s% is a one-dimensional ground acceleration, f is the

control force applied by the actuator installed on the structure. The mass, damping, stiffness matrices and the
forcing and acceleration vectors, respectively, are defined as follows

108 0 0
M, = 0 1083 0 |kg
0 0 10.83

)
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Equation (1) can be rewritten in state-space form as

&=Az+Bf+E% 2

where z is the state vector. The measurement equation is given by
y=Cz+Df +v (3)

where y is the vector of measured outputs, v is the noise vector in measurement. The structural measurements
required to construct the FDV plot are the displacement and the velocity of each floor (i.e.,
y=[x x x3 & K, R3] The acceleration measurements of each floor are also required to

evaluate the performance of the actuator (i.e., y = [@1 @2 %]'). Thus, the state-space matrices A, B, C,
D and E are defined as

0 I
'Ms-le 'Ms-lcs
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Figure 1. Three-story aluminum test model structure.

3. Optimal passive actuator

In an effort to find an optimized control for the bio-inspired passive actuator, a simple optimization method
utilizing a contour plot of force versus displacement and velocity (FDV) based on linear quadratic regulator
control is generated, as proposed previously (Yang et al. 2010). The method consists of two steps: (i) finding
an optimal controller of the structural response for a specifically selected earthquake, (ii) designing a passive
actuator by mimicking the FDV plot of the optimal controller. Actuators with similar FDV diagram may be
expected to have similar performance. Designing a passive actuator by replicating the FDV plot of an optimal
controller may be a worthy novel way to construct an optimal passive actuator.

An optimal controller was obtained with linear quadratic regulator (LQR) optimization (Kwakernaak and
Sivan, 1972). For a continuous time system, the state-feedback law f" = —Kxminimizes the quadratic cost

function of
J = lim ({7 Qv+ /TR i ©)

where Q and R are symmetric positive-definite matrices that defines the criterion of the control performance.
There exist infinitely many LQR controllers for a single system. In structural control, different Q and R

should be used to accomplish different structural response reduction performance criteria for the target model
structure. K is the full state feedback gain matrix for the deterministic regular problem given by

K-R"(B"P) )



Testing of a Novel Bio-inspired passive actuator for structural control 5

where P is the solution to the associated algebraic Riccati equation given by

ATP+PA-(PB)R'BP)+C’QC=0. ®)
The calculation to determine K is performed using the control toolbox in MATLAB.

In this simulation, the three-story test structure is excited with the ground acceleration of the north-south
component of 1940 El Centro earthquake shown in figure 2. Since the test structure is a scaled model, the
earthquake is simulated at a rate five times faster (Dyke et al., 1996b). In addition, the amplitude of the
earthquake acceleration is reduced to 60 percent of its original value to keep the structural response within
geometrically linear region. A wide variety of controllers are evaluated while focusing on minimizing the first
floor displacement and the third floor acceleration. After careful comparison of the peak structural response
results, the LQR controller with minimum first floor displacement and third floor acceleration were obtained
using R=0.2, Q33 =746 and Q,, =3787. All the other elements of Q are zero. The resulting cost function

can be written as.

J=lim [)(1.79x10° 8 +5.19x10°x + 0.2, i )

The resulting optimal control force-displacement-velocity plot is shown in figure 3(a). Since the target model
structure is different, the cost function and the FDV plot are different from those of the previous publication
(Yang et al. 2010), as shown in figure 3(b). Although both of the cost functions of the LQR control are
chosen to minimize the first floor displacement and third floor acceleration of each structure, there is a
notable difference in overall profile of the FDV plot. However, both structures show the need for a
combination of the negative spring and damping force to accomplish the optimal control. Discussions of the
negative spring and the actuator design which mimics the optimal control will be given subsequently.
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Figure 2. Reduced amplitude, time scaled NS component of 1940 El Centro earthquake.
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Figure 3. a) Force-Displacement-Velocity plots based on current three-story test structure over the north-

south acceleration components of the scaled 1940 El Centro earthquake at a reduced amplitude with the LQR

optimal control force based on the minimization of the cost function

J =lim 0(1.79>< 1031@ +5.19%10° x12 + 0.2f12 )dt; and b) FDV plot calculated by Yang (et al. 2010) based on
[—>00

the three-story model introduced by Dyke et al (1996) over the same earthquake at the original amplitude

with LQR optimal control force based of the minimization of the cost function

J = lim [)(1.83x10°8 +72x10 + 1.0/ ar.

