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Abstract—This paper presents the analysis, mechanical 

design, and proof-of-principle experimental testing of a new type 

of adjustable stiffness torsional magnetic spring for an ocean 

generator application. Unlike prior published designs the rotary 

magnetic spring is shown to have a highly linear adjustable 

stroke length. The presented torsional spring is experimentally 

shown to be able to create a ± 45o angular stroke range with a 

peak torque of ± 39.1 N∙m. The stiffness is adjusted by using a 

stepper motor to axially adjust the axial magnet offset. The 

stepper motor contains a brake so that power is not expended 

when maintaining a desired spring stiffness. It is shown that by 

using a series spring arrangement the stroke length can be 

extended to ± 90o. 
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variable stiffness 

I. INTRODUCTION

Variable stiffness magnetic torsional springs have recently 
been studied for use in soft robotic joint applications [1-3] and 
servo motor applications [4]. The use of parallel or series 
variable stiffness springs in oscillatory tasks can reduce the peak 
power requirements of the drive motor and improve efficiency 
[5]. Adjustable stiffness magnetic springs also have the potential 
for increasing the power generating capabilities of ocean 
generators [6, 7]. In many of the ocean generator designs the 
stiffness needs to be negative.  

Torsional magnetic springs can adjust their stiffness by 
axially moving the magnet rotors and locking the axial position 
in place [1-4]. While the energy density of a magnetic spring is 
lower than their mechanical counterparts the magnetic springs 
non-contact operating capability enables it to have higher 
reliability and a longer service life [4]. In addition, the magnetic 
operation of the spring enables the stiffness to be adjusted to 
have both a positive and a negative stiffness more easily than 
their mechanical spring counterparts [8-11]. A magnetic spring 
also has low hysteresis loss. 

All fixed stiffness and variable stiffness magnetic torsional 
springs published to-date [1-4, 12] have a non-linear stiffness 
and this limits their stroke length range and prevents the spring 

from being used in series. In this paper a new type of adjustable 
stiffness torsional magnetic spring is presented that exhibits a 
high degree of linearity. The adjustable stiffness magnetic spring 
is being developed for use within an ocean generator in which a 
negative stiffness is needed for resonant mode generation. Along 
with experimental validation of the new variable stiffness 
magnetic spring a series topology is presented that shows a 
method that can be used to further increase the stroke length.  

II. NEW ROTARY SPRING TOPOLOGY

The rotary magnetic spring that has been invented is shown 
in Fig. 1. The inner rotor is held fixed in place and the outer rotor 
is allowed to rotate. Fig. 1(a). shows the outer rotor position at 
the peak torque position. The stiffness value is adjusted by 
axially translating the outer rotor. Fig. 1(b). shows the axial 
position at the zero torque, zero stiffness position, (at which the 
spring acts like a clutch). The outer rotor support is made of 
ferromagnetic (1018) steel.  

(a) 

(b) 

Fig. 1. (a) Front view of the variable stiffness torsional magnetic spring and 
(b) cut-through view showing parameter definitions. The inner rotor core is 

made of 6061 Aluminum, the outer rotor core is made of 1018 steel. 
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Using the initial design geometric parameters shown in Table I 
and N-50 grade magnets the torque vs. stroke length relationship 
was computed using 3-D finite element analysis (FEA) for 
different axial offset positions. The proof-of-principle prototype 
dimensions, shown in Table I, were selected based on the 
requirement to build a small prototype for demonstration 
purposes. The torque as a function of stroke length and angular 
position is shown in Fig. 2 and Fig. 3. By translating the outer 
rotor it is shown that at a given angle both negative and positive 
stiffness can be equally obtained. The peak torque value, at θi = 
45o, was computed to be Tm = 39.1 N∙m. At z = 16 mm the outer 
rotor is between the two inner rotors, as illustrated in Fig. 1(b). 
and this results in zero torque. The coefficient of determination 
[13], denoted as r2, can be used to evaluate the level of linearity. 
When r2

 = 1 a line is completely linear, in the design shown in 
Fig. 2, the linearity was computed to be r2 = 0.998. 

TABLE I. GEOMETRIC PARAMETERS 

Parameter 

Proof of Principle Design Peak Energy 
Density Design 

[mm] 
Initial Design 

[mm] 
Improved 

Design [mm] 

Airgap radius, rg 40.5 30.5 40.5 

Airgap, g 1 1 1 

Inner magnet thickness, ti 15 11 15 

Outer magnet thickness, to 15 10 10 

Magnet width, w 32 45.75 60.75 

Outer back steel radius, rs  62 47 57 
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Fig. 2. 3-D finite element analysis calculated torque as a function of angle. 
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Fig. 3. 3-D finite element analysis calculated torque as a function of axial 

position. 

The torque can be accurately described by 
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where 
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π
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and km = 49.78 Nm/rad is the peak stiffness, and zm = 32 mm is 
the maximum stroke length. 

The required stiffness adjustment force as a function of axial 
position and angle is shown in Fig. 4 and Fig. 5. Interestingly, 
the adjustment force is zero at the peak torque angle, θi = 45o. 
This is because the spring must conservative the coupled 
magnetic energy. The magnetic interaction energy is shifted 
between the rotary and linear axis during the rotation and 
translation motion. The force required to adjust the stiffness is 
high, however the force only needs to be adjusted during 
stiffness change events and the rotor’s axial position is fixed in 
place using a mechanical brake.  As the ocean wave period 
changes gradually the stiffness adjustment power loss makes up 
a relatively small percentage of power generation capacity. 
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Fig. 4. 3-D finite element analysis calculated force as a function of axial 

position.  

