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ABSTRACT: To reduce the seismic response of small buildings, the authors propose a 

magnetically levitated foundation insulated from the ground by magnets and supported by 

a displacement control material. In this study, metal components were used to improve the 

levitation force and damping characteristics. A static loading test indicated that steel plates 

on the magnets increased the levitation force. Electromagnetic field analysis showed that a 

copper plate between the magnets acted as an eddy-current damper and could be 

represented by a Maxwell material. In addition, the seismic response of a magnetically 

levitated foundation was discussed based on a shaking table test and structural analysis.  

Keywords: Magnetic levitation, Seismic response reduction, Magnetic material, Eddy-

current damper 

1. INTRODUCTION

Learning from the damage to buildings caused by the 1995 Hyogo-ken Nanbu earthquake, seismic 

isolation technology was developed as the primary method for reducing the seismic response of 

buildings. The effectiveness of seismic isolation in structures has been confirmed to a certain extent by 

several subsequent earthquakes. However, seismic isolated structures require clearance around them, 

and there is a debate regarding their ultimate behavior, including the risk of collision of the seismic 

isolation layer with the retaining wall owing to excessive deformation. Therefore, the development of 

new response-reduction technologies is beneficial. 

The seismic motion that reaches a building site from the epicenter of an earthquake is input to the 

building via the boundary between the ground and foundation. If the bottom of the foundation is 
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insulated from the ground and the transmission path of the seismic motion is cut off, the seismic response 

of the building could be significantly reduced. Magnetic levitation1), 2), as well as air levitation3), 4), are 

some of the most promising methods to achieve this goal. However, Earnshaw's theorem5) states that 

stable levitation cannot be achieved using only the magnetic force generated by a classical static 

magnetic field. To escape the yoke of this theorem, the structures are levitated in Ref. 1) by changing 

the magnetic field through control of the current applied to the electromagnets and in Ref. 2) by using 

the restoring force caused by the quantum mechanical phenomena of superconductors. 

Miyamoto et al.6), 7) proposed a magnetically levitated earthquake-insulated foundation named 

“Zesshin,” which is insulated from the ground by permanent magnets at the bottom and supported by 

displacement control materials at the sides, and conducted a model shaking table experiment. The 

structure of this mechanism is illustrated in Fig. 1. The purpose of this mechanism is to reduce the 

earthquake response of small buildings. In the experiments described in Ref. 6), a building model with 

a mass of approximately 2 kg was used, and a cement-based compound geomaterial mixed with fibers 

was employed as the displacement control material. In the experiments described in Ref. 7), the mass of 

the building model increased to approximately 14 kg, and a soft and high-ductility polymer was used as 

the displacement control material. The results of both experiments showed that the displacement control 

material stabilized the magnetically levitated foundation and the building response reduced owing to 

magnetic levitation. The authors8) calculated the force between the magnets for the experimental model 

in Ref. 7), and discussed properties such as nonlinearity and negative stiffness. Negative stiffness hinders 

stable magnetic levitation; therefore, the key objective of the magnetically levitated foundation in this 

study was to neutralize this by using displacement control materials8). Other roles of the displacement 

control material are the elimination of clearance and use of its inherent energy-absorption ability9). 

 

 
Fig. 1 Schematic of magnetically levitated foundation 

 

In the experiments described in Refs. 6) and 7), to simplify the electromagnetic problems, nothing 

was inserted into the gap between the magnets, and magnetic materials such as iron were excluded from 

the vicinity of the magnets. Therefore, the formula for calculating the magnetic force was based solely 

on Coulomb's law8). However, when magnets are used alone, much of the magnetic flux emitted from 

the magnetic poles leaks into space; therefore, in this study, we attempted to utilize such a magnetic flux. 

As shown in Fig. 2, a magnetic material (steel plate) and conductor (copper plate) were used in 

combination with magnets to increase the levitation force and damping of the foundation, respectively. 

In Fig. 2(a), a steel plate is magnetized by the magnets placed at the bottom of the foundation. The steel 

plate repels the magnets on the ground, allowing the foundation to be levitated more efficiently with the 

same size of magnets. As shown in Fig. 2(b), eddy currents are generated in a copper plate owing to the 

relative motion between the foundation and ground, generating a damping force that converts the kinetic 

energy of the building into electricity and dissipates it as heat. Therefore, with the simple change of 

attaching a steel or copper plate, the electromagnetic phenomena becomes more complex than those in 

Ref. 8). Therefore, in Sections 2 and 3, we first discuss the characteristics of the insulating layers shown 

in Fig. 2. Section 4 examines the seismic response of a building model in which magnetically levitated 

foundations were coupled with displacement control materials and superstructures. 