[—>00

4. A new design of bio-inspired passive actuator

Force versus displacement and velocity (FDV) plots of optimized controllers for two different three-story test
structures under the 1940 El Centro earthquake are shown in figure 3. Analyzing the FDV plots suggests a
common requirement for optimal control. Both optimal controllers require a special forcing behavior such
that, if a mass is moved out of equilibrium, it is pushed further away from the equilibrium. In fact, a
combination of a dashpot damper and a negative spring is found to be able to form such FDV profile. A
negative spring is a concept of a mechanical device which exerts force in the opposite direction as opposed to
a conventional spring. For example, if a mass is out of equilibrium, the negative spring pushes the mass
further away from the equilibrium. As the offset distance increases, the negative spring force also increases.
Two different designs using the negative spring are discussed in the following subsections. The negative
spring using magnets, previously introduced in Yang et a/ 2010, is discussed first. Then, a new design of
negative spring, tailored to exhibit the behavior of negative sacrificial bond and hidden length more closely, is
then discussed. However, both designs do not exhibit the completely linear force-displacement relationship
conventionally implied by the mechanical spring. Figure 4 shows the force as the function of displacement
presented by both devices. It is noted that the magnetic negative spring force rises to its maximum only at the
displacement limits, while the mechanical negative spring force can have a defined maximum force
throughout its displacement range.
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Figure 4. Force versus displacement plot of two negative spring devices.
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Figure 5. a) Negative spring with damping prototype device using magnets (Yang ef al. 2010) and b) the
alignment of three magnets showing the polarity.

4.1. Former design of negative spring actuator using permanent magnets

A design of negative spring using magnets is shown in figure 5(a). The negative spring with damping
prototype device uses a commercial dashpot damper (the black cylinder) together with a novel element that
uses three magnets. Two outer magnets on a linear slide are attracted to a stationary magnet that is held in the
central component mounted on the base. The experimental result showed convincing agreement with the
numerical simulation assuming linear force-displacement relationship for small displacement. The force-
displacement relationship between magnets becomes nonlinear when displacement becomes relatively large.
When three magnets are aligned to attract each other as shown in figure 5(b), the force as the function of the

displacement of the center magnet, f,, ag (X), 1s expressed as,
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B 4* (12 + R?)

fmag(x) = J[ﬂOLz (f2 _ﬁ)
1 1 2
fi= + + (10)
V- (-2 (- + L)
£ = 1 1 N 2

P (fh-xi+22) (fo-s+L)

where B, is the magnetic flux density very close to each pole, u, is the permeability of space, which equals

4rx107 T- m/A, Ais the area of each pole, L is the length of each magnet, R is the radius of each magnet,
/,is the location of the magnet left to the center magnet, and /, is the location of the magnet right to the center

magnet. The equation of the force between two magnets f;and f, are based on Gilbert’s model (1600).
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Figure 6. Plot of force versus displacement relationship of the negative spring designed with three magnets.

Figure 6 is a plot of the magnetic negative spring force behavior with its maximum force normalized to IN. It
is noted that the small linear region is the usable region for this design which has a much smaller magnitude
in force, requiring very powerful magnets to reach appreciable force. The calculation of the force is based on
equation 10. Although the force displacement curve is nonlinear, there is a small region around the
equilibrium where the force curve appears to be relatively linear compared to the rest. It is observed that
limiting the actuator to be operated in the linear region, as assumed in Yang (et a/ 2010), is utilizing only 3%
of the full strength of the magnets. Such limitations make it challenging to design and fabricate actuator for
practical use in full scale structures such as in buildings, bridges, airplane wings, and automobiles, etc. A
more extensive case study assessing the feasibility of magnetic negative spring in an actual application is
provided in section 7.

Actuator using permanent magnets may also present difficulty in handling during fabrication, transportation,
installation, and operation. Permanent magnetic field passively attracts ferromagnetic objects when it is not
desired to do so. Since high strength magnetic field may cause undesirable effects on electric devices. The
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negative spring actuator with magnets operating while surrounded by electrically controlled apparatuses, such
as that inside of a building or even an aircraft wing as an example with sensitive instruments, facilities,
devices, may also be undesirable.

4.2. New design of bio-inspired passive actuator

Considering limitations of the magnetic based design of negative spring, it is desirable to search for
alternative novel ideas. A simple idea using a conventional spring with a novel mechanical design is
introduced. The design simply redirects the output force of the spring to the direction of building motion.
Furthermore, the actuator can be easily scaled to produce high output forces for real structures as will be
discussed in section 7. Using the negative spring force combined with dashpot damper properly, the actuator
could actually exhibit the mechanism of the negative sacrificial bond and hidden length, thus resulting in a
desired capability to control structure response reduction.

