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Abstract

Active suspension systems are gaining growing attention in the automotive industry.
This trend aligns with vehicle electrification and X-by-wire technologies adoption, also
answering to the increasingly stringent requirements for passenger comfort and safety.
Among the possible solutions, electromechanical actuators represent a valid alternative to
traditional shock absorbers, integrating an electric machine that can be easily controlled to
deliver the desired forces in both active and passive operations. The present work aims
at developing an innovative transmission compound for a rotary electromagnetic active
suspension system that is able to obtain high level NVH and safety performances. Two
different proposed systems are analyzed. The first one couples a cycloidal transmission
stage to a polymeric planetary one, while the second one couples the same cycloidal
stage to a concentric magnetic gearbox. Both of them are expected to improve the NVH
performances of the shock absorber, thanks to the high efficiency of the cycloidal reducer
and to the properties of plastic materials and of magnetic coupling. The proposed systems
are analyzed analytically and in simulation environment, providing promising results in
terms of efficiency and torque density.

Keywords: active damper; actuator; electromechanical; gearbox; shock absorber

1. Introduction

Active vehicle suspensions represent one of the streamlines towards electrification
in the automotive industry. The integration of mechatronic chassis actuators is a crucial
step in guaranteeing optimal comfort and handling performances at the vehicle level.
Electric vehicles impose more stringent requirements in terms of vertical dynamics due
to the inclusion of a battery pack. Because of the removal of the internal combustion
engine, electric vehicles also demand lower levels of noise coming from road irregularities.
Comfort and noise, vibration and harshness (NVH) are even more relevant in the context
of autonomous vehicles, where the driver could become more susceptible to external
disturbances. In this context, the possibility of exerting force directly at the shock absorber
level becomes extremely attractive.
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Among all the possible proposed systems, electromechanical actuators represent an
interesting solution thanks to their reduced inertia when compared to hydraulic solutions,
their oil-free nature, high efficiency, and the possibility of energy harvesting from road
unevenness [1]. In these actuation systems, rotary electric motors are preferred over linear
ones due to their higher torque and power density [2]. Therefore, the actuator requires a
suitable transmission mechanism to convert rotation into the linear displacement, typical
of a vehicle suspension, while also providing a speed reduction. An industrial example of
a rotary shock absorber, connected to the suspension by linkages and able to regenerate
power is the novel concept proposed by Audi AG in 2016, with the eROT system [3].

Previous studies in our research group have led to the development of rotary actuation
technologies for suspensions, where an electric machine coupled to a speed reducer drives
a lever system, thus providing linear actuation to the suspension arms [4]. This setup has
led to favorable results in terms of packaging, efficiency, responsiveness and output force.
However, the design of the speed reducer can still be addressed to enhance the system
characteristics. This component is indeed a crucial part of the actuator as it must deliver
high reduction ratios, usually higher than 50:1, in a limited torque-speed envelope.

In previous prototypes, this has led to the development of a double-stage planetary
gearbox with low-module spur gears, developing a total reduction ratio iyot = 87. This
design can deliver favorable performance and compactness. However, it also presents
drawbacks in terms of cost and mechanical issues, such as wear and backlash. The latter,
together with static transmission error and gear meshing frequencies, also leads to poor
NVH performance of the actuator [5]. Specifically, these issues add a source of noise
particularly related to the high-speed stage.

To address these drawbacks, this research aims at proposing innovative compound
transmissions. Cycloidal drives present several benefits for acoustic behavior, reducing
backlash and vibrations, while still providing high transmission ratios in a compact size.
However, using a single stage with a high reduction ratio can affect the overall system
efficiency [6]. Therefore, double stage compound gearboxes are proposed. Starting from
the benchmark planetary gearbox, the low-speed stage is replaced by a cycloidal drive,
while two possible alternatives are investigated for the high-speed stage. The first consists
of a contactless magnetic drive [7]. The contact-free nature of the magnetic gears improves
durability and minimizes component wear, contributing to a more efficient and low-
maintenance solution. Leveraging the intrinsic properties of magnetic coupling, the system
could provide a fail-safe mechanism, enabling torque decoupling when the applied torque
exceeds the design limits. This feature helps prevent mechanical failure of other components
in limit conditions, thus improving system reliability. The second alternative introduces
a high-strength polymer planetary stage. This solution is expected to be extremely cost-
effective, while also obtaining a strong noise reduction thanks to the adoption of a material
with more intrinsic damping.