Displacement
control material

Magnets

Magnetic levitation

Insulating layer
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(a) A magnetic material (steel plate) is used: 
The steel plate is magnetized by a magnet under 

the foundation, causing it to repel the magnet on 

the ground. 

 

(b) A conductor (copper plate) is used: 
The relative motion between the foundation and 

the ground generates eddy currents in the copper 

plate, providing a damping force. 
 

Fig. 2 Insulating layer of magnetically levitated foundation using magnetic material or conductor 

 

 

2. LEVITATION FORCE ACTING ON MAGNETICALLY LEVITATED FOUNDATION 

USING MAGNETIC MATERIAL 

 

2.1 Formulation based on the theory of static magnetic fields 

 

The magnetic intensity of magnetic materials, such as a magnet or a steel plate, is expressed in 

magnetization J (unit: T). Generally, the magnetization of magnetic materials depends on the magnetic 

field. In the system shown in Fig. 2(a), the magnetic field generated by the magnets at the bottom of the 

foundation magnetizes the steel plate above them, and the magnetic force acting between the steel plate 

and magnets on the ground is used to levitate the foundation more efficiently. 

 

2.1.1 Magnetic force acting on a magnetic material 

When calculating the magnetic force, it is convenient to replace the magnetic material with the magnetic 

charge (Wb). The volume density of magnetic charge equivalent to a magnetic material is −divJ, and 

the surface density is J･n (n: outward unit normal vector on the surface)10)–12). Therefore, the magnetic 

force F acting on a uniformly magnetized cuboid M1 is given by Eq. (1) using the intensity of the 

magnetic field H (A/m). 

 

𝑭 = ∯𝑯(𝒓)(𝑱 ∙ 𝒏)d𝑆
𝑆

 (1) 

 

where S is the surface of cuboid M1, and r is the field point (the point where the infinitesimal surface dS 

is located). 

The magnetic field used in Eq. (1) does not need to include the components caused by the cuboid 

M1 if it is a static magnetic field problem13). The magnetic field H caused by another uniformly 

magnetized cuboid M2 is given by Eq. (2), which is an extension of the formula in Ref. 8). 
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where μ0 is the permeability of a vacuum, S' is the surface of cuboid M2, r' is the source point (the point 

where the infinitesimal surface dS' is located), r'αβγ = {xα, yβ, zγ}T denotes the vertices of the cuboid M2 

(the subscripts are 1 or 2), J = {Jx, Jy, Jz}T, and R = {X, Y, Z}T. The superscript T represents transpose. 

Further, let x1 < x2, y1 < y2, and z1 < z2. 

The diagonal components of the matrix M may be indefinite at points r on the same plane as the 

faces of the cuboid. In addition, the non-diagonal components may be indefinite at points r on the lines 

containing the edges. If these issues become a problem when calculating the external magnetic field, the 

magnetic field can converge to a finite value by calculating the limit of the sum, rather than calculating 

the limit for each term in Eq. (2). 

 

2.1.2 How to calculate magnetization 

The value of J used in Eqs. (1) and (2) is constant for magnets. However, for steel plates, it is calculated 

using the method in Ref. 14) based on the magnetic constitutive law. The magnetic constitutive law is 

expressed by Eq. (4) using the magnetic flux density B (T). 

 

𝑩(𝒓) = 𝜇0𝑯(𝒓) + 𝑱(𝒓) (4) 

 

In the linear magnetic constitutive law, B = μH (μ: permeability), H can be eliminated from Eq. (4) 

to obtain Eq. (5)14). 