Force

Figure 7. Simple mechanical model of the bio-inspired system.

A simple mechanical model of the new bio-inspired passive damper consisting of a damper and a negative
spring is designed and shown in figure 7. The negative spring force output is shown in parallel with a
conventional damper. A simple diagram of mechanical negative spring implementation is depicted in figure 8.

Xa1,X1
—

f

o

.x‘g

Figure 8. Diagram of mechanical negative spring actuator implementation.
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Figure 9. A simplified diagram of a negative spring actuator.

A simplified diagram of a negative spring actuator is shown in figure 9. A negative spring force is achieved
through a special interaction between a roller, a triangle ramp, and a spring under constant tension. The pre-
stretched spring can be assumed to have a constant spring tension for a small change of deflection. The
mechanism of negative spring can be explained in the next paragraph.

The roller bearing is restricted to move only in vertical direction, and the ramp can only move horizontally.
The two components are always in contact. A preloaded spring applies a constant down ward force, P, on a
roller bearing. This results in a normal force at the contact surface between the roller and the ramp. The
negative spring force is the horizontal component of the force exerted by the roller onto the ramp. At
equilibrium, the actuator has no output force (case (a)) since the spring force is balanced by the normal force.
The roller stays at the top of the ramp, exerting zero horizontal force on the ramp (figure 9(a)). When the
structure is excited by an earthquake and moves from equilibrium by a distance, x, the roller would tip over,
and the normal force will create a horizontal component, Fg(x), as shown in (figure 9(b)). The horizontal

force causes the ramp to be pushed further away from equilibrium, delivering the negative spring force to the
structure. The roller may slide on each side of the ramp as the structure sways back and forth.

The negative spring force as a function of the structural displacement, denoted as Fg(x), can be modeled
mathematically.
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-
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where P is the pre-stretched spring force, which is assumed to be constant, r is the radius of the roller bearing,

and @ is the slope of the triangle ramp with respect to horizon. The slope @1is limited to 0° < <90°. It is
notable that the negative spring in this study does not have a linear force versus displacement relationship. As
shown in figure 4, the control force quickly increases in a tangent function of the displacement, then plateaus
with a constant force as described in equation 11.

Since the negative spring force naturally pushes structure away from its equilibrium, the maximum force limit
which is set by the pre-stretched spring, provides a control to keep the negative force in a allowable boundary.
The threshold displacement where the control force reaches its maximum is controlled by the radius of the
roller and the slope. In other words, one can control not only how high the control force could be, but also
how quickly it could reach its maximum capacity.

5. Experimental testing

5.1. Experimental setup

Figure 10. A bio-inspired passive actuator equipped with mechanical negative spring was built for conceptual
design and experimental verification.

A bio-inspired passive actuator, displayed in figure 10, was built for conceptual design and experimental
verification. The dashpot damper implemented in the actuator has a variable damping coefficient (0-2

N -sec/cm ), and it was manufactured by Airpot Corporation (2K444P). The negative spring is consists of a
triangular ramp, a roller bearing, two sliders, a shaft, and a spring. The negative spring apparatus built for this
study has a +2.5 cm stroke and fits within a volume of approximately 30 cm x 30 cm x 20 c¢m . In practice,
the ramp is fixed to the first floor, applying the control force to the first floor of the structure. The body of the
actuator except the ramp is fixed to the ground. A simple diagram of actuator implementation is provided in
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figure 8. The applied force f predicted by the model is
S =Fs(x)+Cy(B (12)

where Fg(x)is the force exerted by the negative spring apparatus (equation (11)), and C,is the damping

coefficient. A series of carefully chosen parameters which are implemented to build the bio-inspired passive
actuator are shown in table 1.

Table 1. Parameters of the bio-inspired passive actuator.

Parameter Value

r 0.004763 m
P 16.5N

2 45°

C, 90 N s/m

Two types of sensors are installed in the model structure for use in data analysis. Accelerometers are located
on each floor to provide measurements of the absolute accelerations. Laser triangulation displacement sensors
on each floor measure the displacement relative to the ground in order to evaluate the response reduction
performance by the actuator. A force transducer is placed in series with the bio-inspired passive actuator to
measure the control force being applied to the first floor of the structure. The reduced amplitude, and time
scaled north-south component of the 1940 El Centro earthquake is used to excite the three-story test structure
with the actuator installed between the ground and the first floor.