This work provides a feasibility study for these novel compound gearboxes. Both
solutions are compared against the steel planetary benchmark, in terms of efficiency and
packaging. The sequel of this manuscript is organized as follows. Section 2 describes the
initial design steps to determine the requirements for each transmission stage. In Section 3,
the cycloidal stage design is performed through an optimization process. Once the low-
speed stage is defined, both planetary and magnetic stages are designed respectively in
Sections 4 and 5. The latter is, again, the result of an optimization-driven approach, while
the polymer planetary stage is designed with traditional software tools. Finally, Section 6
concludes this work.
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2. Transmission Sizing

As previously explained in Section 1, the gearbox design is crucial to reduce noise and
vibrations of the actuator while maintaining a fair conversion efficiency of the system. In
contrast with the benchmark double-stage planetary reducer, the aim is to attain a more
favorable compromise between NVH and conversion efficiency. This is achieved with a
cycloidal first stage and a second high-speed stage with magnetic or polymer gears. Both
high-speed stage configurations share the same cycloidal first stage, which implies a shared
reduction ratio among both solutions.

Single stage planetary reducers with a fixed ring can reach practical gear ratios from
3:1 to 9:1 [8]. Higher or lower ratios lead to an unbalance of gear geometry, respectively
with too small sun or planets, compromising their mechanical strength. Indeed, the best
ratios for maximized torque capability are usually considered to be between 4:1 and 6:1 [9].

Conversely, the magnetic stage ratio limitations are strictly related to the achievable
number of magnetic poles on inner and outer rotors, as described in Section Magnetic Stage
Design Results and Equation (5). Note that, the higher the number of pole pairs in the inner
rotor, the better the torque ripple performance [10]. Due to permanent magnets size and
envelope constraints, the maximum number of external pole pairs is set to 15. In this specific
case, a number of inner rotor pole pairs of 3 is selected, as a higher number would yield
excessively low transmission ratios. Also, to maintain fair torque ripple performance [11],
no integer reduction ratio should be adopted, reducing the acceptable outer rotor pole pairs
to 14. Applying Equation (5), the magnetic stage ratio can reach up to 4.66, with steps of
0.33 due to the three internal pole pairs.

Combining the limitations of the two technologies, the final acceptable range for the
high-speed stage is obtained:

isp € [3,9] Planetary constraint
isp < 4.66 Magnetic constraint (1)
" g € {3.33,3.66,4.33,4.66}

where iy is the fast stage ratio. Since the total gearbox reduction ratio is fixed to match the
previous solutions with iyt = 87, the acceptable range for the cycloidal stage ratio icyc can
be calculated:

P Ltot
cye — T
Ist2

‘. ieye € {19,20,24,26}

The envelope constraints for all three reducers are set to a maximum diameter of
90 mm and an active axial length of 20 mm to ensure a compact design of the actuator as
similar as possible to the original planetary prototype.

3. Cycloidal Drive

A cycloidal drive is an alternative speed reducer, often employed in robotics [12,13],
which exploits the rotation of usually two eccentric cycloidal disks on fixed external pins
to transmit torque to the slower output shaft, connected through the output holes. This
concept is illustrated in Figure 1.

The proposed design approach is based on a multibody analysis developed in
MATLAB®. Once the geometric and material parameters are selected, the model yields the
contact forces between the disks, pins, and rollers, which are used to calculate the stresses
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and size the various components. It also yields friction forces, which are useful to obtain a
first estimation of the reducer’s efficiency.

Pin pitch

x / circle

Output rollers

Motor shaft

Output shaft

]

j:q<:Cycloidal disks )
Fixed pins — ==

Figure 1. Cycloidal drive and its main components.

Eccentric cam

3.1. Optimized Cycloidal Stage Design

The design of the cycloidal drive is performed through an optimization process to
define all the geometrical parameters.