F
o

rc
e 

[N
] 

Angle, θi [Degrees] 

Fig. 5. 3-D finite element analysis calculated force as a function of angle. 

III. ENERGY DENSITY SWEEP ANALYSIS

A sweep parameter analysis was used to improve the energy 

density of the magnetic spring design. The axial width of the 

magnetic spring can improve the energy density. Fig. 6 shows 
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how the relationship between the mass energy density and 

width-radius ratio changes.  The width-radius ratio is defined 

as: 

 
g
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where, rg is the airgap radius:  
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The energy density was computed by using: 
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where θi = π/4 is evaluated at the maximum torque angle. In the 

initial proof-of-principle design the width-radius ratio Γ = 0.79, 

was selected however Fig. 7 shows that this results in the mass 

energy density being Ed = 8.39 J/kg, by selecting a width-radius 

ratio of Γ = 1.5 the mass energy density increases by 28.9% to 

Ed = 10.82 J/kg. This is then 89.67% of the maximum possible 

value.  
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Fig. 6. 3-D finite element analysis calculated mass torque density as a 
function of width to-radius ratio, Γ, when ( rg ,ti, to) = (40.5,15, 15). 

A further improvement in energy density can be obtained by 
sweeping the magnet thickness and airgap radius. The inner and 
outer magnet thickness is respectively defined as   

i io ii
t r r= −  (6) 
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By using the parameters shown in Table II and keeping Γ = 1.5 

the sweep analysis results as shown in Fig. 7 were obtained. The 

design that has the maximum energy density, but higher peak 

torque, as well as an improved design that achieves the same 

peak torque as the initial design is shown in Fig. 7. A summary 

of the geometry parameters and performance metrics for the 

three designs is shown in Table I and Table III respectively. 

TABLE II. SWEEP PARAMETERS 

Airgap radius, rg [30.5,35.5, …50.5] mm 

Inner magnet thickness, ti [10,11, …30] mm 

Outer magnet thickness, to [10,11, …30] mm 
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Fig. 7. (a) 3-D finite element analysis calculated parameter sweep results for 
the mass torque density as a function of torque and (b) a zoomed in view 

showing the improved design and peak energy design. 

(a) (b) 
Fig. 8. (a) Proof-of-principle and (b) peak energy density geometry design  

TABLE III. PERFORMANC METRICS  

Parameter 

Proof of 

Principle 

Design  

Improved 

Design 

Peak Energy 

Density 

Design 

Units 

Peak torque 39.1 39.6 83.55 N∙m 

Spring rate 49.8 50.42 106.38 N∙m/rad 

Peak energy 15.35 15.55 32.81 J 

Active region mass 1.8 1.36 2.71 kg 

Energy density 
8.39 11.45 12.10 J/kg 

62.85 85.94 90.72 kJ/m3 

IV. EXPERIMENTAL VALIDATION

The torque and force validation was conducted using the 
initial proof-of-principle experimental setup shown in Fig. 9. 
The measured torque and force is shown in Fig. 10 and Fig. 11. 
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The torque and force were measured by using a Himmelstein 
(model 48202V) torque transducer and Futek (model LCM300) 
force transducer. The stiffness was adjusted by using a 
mechanical turnbuckle and the rotary motion was tested by using 
an Anaheim Automation stepper motor with a 25:1 gearbox. The 
measured and computed torque and force were in good 
agreement. The percentage error in the measurements is shown 
in Table IV. 

TABLE IV. EXPERIMENTAL PROTOTYPE 

Parameter FEA  Measured  Units 
Difference 

[%] 

Peak torque 39.1 37.4 N∙m -4.3 

Spring rate 49.8 47.6 N∙m/rad -4.4 

Peak Energy 15.35 14.69 J -4.3 

Total mass 1.8 1.8 kg 0 

Energy density 
8.39 8.02 J/kg -4.4 

62.85 60.12 kJ/m3 -4.3 

Stroke length 45o 45o Degrees 0 

Rated angular speed ≤ 50 ≤ 50 r/min - 

(a) 

(b) (c) 
Fig. 9. (a)Assembled variable stiffness magnetic spring test-stand 

(b)assembled outer rotor (c)assembled inner rotor.
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Fig. 10. Experimentally measured torque as a function of angle. 
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Fig. 11. Experimentally measured force as a function of position. 

V. INCRESED STROKE LENGTH

Resonant ocean generators that use winch type power take-
offs will require stroke lengths that are much greater than ± 45°. 
As the spring stiffness is constant the springs can be connected 
in series to increase their stroke length. An example of the ± 90° 
series torsional spring that is currently being tested is shown in 
Fig. 12. The assembled inner rotor is shown in Fig. 13. By 
connecting in series longer stroke lengths can be created. 
However, the uses of series magnetic springs can only be used 
with positive stiffness springs unless a mechanism for 
synchronizing the negative stiffness motion between stages is 
used. 

(a) (b) 
Fig. 12. (a) Cut through view and (b) perspective view of the 90o stroke length 

variable stiffness magnetic spring. 

Fig. 13. Assembled 90o stroke length variable stiffness magnetic spring rotor. 

VI. CONCLUSION

This paper presented the design and experimental testing of 
a new type of variable stiffness rotary magnetic torsion spring. 
The magnetic spring is being studied for use in an ocean 
generation application. The proof-of-principle magnetic spring 

R² = 0.998
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design was shown to provide a peak torque of 39.1 N∙m with a 
± 45° angular stroke range. It was shown that the spring and a 
high degree of linearity and the stiffness can be adjusted to 
provide both positive and negative stiffness values. A method of 
increasing the stroke length further by using a series magnetic 
spring technique was outlined.  
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