A linear electromagnetic positioning stage is implemented to shake the model structure with prescribed
excitation. The stage has a travel range of 36 inches, and can provide up to 1,110 N continuous force and
3,330 N peak force. A 1 micron resolution non-contact linear encoder is incorporated into the stage to monitor
stage position. LabVIEW software is used to drive the stage and also for data collection and sensor device
management.

5.2. Experimental result

In the experiment, the structural response reduction ability of the model with bio-inspired passive actuator has
been demonstrated and compared to the numerical simulation for validation. Figure 11 shows the comparison
between the experimental measurement and the numerically simulated behavior of the bio-inspired passive
actuator. The result in figure 11(a) shows a good agreement of control forces between the experimental
measurement and the numerical prediction. The profile of the force-displacement-velocity (FDV) plots for
both the experimental measurement (figure 11(b)) and the numerical simulation (figure 11(c)) also match
quiet well, validating mutually the accuracy of the mathematical model, as well as the performance of the
presently developed and fabricated actuator.

From the experiment, the bio-inspired passive actuator is able to reduce the peak third floor relative
displacement by 63 percent and reduce the third floor absolute acceleration by 65 percent, as compared to the
uncontrolled case.

The time response for the third floor displacement and the third floor absolute acceleration is shown in figure
12. It is noticed that the bio-inspired passive actuator was able to reduce the structural responses during the
first few periods of motion. In addition, a comparison of the numerical prediction and the experimental
measurement of the third floor response provide further validation of the accuracy of the mathematical model.
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Figure 11. Comparison of the model simulation and the experimental measurement with the 1940 El Centro
earthquake applied on the three-story structure equipped with bio-inspired passive actuator: (a) Comparison
of the control force output over time; (b) FDV plot of the experimental measurement; (c) FDV plot of the

numerical simulation.
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Figure 12. Comparison of numerical prediction and experimental measurement of the third floor responses in
(a) displacement and (b) acceleration of both uncontrolled and controlled with the bio-inspired passive

actuated systems due to the El Centro earthquake as shown in figure 2.
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6. Assessing performance of mechanical negative spring with other state-of-the-art actuators

The experimental validation of the numerical model of the current new bio-inspired passive actuator, can now
be used for more evaluations of the actuator’s structural response reduction performance on more structures.
A structural model of a scaled, three-story, test structure as described in Dyke et a/ 1995 and Dyke et a/
19964, is used for the assessment, and the peak responses of displacements, drifts, and accelerations are
compared with the results of other state-of-the-art actuators. In this simulation, the model structure is
subjected to the north-south component of the 1940 El Centro earthquake. Because the system is a scaled
model, the earthquake is scaled in time to five times the recorded rate. The parameters of the new bio-inspired
passive actuator, configured to fit the new structure, are displayed in table 2.

Table 2. Parameters of the bio-inspired passive actuator, tailored for the model structure described in Dyke et
al 1995 and Dyke et al 1996a.

Parameter Value Parameter Value
r 0.004763m § 45°
PL 1500 N Co 15000 N s/m

The maximum structural responses to the El Centro earthquake are presented in table 3. Here, x;is the
displacement of the ith floor relative to the ground, d; is the interstory drift (i.e., x; — x,_,), & is the absolute
acceleration of the ith floor, and f is the applied control force. It is noticed that the new bio-inspired passive

actuator employing the mechanical negative spring has a comparable performance of reducing displacements
and drifts as compared to other state-of-the-art actuators including the former bio-inspired passive actuator.
Certainly, the fundamental concept of using bio-inspired abalone shell mechanism to design passive
controllers is worth further research and development.

Since the comparisons of the results by various methods are made only for this one specific example or model,
they may be by no means generally and definitely conclusive. However, these comparisons do provide an
evidence of data that the current bio-inspired passive actuator can deliver performance and effectiveness that
are comparable to the state-of-the-art active and semi-active actuators.

Table 3. Comparisons of peak responses of displacements, drifts, and accelerations over the time-scaled 1940
El Centro earthquake using (a) active LQR control; (b) new bio-inspired passive actuator employing
mechanical negative spring; (c) former bio-inspired passive actuator using magnetic negative spring (Yang et
al 2010); (d) semi-active magnetorheological (MR) damper (Dyke et a/ 1996b); (e) semi-active brushless DC
machine (Scruggs and Iwan 2003).

