
Analysis and Experimental Testing of a New Type of 

Variable Stiffness Magnetic Spring with a Linear 

Stroke Length 
 

 

Abstract — In this paper a new type of variable stiffness 

magnetic spring is proposed. The magnetic spring is composed 

of radially magnetized outer rotor magnets coupled with axially 

magnetized inner cylindrical magnets.  It is shown that this 

magnet arrangement creates a highly linear stroke length. By 

rotating the inner magnetic rotor, the stiffness of the spring can 

be adjusted. The force as a function of stroke length and torque 

required to adjust the stiffness were computed using finite 

element analysis and then verified using an experimental test 

setup.   
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I. INTRODUCTION 

New types of variable stiffness magnetic actuators are 

being investigated for use in robotic joints [1-5], exoskeleton 

devices [6], power generators [7, 8] and vibration isolators 

[9, 10]. It has been shown to be challenging to create a good 

range of stiffness adjustment using mechanical spring 

mechanisms [4, 11]. Often the mechanical based stiffness 

adjustment mechanisms are complex and bulky requiring, for 

instance, many mechanical springs [12] to create variable 

positive stiffness or a three-spring device to create a limited 

range of negative stiffness  [13].  

  The non-contact operation of a variable stiffness 

magnetic actuator, also termed a magnetic spring, has the 

potential of overcoming many of the limitations encountered 

with their mechanical counterparts. Variable stiffness 

magnetic springs can be created by adjusting current 

excitation within a magnet device [7, 9, 10] however this 

results in the need to continually use power to maintain the 

stiffness change. A variable stiffness magnetic spring can 

also be created by using antagonistic north-south magnets 

[14], but using a direct magnet interface creates a highly non-

linear stroke length [3, 14].  Recently a new type of variable 

stiffness magnetic spring was studied in [15] that exhibited a 

linear stroke length and had the ability for the stiffness to be 

adjusted via the rotation of the magnets [15]. To avoid power 

loss a mechanical brake can be used to thereby maintain a 

particular stiffness value indefinitely without power loss. It 

was shown in [15] that a relatively long linear stroke length 

could be created and unlike in other variable stiffness designs 

[16-18] the magnet actuator does not need to be combined 

with a mechanical spring in order to create a negative 

stiffness. This paper aims to build on the work presented in 

[15] by present a new magnet arrangement that increases the 

stroke length and improves the magnet design. An 

experimental test setup is used to validate the variable 

stiffness magnetic spring characteristics.  

 

II. DUAL AIRGAP VARIABLE STIFFNESS MAGNETIC SPRING 

       Based on the proof-of-principle work completed in [15] 

a dual-airgap variable stiffness magnetic spring was initially 

studied. Examples of a four pole-pair and one pole-pair 

variable stiffness magnetic spring version is shown in Fig. 1 

and Fig. 2 respectively. The variable stiffness magnetic 

spring’s linear stroke length is created via the center magnet 

reluctance force wanting to realign with the side magnets. 

The four pole-pair design achieves this by making the axial 

magnetized magnet length, hz, the same length as the radial 

magnetized magnet length, hr. Whilst the one pole-pair 

design makes the radial magnet length half the axial magnet 

length hz = 2hr. The peak stroke length, zm, is determined by 

the height of the magnets. Due to the difference in magnet 

arrangement the zero-force position, for the four pole-pair 

design example, is at zt =hz/2. Whilst for the one pole pair 

design example the zero force is at zt = 0. Example plots 

calculated using 3-D finite element analysis (FEA) for the 

force as a function of stroke length are shown in Fig. 3.  Both 

the force profile at the peak positive and negative stiffness 

value is shown. The parameters shown in Table I were used.  

It was determined that a lower number of pole-pairs helps to 

increase the stroke length, but it is still difficult to achieve a 

linear stroke length greater than 30mm without having a very 

large force and very large magnets.  The linearity of the 
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stroke length is dependent on the radial thickness of the 

magnets, for the longer stroke lengths the magnet thickness 

must be increased. 
 

 
 

(a) (b)   

 
(c)  

Fig. 1. (a) Perspective view, (b) plan view and (c) cut-through view of 

the 4-pole-pair dual-airgap coaxial VSMS. 
 