 

𝑱(𝒓) = (1 − 𝜇0/𝜇)𝑩(𝒓) (5) 

 

The steel plate is divided into N uniformly magnetized cuboids14), and it is assumed that the 

magnetization Jk of the kth cuboid is determined by the magnetic flux density B(rk) at the center rk. The 

magnetic flux density is caused by both the steel plate and magnets. In the original reference14), the 

magnetic material was replaced with an equivalent current and the magnetic flux density was calculated 

using the Biot–Savart law. When using an equivalent magnetic charge, it is possible to calculate the 

intensity of the magnetic field H(rk) generated at point rk by a steel plate and magnets using Eq. (2), and 

then convert the result into the magnetic flux density B(rk) using Eq. (4). Considering Eq. (5) at points 

r1 to rN, we obtain simultaneous linear equations for magnetizations J1 to JN. 

 

2.2 Levitation force test 

 

The levitation force–gap relationship of a magnetically levitated foundation using a steel plate was 

measured using a levitation force test to investigate the effect of the magnetic material on the levitation 

force and confirm the validity of the theoretical solution obtained by the above method. 

The loading conditions are shown in Fig. 3. The specimen consisted of an aluminum foundation 

(200 mm × 200 mm × 65 mm), an SS400 steel plate (200 mm × 200 mm × 3.2 mm), and magnets (70 

mm × 70 mm × 5 mm). The magnets were attached to the four corners at the bottom of the foundation 

to sandwich the steel plate. The magnets were neodymium magnets magnetized in the thickness 

direction with a residual magnetic flux density of 1.2 T. The same type of magnet was attached to the 

ground, which repelled the magnet at the bottom of the foundation. The foundation and steel plate were 

bonded with a nonmagnetic adhesive, and the steel plate and magnets were attracted by a magnetic force. 

An aluminum channel-shaped guide was attached to the side of the foundation to prevent horizontal 

displacement, and it slid vertically to create a roller condition. In the test, weights were individually 

placed on the foundation to obtain the relationship between the gap between the magnets and the 

levitation force. 

In the calculation based on the theory described in Section 2.1, the magnetization was set to the 

same value as the residual magnetic flux density, and the steel plate was divided into 40 × 40 × 1 cuboid 

elements. According to references15), 16), the relative permeability μ/μ0 of the SS400 material is 

approximately 150 to 2000 when unloaded. Because the sensitivity of μ/μ0 in this range to the levitation 

force of this test specimen is low, this study assumed μ/μ0 = 1000. 
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Fig. 3 Cross-section of specimen for levitation force test 

 

Figure 4 shows a comparison of the experimental and calculated values of the levitation force–gap 

relationship. When a steel plate was used, the levitation force on the foundation for the same gap was 

larger. In addition, the calculated values agreed with the experimental values regardless of whether the 

steel plate was present. Therefore, the levitation force of the foundation can be calculated even if the 

foundation contains a magnetic material whose magnetization is not constant. 

 

 
Fig. 4 Levitation force vs. gap relationship 

 

Figure 5 shows the magnetization distribution of the steel plate when the gap between the magnets 

is 25 mm. While the magnets are magnetized uniformly in the vertical direction, the magnetization of 

the steel plate has a predominantly horizontal component, with its peak values appearing above the edge 

of the magnets. This is because the external magnetic field of the magnets is non-uniform, as shown in 

Fig. 6, and forms a vortex-shaped magnetic field near the edge of the magnets, causing the steel plate 

inserted there to be magnetized in the tangential direction. 

 

  

(a) X component (b) Z component 

 

Fig. 5 Magnetization distribution of steel plate 
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Fig. 6 External magnetic field of a magnet 

 

 

3. DAMPING CHARACTERISTICS OF MAGNETICALLY LEVITATED FOUNDATION 

USING CONDUCTOR 

 

3.1 Formulation based on electromagnetic induction theory 

 

When a relative velocity occurs between the magnetically levitated foundation and ground, the magnetic 

field between the magnets changes over time. Therefore, if a conductor is inserted as shown in Fig. 2(b), 

eddy currents are generated according to the law of electromagnetic induction. The electromagnetic 

force caused by the magnetic field of the magnet acts on the eddy currents, and the reaction force is 

transmitted to the magnet. From the perspective of energy, the kinetic energy of the building is converted 

into electricity, which is then converted into heat and discarded owing to the electrical resistance of the 

conductor. In other words, the conductor functions as an eddy current damper. 

Eddy currents have the function of self-induction, which prevents their own changes, and it is 

expected that the phase of the eddy current lags behind that of the relative velocity. A viscoelastic model 

combining a spring and dashpot was proposed as the mechanical model of an eddy current damper that 

considers the effects of self-induction17), 18). 