The main design requirements for the cycloidal stage are summarized in Table 1.
The reduction ratios allowed for the cycloidal stage are obtained from Equation (2). The
maximum thickness of the disk is given by the half of the maximum active length for the
entire cycloidal stage (20 mm), as two disks are adopted to balance eccentric forces [14].
The pitch diameter of the external pins is also varied in the optimization process, still
satisfying the envelope constraint of 90 mm. A common minimum safety factor is set to 1.2
for all components sizing.

Table 1. Cycloidal drive design requirements.

Description Symbol Value Unit
Required transmission ratio icyC 19,20,24,26 —
Disk maximum thickness tmax 10 mm
Fixed pins pitch diameter D 80 to 90 mm
Minimum Safety factor SFmin 1.2 —

First, the disk profile design is optimized, studying the effect on system efficiency due
to pins’ pitch diameter D, eccentricity E, and reduction ratio icye.

The pin radius R for each D, E, and icyc combination is maximized, since it was
observed that a larger pin radius leads to higher efficiency. Its upper boundary Rpmax is
given by interference and undercut constraints [15] as given by the Equation (3).

Rsin ( % ) interference
Rpmax = min 3)
27n(R? — E2N?)
(112 undercut

where R is the pitch radius of the pins, equal to D /2, N is the number of external pins, while
n is the number of disk lobes. Both are bound to the reduction ratio given by Equation (4).
To maximize the gear ratio N — n is kept equal to 1.

. n
1 = —
cyc N—Tl

(4)
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The output torque is kept constant throughout optimization, varying the input torque
in function of icyc.

Together with the system efficiency, as shown in Figure 2a, the minimum required
disk thickness is also computed, as shown in Figure 2b. Hertz theory is applied to compute
the stresses in the contact points between fixed pins and disk, and the minimum thick-
ness tyy pin is computed to satisfy the requirement of SFynin = 1.2. All solutions with a
trz,pin > 10 mm are rejected, and between the compliant solutions, as shown in Figure 2c,
the most efficient is selected. Finally, in Figure 2d, the adopted pin radius is indicated.

(a)
\ 0.88
\ . 957
o3 - é E
\ & o 3
0.84
8.5
80 1
D [mm] E [mm]
(c)
0.88 :
26 ' 4.5
24 0.87 = 4 g
= 086 -
20 09 o g
-h*""‘&u.,, % 3 o
19 085 25
90
80 1
D [mm] E [mm)] D [mm] E [mm)]

Figure 2. (a) Efficiency values for all geometrically valid solutions. (b) Minimum required disk
thickness (limited at 10 mm). (c) Efficiency of all solutions satisfying the thickness constraint. (d) Pin
radius adopted for every solution.

Once the geometry of the disk profile is defined, the geometry of the output holes and
rollers should be determined. Similarly to the first optimization, the efficiency behavior is
studied varying rollers’ pitch diameter Doy, diameter D), and number No;.

Hertz theory is also applied to the contact points between disk and rollers to compute
minimum thickness ty, out, Figure 3b. For the sizing of the output rollers, the bending
resistance is also taken into account, which results in a maximum length of the rollers,
strictly related to the maximum thickness of the disk t,,q shown in Figure 3c. The condition
to be respected in this case is fy; oyt < 10mm < tenq. Between all compliant solutions,
shown in Figure 3d, the most efficient is selected, completing the design procedure of the
cycloidal drive.

3.2. Cycloidal Stage Design Results

Following the described optimization process, the cycloidal stage geometry is set. The
main parameters and their final value are summed up in Table 2, while the obtained 2D
drawing is shown in Figure 4. In this configuration, the estimated efficiency of the cycloidal
stage reaches 90%.
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Figure 3. (a) Efficiency values for all geometrically valid solutions. (b) Minimum required disk
thickness due to Hertzian contact. (¢) Maximum allowable disk thickness due to rollers bending.
(d) Efficiency of all solutions satisfying both thickness constraints. Red and black lines indicate,
respectively, output holes interference limit and minimum clearance from disk profile.

Table 2. Cycloidal drive optimized design parameters.