 
 

 
(a) (b)   

 
(c) 

Fig. 2. (a) Perspective view, (b) plan axis view and (c) cut-through view 

of the one pole-pair dual-airgap VSMS 
 

 

 

TABLE I 

DUAL AIRGAP ADJUSTABLE STIFFNESS MAGNETIC SPRING 

PARAMETERS  

Description Value Units 

Pole pairs, p 4 1 - 

Stroke length, zm 10 30 mm 

Inner rotor 

Inner radius, rii 30 10 mm 

Outer radius rio 40 40 mm 

Axial length, hi  20 60 mm 

Middle rotor Axial length, hm   40 60 mm 

Outer rotor 

Inner radius, roi 51 72 mm 

Outer radius roo 61 92 mm 

Magnet axial length, ho   20 60 mm 

Airgap 2 2 mm 

Magnet grade (Nd-Fe-B) N50 - 
 

 

III. SINGLE AIRGAP ADJUSTABLE STIFFNESS MAGNETIC 

SPRING 

The dual-airgap magnetic spring design would be difficult to 

mechanically build due to the need to support the central 

moving magnets.  Therefore, after much magnet arrangement 

analysis, a single-airgap, two pole-pair, variable stiffness 

magnetic spring was also invented, this design is shown in 

Fig. 4. The design is significantly easier to fabricate as the 

outer rotor magnets can be affixed to an outer ferromagnetic 

core and the inner rotor magnets can be supported by an inner 

non-magnetic core.  

Utilizing a 3-D JMAG FEA model an energy density 

analysis was conducted on the single airgap design. To not 

make the force excessively high on the proof-of-principle 

design the outer rotor magnet radius and the stroke length 

were fixed at (roo, zm) = (70, 30) mm. As the magnet height is 

related to the stroke length the magnet heights are  

                                  2r z mh h z= =  (1) 

The inner rotor magnet radii, (rii, rio), were then swept. 

Since the airgap, g = 0.5mm, was not changed, and roi = rio + 

g, there are then only two unknown inner rotor geometric 

values. The energy density sweep analysis at, 5mm step sizes, 

for the two inner rotor radii values is shown in Fig. 5. The 

energy density was computed by using: 
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 Fig. 3. Example 3-D finite element analysis results showing the 

maximum positive and negative stiffness force as a function of 

displacement for (a) the four and (b) the one pole-pair dual airgap 
coaxial VSMS. 
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where km = maximum stiffness value and ρd = 7500 kg/m3 is 
the magnet density. The peak energy density of Ed = 9.16 J/kg 
occurred at (rii, rio) = (40,60). The coefficient of 
determination [19], defined as r2, can be used to evaluate the 
level of linearity of the force. If r2

 =1 a line is completely lin-
ear, for the peak energy density design the linearity was 
computed to be r2 = 0.9837. To improve the linearity of the 
stroke length the radius values (rii, rio) = (30,56) were selected 
for the proof-of-principle prototype, using these radius values 
the linearity was improved r2 = 0.9906 but the peak energy 
density decreased to Ed = 8.9 J/kg, a 2.83 % decrease. A sum-
mary of the peak energy density design and proof-of principle 
design geometric parameters are shown in Table II. A plot of 
the force and torque as a function of stroke length and rotary 
angle for the proof-of-principle design is shown in Fig. 6 and 
Fig.7 respectively. The stiffness can be adjusted be-
tween ± 146.2 N/mm. The force can be modelled by  

                    ( , ) [cos( )]t m tF z k p zθ θ= − ⋅           (3) 

where p = 2 pole-pairs and km = peak stiffness value.  
 

 

 

 

  
(a) (b)   

 
(c)  

Fig. 4. (a) Perspective view, (b) plan view and (c) cut-through view of 

the newly invented single airgap variable stiffness magnetic spring. The 

outer (grey cylinder) is ferromagnetic providing a return flux path.  
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Fig. 5. Finite element analysis computed energy density as a function of 

inner rotor radius dimensions (rii,rio) when (roo, zm) = (70,30).  
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Fig. 6.  Force as a function of displacement for the 30mm stroke length. 
 