In this section, we theoretically examine the properties of an eddy current damper, with the aim of 

expressing it using a viscoelastic model. Here, we consider the eddy current to be a quasi-steady 

current19), and describe the phenomenon from the perspective of an observer who views the conductor 

as stationary. 

 

3.1.1 For a single closed circuit 

First, to obtain a rough understanding of the phenomenon, consider the simple problem shown in Fig. 

7(a), in which a single closed circuit C exists near a vibrating magnet. However, the shape of the closed 

circuit and the distribution of the magnetic field are not specified. 

When only the induced current I flows through the closed circuit C, the damping force Fx in the x-

direction acting on the magnet is given by Eq. (6). 

 

𝐹𝑥 = −𝒆𝑥 ∙ ∮𝐼d𝒔 × 𝑩𝑚
𝐶

= −𝐼 ∬
𝜕𝑩𝑚

𝜕𝑥
∙ 𝒏d𝑆

𝑆

≡ −𝛼𝑥𝐼 (6) 

 

where ex is the unit vector in the x direction, ds is the infinitesimal vector along the circuit, S is the 

surface area enclosed by the closed circuit C, n is the unit normal vector on the infinitesimal surface dS, 

and Bm is the magnetic flux density of the magnet. In the second equality, we used the formulas for 

vector analysis, starting with the Stokes' theorem and Gauss's law for magnetic fields20). 

The induced electromotive force V that drives the induced current follows Ohm's law in Eq. (7) and 

the law of electromagnetic induction in Eq. (8). 
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𝑉 = 𝑅𝐼 (7) 

 

𝑉 = −
d𝛷𝑚

d𝑡
−

d𝛷𝑐

d𝑡
 (8) 

 

where R is the electrical resistance of the closed circuit C, Φm and Φc are the magnetic flux that penetrates 

the closed circuit C generated by the magnet and the induced current, respectively. 

When the magnet moves in the x direction at a velocity v, the distribution of the magnetic flux 

density Bm moves in parallel by vΔt in an infinitesimal time Δt. Therefore, the magnetic flux density at 

a fixed point changes by −(∂Bm/∂x)vΔt, and dΦm/dt is given by Eq. (9). 

 
d𝛷𝑚

d𝑡
=

d

d𝑡
∬𝑩𝑚 ∙ 𝒏d𝑆

𝑆

= −𝑣 ∬
𝜕𝑩𝑚

𝜕𝑥
∙ 𝒏d𝑆

𝑆

= −𝛼𝑥𝑣 (9) 

 

Note that the coefficient αx in Eqs. (6) and (9) is the same. 

In addition, if the self-induction coefficient of the closed circuit C is L, then Φc = LI, and Eq. (10) 

can be derived from Eqs. (7)–(9). 

 

𝐿
d𝐼

d𝑡
+ 𝑅𝐼 = 𝛼𝑥𝑣 (10) 

 

At a vibration v = v0e
jωt that is sufficiently small to consider the coefficient αx as a constant, Eq. (10) 

is equivalent to the AC circuit shown in Fig. 7(b), where the power source, coil, and resistor are 

connected in series. In this case, the steady-state response solution to Eq. (10) is expressed by Eq. (11). 

 

𝐼 =
𝛼𝑥𝑣0

𝑅 + 𝑗𝜔𝐿
𝑒𝑗𝜔𝑡 =

𝛼𝑥𝑣0

𝑅

1

√1 + (𝜔𝜏)2
𝑒𝑗(𝜔𝑡+𝜙) (11) 

 

𝜏 = 𝐿/𝑅 (12) 

 

𝜙 = − tan−1 𝜔𝜏 (13) 

 

where j is the imaginary unit, ω is the circular frequency of the magnet's vibration, and v0 is the velocity 

amplitude of the magnet's vibration. 

 

 
 

(a) Diagram (b) Equivalent AC circuit 

 

Fig. 7 System consisting of a vibrating magnet and closed circuit 

 

The energy ΔW that the damping force Fx = −αxI takes from the building during one cycle is given 

by Eq. (14). 
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∆𝑊 = −∫ Re(−𝛼𝑥𝐼)Re(𝑣)d𝑡
2𝜋/𝜔

0

= ∆𝑊0

2𝜔𝜏

1 + (𝜔𝜏)2
 (14) 

 

∆𝑊0 =
𝜋𝛼𝑥

2𝑥0
2

2𝐿
=

𝜋(∆𝛷𝑚)2

2𝐿
 (15) 

 

where x0 is the displacement amplitude of the magnet's vibration (v0 = ωx0), and ΔΦm is the amplitude 

of change of Φm. In addition, Re( ) represents the real part. 