Active Cur.rent Pre\.fious .
No LQR . BIQ- . Blf)- Seml- Semi-
control optimal 1nsp1.red 1nsp 1.red active MR active BDC
control passive Passive damper
actuator actuator
(a) (b) (c) (d) (e)

. X 0.549 0.093 0.111 0.108 0.114 0.103
DISpgace)mem X 0.837 0.139 0.146 0.149 0.185 0.152
cm X3 0.973 0.191 0.219 0.202 0.212 0.198
) d, 0.549 0.093 0.111 0.108 0.114 0.103
]()crr;f; d, 0.318 0.093 0.106 0.090 0.090 0.088

d, 0.203 0.065 0.076 0.068 0.101 0.060
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A ccelorat &, 1039 450 288 319 696 250
C(Ccenf/r:zt)lon &, 1096 500 301 520 739 253
&, 1480 637 533 629 703 417

Ma’(‘l\%rce f 0 941 767 763 941 749

7. Design case study for full scale structure

To assess the feasibility of a scaled magnetic and that of mechanical negative spring actuator, a design case
study was conducted for a scaled application. A sample control system design simulation is performed to
check the feasibility of permanent magnet as a primary material for negative spring force. For this simulation,
a single bay, three-story structure in the text by Biggs (1964) is used. The structure is 10.668 m tall, and

weighs a total of 5.93 x 10* kg. More detailed structure properties are discussed and analyzed in Wrobleski et

al. (2003) A bio-inspired passive actuator is designed to reduce the first floor displacement and the third floor
acceleration. The actuator requires a negative spring with capacity of 30 kN. A negative spring actuator using
magnets with such capacity would require roughly 870 kg of Neodymium magnets. Parameters used for this
calculation are listed in table 4. High strength permanent magnets, such as neodymium magnets, are
categorized as rare earth material which has limited flexibility for increasing global supply (U.S. Department
of Energy 2011), leading to a higher cost than conventional springs.

Table 4. Parameters of the magnetic negative spring actuator used for assessing feasibility.

Parameter Value

B, 1 Tesla

Ho 47x107 T-m/A
R 10 cm

L 10 cm

Zl —3 cm

12 3 cm

Density 74 g/cm3

Total mass | 870 kg

Using conventional spring, it becomes affordable to build a negative spring actuator with the same capacity.
A mechanical negative spring with 30kN capacity would require a steel triangular ramp with 45 degree ramp
angle, and a conventional spring with maximum capacity of 30kN or more. This requirement is easily
achieved with off-the-shelf springs, for example, using three 10kN capacity springs from SODEMANN
Industrial springs Corp. (ST53610) in parallel. Custom designing for springs with higher strength is also
possible with spring rate formula

4
k _ GDwire
spring "~ 3 (13)
S(Douter - Dwire ) Neoit
where kspn-ngis the spring constant, G is the shear modulus, D, ,.is the outer diameter of spring, D, ;. is the

diameter of spring wire, and n,,,;; is the number of active coils.
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8. Conclusion

The structural response reduction performance evaluation and experimental verification of the mathematical
model of the bio-inspired passive control system has been studied. A new bio-inspired passive actuator was
designed using the linear quadratic regulator optimization and the force-displacement-velocity plots, as
proposed in Yang et al. 2010. The current mathematical model of the new design is able to predict the
behavior and the system response using a specifically chosen N-S component of El Centro earthquake
excitation.

The bio-inspired passive actuator has demonstrated an excellent performance on reducing the structural
response. Mimicking the FDV profile of an optimal control and implementing the mechanism of negative
sacrificial bond-hidden length suggests a new paradigm of designing actuators, and its effectiveness has been
studied and compared with the state-of-the-art research results. The bio-inspired passive actuator has
demonstrated performance that is noteworthy considering that the passive actuator uses no external power,
and that a power outage could occur during earthquake. The proposed bio-inspired actuator using mechanical
negative spring has shown improvements over the former bio-inspired passive actuator using magnetic
negative spring in reducing peak acceleration. Although passive, the bio-inspired actuators are comparable in
performance to state-of-the-art semi-active actuators in numerical simulations.

The significance of the current design of negative spring actuator is the usage of conventional spring for
generating negative spring force output. As compared to permanent magnets, a conventional spring is readily
available, it can be scaled to output very high forces, and is much cheaper than magnets that can have the
same magnitude of force. This allows the bio-inspired passive actuator produce output force up to hundreds of
thousands of pounds using parallel connection of industrial springs. Such high capacity of force makes the
bio-inspired passive actuator implementable for a wide spectrum of applications ranging from building small
proof-of-concept dynamic systems to vehicle suspension, civil structures including highway bridges and
buildings, and even aeronautical vehicles, in a practical manner.
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