T
o

rq
u

e 
[N

m
] 

 
 Displacement, zt [mm]  

Fig. 7. Torque as a function of displacement for the 30mm stroke length. 
 

TABLE II 

SINGLE AIRGAP TWO POLE-PAIR ADJUSTABLE STIFFNESS MAGNETIC 

SPRING PARAMETERS  

Description 

Peak Energy 

Density 

[mm] 

Proof of Principle 

Design 

[mm] 

Stroke length, zm 30 30 

Inner 

rotor 

Inner radius, rii 
40 30 

Outer radius rio 60 56 

Axial length, hi  60 60 

Outer 

rotor 

Inner radius, roi 61 57 

Outer radius roo 70 70 

Magnet axial length, ho   30 30 

Outer radius rso 90 90 

Axial length, hs  60 60 

Airgap 1 1 

IV. EXPERIMENTAL PROTOTYPE 

      The assembly drawing of the experimental proof-of-

principle prototype is shown in Fig. 8 and the fully assembled 

variable stiffness magnetic spring is shown in Fig. 9(a). In 

the experimental design it was decided to make the outer 

magnet assembly translate and the inner rotor rotate. The 

complete experimental test stand is shown in Fig. 9(b). The 

torque required to adjust the stiffness was measured by 

utilizing a Futek (model TRS605) torque transducer. Whilst 

the force was measured by using a load cell (model 

LCM300-FSH03888). The rotational angle was adjusted by 

utilizing an Anaheim Automation geared stepper motor with 

a mechanical brake. The translational motion was created by 

using an Exlar (model GSX30-1802-MMF-EM2-218) and it 
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was driven by utilizing a variable frequency Delta drive 

(model VFD022C23A).  

 

 
 

Fig. 8.  Assembly drawing 

 

(a) 

 

 
(b) 

Fig. 9 (a) Fully assembled single air-gap magnetic spring and (b) test setup. 

 

 

 

 

 

     The experimental measured force and torque results are 

shown in Fig. 10 and Fig. 11 respectively. A performance 

summary is shown in Table II a relatively good agreement 

was obtained. A peak force of 2.6 kN was measured with an 

energy density of 7.1 J/kg. 

 
TABLE III 

ADJUSTABLE STIFFNESS MAGNETIC SPRING PERFORMANCE SUMMARY 

  

 

 

 

 

 

CONCLUSION  

      This paper presented a new type of variable stiffness 

magnetic spring. The magnetic spring was shown to exhibits 

a highly linear stroke length with an adjustable spring 

constant. Both positive and negative spring stiffness values 

were shown to be created with equal magnitude and the 

stroke length exhibits a high degree of linearity. An 

experimental setup with a peak force capability of 2.6 kN and 

30 mm stroke length was utilized to demonstrate and validate 

Specification 
FEA 

value 

Measured 

value 
% Difference Unit 

Peak force 3.0 2.6 -13 kN 

Peak torque 73.3 68.1 -7 Nm 

Peak stiffness, km 100 86 -13 kN/m 

Stroke length 30 30 0 mm 

Energy density 8.2 7.1 -13 J/kg 

Energy 45 39 -13 J 
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 (b) 

Fig. 10. Force  as a function of stroke length comparison between 

experimental measurement and finite element analysis value  when (a) 

at the maximum positive and negative stiffness adjusted value (0o and 

90o) and (b) at θ = 15 o , 45 o and θ = 75o.. 

-4000

-3000

-2000

-1000

0

1000

2000

3000

4000

-35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35

FEA

Experimental

0°

90°

-4000

-3000

-2000

-1000

0

1000

2000

3000

4000

-35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35

FEA

Experimental

15°

75°

45o

5964

Authorized licensed use limited to: PORTLAND STATE UNIVERSITY LIBRARY. Downloaded on June 09,2024 at 03:02:12 UTC from IEEE Xplore.  Restrictions apply. 



the predicted finite element analysis design results.  
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Fig. 11.  Torque  as a function of stroke length comparison between 

experimental measurement and finite element analysis value when (a) 
at the maximum positive and negative stiffness adjusted value (0o and 

90o) and (b) at θ = 15 o and θ = 45o.. 
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