Figure 8 shows the graph of Eq. (14). ΔW is almost proportional to ω if ωτ ≪ 1, and becomes 

nonlinear under the effect of self-induction as ω increases, reaching a maximum value of ΔW0 at ωτ = 

1. ΔW0 depends on the shape of the closed circuit and the distribution of the magnetic field. 

 

 
Fig. 8 Dissipated energy vs. frequency relationship 

 

Meanwhile, if one end of a Maxwell material consisting of a spring with stiffness k and a dashpot 

with damping coefficient c connected in series is fixed, and the other end is moved at velocity v, the 

force F acting on the viscoelastic model follows Eq. (16). 

 
1

𝑘

d𝐹

d𝑡
+

1

𝑐
𝐹 = 𝑣 (16) 

 

As Eqs. (10) and (16) have the same form, their solutions also have the same form21), 22). Therefore, 

if αx in Eqs. (6) and (10) is considered constant, the damping force acting on the magnet can be expressed 

by a Maxwell element. Further, the coil behaves as an elastic body, and the resistor behaves as a viscous 

body. 

 

3.1.2 For a copper plate 

Consider the case in which eddy currents are generated in a nonmagnetic conductive plate (copper plate) 

near a vibrating magnet. The eddy current i is calculated from Eq. (17) using the current vector potential 

T that satisfies i = curlT 23). 

 

curl (
1

𝜎
curl𝑻(𝒓)) + 𝜇0
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d𝑆′

𝑆

= −
𝜕𝑩𝑚(𝒓)

𝜕𝑡
 (17) 

 

where σ is the electrical conductivity (inverse of resistivity), Bm is the magnetic flux density due to the 

magnet, μ0 is the permeability of a vacuum, r is the field point, r' is the source point, S is the surface of 

the copper plate, and n is the outward unit normal vector on the surface. 

Comparing this equation with Eq. (10), the first term on the left-hand side corresponds to the resistor, 

the second and third terms correspond to the coil, and the right-hand side corresponds to the power 
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source. Furthermore, when using the thin-plate approximation23), T only has a component T in the 

thickness direction, and Eq. (17) is scalarized. In this study, the conductor was discretized using the 

finite difference method, and a frequency response analysis was performed. Here, the integral of the 

third term on the left side was obtained analytically by bilinear interpolation of T between the nodes. 

Then, Eq. (17) was reduced to a simultaneous linear equation for T at all nodes. The obtained eddy 

current, i = curlT, was used in Eq. (18) to calculate the damping force F acting on the magnet. 

 

𝑭 = −∭𝒊(𝒓) × 𝑩𝑚(𝒓)d𝑉
𝑉

 (18) 

 

where V is the inside of the copper plate. 

 

3.2 Evaluation of the damping characteristics of a copper plate 

 

The damping characteristics of the magnetically levitated foundation with a copper plate shown in Fig. 

2(b) were evaluated. As described in Section 2.2, the magnetically levitated foundation consisted of an 

aluminum body (200 mm × 200 mm × 65 mm) and four pairs of neodymium magnets (70 mm × 70 mm 

× 5 mm). A copper plate (200 mm × 200 mm × 5 mm) was placed above the magnets on the ground. 

The gap between the magnets was 21 mm. Section 3.1 shows that if the electrical resistance of the copper 

plate is reduced, the damping coefficient c increases when replaced with a viscoelastic model. In this 

study, we considered Case 1, in which the electrical conductivity of copper is equivalent to that at room 

temperature (60 × 106 S/m), and Case 2, in which the electrical conductivity is equivalent to that at liquid 

nitrogen temperature (600 × 106 S/m), based on the property that copper becomes more conductive at 

low temperatures24). In addition, we inserted a spacer under the copper plate in Case 2 and reduced the 

distance between the magnets at the bottom of the foundation and the copper plate from 16 mm to 8 mm, 

which is Case 3. Eddy currents were calculated using the method in Section 3.1.2. The magnets vibrated 

horizontally or vertically with a displacement amplitude of 1 mm. The vibration frequency was varied 

in the range of 1–10 Hz to include the natural frequency (approximately 6 Hz) of the test specimens 

used in Section 4. 

Figure 9 shows the current density distribution in the copper plate in Case 2 when the magnet 

velocity is at its maximum with a vibration of 6 Hz. Here, the magnets move to the right of the paper in 

Fig. 9(a) and toward the front in Fig. 9(b). During the horizontal motion, current eddies in opposite 

directions exist between the left and right magnets, whereas during the vertical motion, the current 

circulates along the edge of the magnets. The reaction force of the force that these eddy currents receive 

from the magnetic field is the damping force. 

 

  
(a) During horizontal motion (b) During vertical motion 

 

Fig. 9 Current density distribution in copper plate (Case 2) 
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Figure 10 shows the relationship between the energy ΔW dissipated by the damping force per cycle 

and the vibration frequency. This relationship is linear in Case 1, whereas in Cases 2 and 3, it follows a 

curve such that ΔW is maximum at 6 to 7 Hz because of self-induction. If the conductivity of the copper 

plate is increased beyond that in Cases 2 and 3, the energy is stored in the coil shown in Fig. 7(b) and is 

less likely to be consumed by the resistor, and the performance of the damper at approximately 6 Hz 

deteriorates. 

The relationship between ΔW and frequency when the damping force in Case 1 is approximated by 

a dashpot and the damping force in Cases 2 and 3 is approximated by a Maxwell material is 

superimposed in Fig. 10. The fitted curves capture the tendency of the theoretical solution. 

 

 

  
(a) During horizontal motion (b) During vertical motion 

 

Fig. 10 Dissipated energy vs. frequency relationship 

 

 

4. SHAKING TABLE EXPERIMENT AND 3D FEM ANALYSIS OF A BUILDING MODEL 

USING A MAGNETICALLY LEVITATED FOUNDATION 

 

4.1 Specimens and conditions 

 

In this section, the seismic response of a small-scale building model with a magnetically levitated 

foundation is examined through experiments and 3D finite element method (FEM) analysis. Figure 11 

presents a list of the examined models. The examined models were those that used neither steel nor 

copper plates, those that used a steel plate, and those that used a copper plate. The responses of the 

models with magnets only and those with a steel plate were examined through both model shaking table 

experiments and simulation analysis, whereas the response of the model with a copper plate was 

examined based only on 3D FEM analysis. Because appropriate equipment is required to cool the copper 

plate safely with liquid nitrogen, the first objective is to understand the damping effect through analysis. 

Photo 1 shows the test specimen. The model consisted of a building, displacement control material, 

and an acrylic container. The building consisted of a magnetically levitated foundation, steel columns, 

and a brass superstructure. The magnetically levitated foundation consisted of an aluminum body (200 

mm × 200 mm × 65 mm) and four pairs of neodymium magnets (70 mm × 70 mm × 5 mm), as described 

in Sections 2.2 and 3.2. A 3.2 mm thick steel plate was used when the steel plate was installed, and a 5 

mm thick copper plate was used when the copper plate was installed. The masses of the foundation, 

superstructure, and steel plate were 6.9, 6.7, and 0.99 kg, respectively, and the mass of each magnet was 

0.18 kg. The mass ratio of the foundation to superstructure was approximately 1:1, assuming a two-story 

detached house. The natural frequency of the superstructure when the foundation was fixed was 9.5 Hz, 
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and the primary natural frequency of the coupled system of the displacement control material and the 

building when only magnets were installed was 6.1 Hz. The experimental values of the levitation height 

of the foundation (gap between magnets) were approximately 21 mm when only magnets were installed 

and approximately 25 mm when the steel plate was installed. The mass and levitation height of the 

foundation with the copper plate were assumed to be the same as those of the foundation with magnets 

only. 

 

 
(a) Magnet only 

(Test & analysis) 

(b) With steel plate 

(Test & analysis) 

(c) With copper plate 

(Analysis only) 

 

Fig. 11 Building models using magnetically levitated foundation 

 

 
 

Photo 1 Appearance of the test specimen 

 

Magnesium acrylate polymer was used as a displacement control material to support the sides of the 

foundation. This material is fabricated by polymerizing magnesium acrylate (monomer), and the curing 

period required for polymerization is approximately 3 days. Figure 12 shows the stress–strain 

relationship of the displacement control material in the uniaxial compression test. This material has high 

linearity, even for large strains exceeding 10%. In Ref. 9), the high damping properties of the magnesium 

acrylate polymer were confirmed by cyclic simple shear tests, although in the condition in which sand 

was mixed. 

The input earthquake motion was a waveform adapted to the acceleration response spectrum 

specified at the ground surface of Type 2 ground using a simplified method of limit strength calculation 
in the Japanese design code. The JMA Kobe NS phase of the 1995 Hyogo-ken Nanbu earthquake was 

used. Because a small model with a high natural frequency was utilized in this experiment, the time axis 

of the time history was reduced to one-tenth of its original size, considering the law of similarity, and 

the amplitudes were changed to 0.2, 0.5, 1.0, and 1.5 times the input. 
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Fig. 12 Uniaxial compression test results for displacement control material 

 

4.2 Conditions for 3D FEM analysis 

 

The response at 0.2 times input was the subject of analysis. LS-DYNA was used. 

The analytical model is illustrated in Fig. 13. The foundation and steel plate were modeled using 

rigid solid elements. The horizontal and rotational movements of the foundation were considered, but 

the vertical movement of the center of gravity was not. The superstructure was modeled as a linear 

lumped mass system. In this case, to consider the horizontal displacement owing to the rocking of the 

foundation, the superstructure was represented by a double node located at its center, where one node 

was subordinate to the foundation and moved as a rigid body together with it, and a mass of 6.7 kg was 

concentrated at the other node. The two nodes were connected with a spring and dashpot that simulated 

columns. A horizontal stiffness of 24.6 N/mm was estimated with reference to the vibration results when 

the foundation was fixed, and viscous damping with a damping constant of approximately 0.5% was 

provided. The displacement control material was modeled using elastic solid elements. The Young's 

modulus of the displacement control material was set to 0.0488 N/mm2 based on the results of a uniaxial 

compression test, and Poisson's ratio was set to 0.4997. Furthermore, the displacement-control material, 

which is a polymer, is believed to exhibit viscoelasticity. In this study, it was assumed for simplicity that 

the displacement control material can be represented by a Voigt material, and stiffness-proportional 

damping was applied to represent the viscous term. The damping constant at the first natural frequency 

of the coupled system was set to 8% so that the response of the top of the superstructure at 0.2 times the 

input matched the experimental results. The contact surfaces of the displacement control material, 

foundation, and container were in tight contact, whereas those of the container were rigid. 

 

  
(a) Overview (b) Cross-section 

 

Fig. 13 3D FEM model of magnetically levitated building model (with steel plate) 

 

The vertical, horizontal, and rotational resistances of the foundation caused by the magnetic force 

acting on the magnet and steel plate were modeled using linear spring elements based on the theoretical 
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solution obtained in Section 2.2. Here, the relationship between the magnetic force and displacement 

was nonlinear, as shown in Fig. 4. However, because the displacement of the foundation was small in 

this experiment, the tangential stiffness at the position where the foundation displacement was zero was 

used. 

The damping force due to eddy currents in the model with the copper plate was modeled with a 

dashpot in Case 1 and with a Maxwell element in Cases 2 and 3, based on the analysis results in Section 

3.2. A small mass was assigned to the intermediate nodes of the viscoelastic model in Cases 2 and 3 to 

stabilize the calculations. 

 

4.3 Effect of magnetic material on the response of building model 

 

Figure 14 shows the Fourier amplitude ratio of the superstructure response to the input. The Fourier 

amplitude was smoothed using a Parzen window with a bandwidth of 0.5 Hz. Compared with the fixed 

foundation model, the dominant frequency of the response of the magnetically levitated foundation 

model was lower, and the peak value was smaller. The decrease in the dominant frequency was attributed 

to the deformation of the displacement control material, which allowed the foundation to move in a 

swaying and rocking manner. At 1.5 times the input, the dominant frequency was even lower, and the 

amplification factor was smaller. The nonlinearity of the specimen response was experimentally 

confirmed in Ref. 7), indicating the effect of separation at the contact surface between the foundation 

and displacement control material7). In addition, when comparing the presence and absence of a steel 

plate, the Fourier amplitude ratio at 1.5 times the input was almost the same, whereas at 0.2 times the 

input, the dominant frequency was lower in the model with the steel plate. 

 

 

  
(a) 0.2 times input (b) 1.5 times input 

 

Fig. 14 Fourier acceleration amplitude ratio of superstructure response to input 

 

Figure 15 shows the Fourier amplitude ratio of the superstructure response to the input obtained in 

the analysis of the 0.2 times input, compared with the experimental results. The analysis results for the 

model only with magnets correspond to the experimental results for both the dominant frequency and 

peak value. However, a difference in the superstructure response due to the presence or absence of the 

steel plate does not appear in the analysis results. In this analysis, the differences in the mass of the 

foundation and the stiffness of the magnetic spring were considered. However, the mass of the steel plate 

was only approximately 1/7 the mass of the aluminum part of the foundation. Although the magnetic 

force acting on the foundation increases owing to the magnetization of the steel plate, if the gap between 

the magnets is the same, the foundation levitates more; thus, the result is approximately the same as that 

when there is no steel plate. Therefore, it can be concluded that the effects of these factors on the 

superstructure response were small. Another factor is that in the model with the steel plate, separation 

of the contact surface between the foundation and displacement control material occurred early, which 

reduced the resistance of the displacement control material to the swaying and rocking motions of the 

foundation. 
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Fig. 15 Comparison of experiment and analysis 

 

4.4 Effects of eddy currents on the response of building models 

 

Figure 16(a) shows the acceleration time history waveform of the superstructure response as an analysis 

result for the model using a copper plate. In Case 3, the maximum acceleration was approximately the 

same as that in the magnet-only test specimen; however, the response decayed quickly after 1.5 s when 

the input became small. Figure 16(b) shows the Fourier amplitude ratio of the superstructure response 

to the input. The peak value of the amplitude ratio decreased in Case 3, which corresponded to an 

increase in the damping of the displacement control material by approximately 20%. Note that, in this 

experiment, as in the experiment in Ref. 8), although the stiffness of the displacement control material 

was made as low as possible, the contribution of the displacement control material to the foundation 

impedance is dominant. However, it is believed that the effect of the eddy current damper is more 

pronounced when the damping of the displacement control material is small. 

 

 
(a) Acceleration time history 

 
(b) Fourier acceleration amplitude ratio of superstructure response to input 

 

Fig. 16 Earthquake response of the upper mass point of the model with the copper plate inserted 

 

 

5. CONCLUSIONS 

 

To reduce the earthquake response of buildings, the authors propose a magnetically levitated foundation 

with a displacement control material supporting the foundation side and permanent magnets insulating 

the bottom surface of the foundation. In this study, the levitation force and damping of a foundation 
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were improved by magnetizing a steel plate and generating eddy currents on a copper plate. The findings 

are as follows: 

[1] When a steel plate is placed above the magnets at the bottom of the foundation, the levitation force 

of the foundation increases owing to the repulsion between the magnetized steel plate and the magnet 

on the ground. This was confirmed by static load tests and the static magnetic field theory. 

[2] The properties of the eddy currents generated by the copper plate between the magnets and the 

resulting damping force were examined from the theory of electromagnetic induction. Focusing on the 

form of the equation satisfied by the eddy currents, it was shown that the damping force can be expressed 

by a Maxwell material. In particular, the elastic behavior corresponds to self-induction, in which eddy 

currents hinder their own changes, and the energy consumption does not increase without limit even if 

the electrical resistance of the copper plate is reduced or the vibration frequency is increased. 

[3] The vibration characteristics of building models in which the displacement control material, 

magnetically levitated foundation, and superstructure were coupled were examined. First, the shaking 

table experiments confirmed that when a steel plate was used, the foundation levitated more, whereas 

mechanical stability was maintained through support from the displacement control material. The FEM 

analysis also demonstrated that a certain degree of damping could be imparted to the structure by using 

a copper plate with low electrical resistance. This shows that the levitation force and damping of the 

foundation can be improved by utilizing the magnetization and eddy currents in the insulating layer, 

respectively, although the electromagnetic phenomenon becomes more complex. A future challenge is 

to achieve low-temperature conditions to lower the electrical resistance of the copper plates. 
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