Description Symbol Value Unit
Transmission ratio feye 19 —

Disk thickness t 10 mm
Fixed pins pitch diameter D 85 mm
Fixed pins radius Rp 4 mm
Eccentricity E 1.7 mm
Output holes number Nor 8 —

Output holes pitch diameter Doy 54 mm
Output rollers diameter Dion 8 mm

Roller

Figure 4. Cycloidal disk final design. (a) Multibody model; arrows denote force components at the
contact points. Contact forces (b) between disk and pins, and (c) between lobes and output rollers.
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4. Polymer-Based Planetary Drive

Once the design of the low-speed cycloidal stage is completed and its gear ratio fixed,
the high-speed stages requirements are defined. As previously explained in Section 2, the
aim is to keep itot = 87 and to maintain the same ratio for both planetary and magnetic
stages. Through the optimization process, the cycloidal stage ratio is fixed icyc = 19 leading
to a fast-stage ratio of igyp = 4.66, as from Equations (1) and (2).

The configuration exploited for the planetary stage is depicted in Figure 5. The ring
of the planetary stage is fixed, input shaft from the electric machine is connected to the
sun gear, while the carrier is connected to the eccentric input shaft of the cycloidal stage.
The envelope constraint for the ring gear is set to the same diameter of 85 mm previously
adopted for the fixed pins of the cycloidal drive, to achieve compactness of the overall
gearbox design.

\

“—————— Planet gear

T

<—Planet carrier —F—>
Input ANN\N N\ Output
shaft NN\ N\ shaft /
\
Sun gear
i ¥~ Fixed ring /

Figure 5. Planetary drive architecture.

High strength polymer gears offer many advantages with respect to standard steel
gears, and are replacing them in various applications, also in the automotive field [16]. They
can provide weight reduction, cost-effective production especially when injection molding
is exploited, low friction and wear, and of course improved NVH characteristics [17].

Between the various polymers that can be adopted, Poly-ether ether ketone (PEEK) can
offer a good balance between mechanical characteristics and NVH performances. It presents
an higher heat deflection temperature (HDT) with respect to engineering plastics like POM
and PA [18], meaning PEEK can withstand higher mechanical loads at higher temperatures.

Static sizing of the gears is carried out following normative VDI 2736, selecting not
reinforced PEEK, exploiting the commercial software KISSsoft®. The main parameters of
the adopted planetary design are reported in Table 3.

Table 3. PEEK planetary stage design parameters.

Description Symbol Value Unit
Transmission ratio istp 4.66 —
Facewidth b 10 mm
Gear module m 1 mm
Pressure angle « 20 deg
Number of teeth [Zsun, Zpl, Zring] [21, 28, 77] —

5. Magnetic Drive

Magnetic gearboxes (MGs) are transmission systems in which the coupling between
high-speed and low-speed rotors is not determined by the exchange of contact forces, as
in mechanical gearboxes, but by the interaction of the harmonics of the magnetic field.

https:/ /doi.org/10.3390/engproc2026131021


https://doi.org/10.3390/engproc2026131021

Eng. Proc. 2026, 131, 21

8of 12

Their contactless nature enables minimal wear and low maintenance. This feature is also
advantageous in applications where low noise emissions are paramount.

Torque transmission capability is greatly enhanced by the addition of the so-called
modulator teeth. These blocks focus the magnetic flux generated by the magnets, thereby
reducing dispersion and maximizing torque transmission. The most common design
remains the radial architecture proposed by Atallah and Howe [19], with two concentric
rotors and a modulator between them, as shown in Figure 6.

Modulator teeth Outer rotor
magnets

Input shaft —

[

I:I Output shaft

Inner rotor magnets

Figure 6. Studied magnetic gear structure. Arrows in the magnets indicate their polarization direction.
The inner rotor shows a Halbach magnetization pattern.

To further increase the volumetric torque density (VTD) of magnetic gearboxes, Hal-
bach magnetization patterns can be introduced, as shown in Figure 6 for the inner rotor. This
allows for a more sinusoidal flux distribution and a stronger interaction among magnetic
field harmonics [20].

Magnetic Stage Design Results

In the present work, the design of the MG stage was performed using a genetic
algorithm. The two-dimensional geometry of the gearbox was parametrized in MATLAB
R2025a and transferred to the software Finite Element Method Magnetics (FEMM). The
model implemented a static torque computation to evaluate the maximum torque capability
of each design. Iron losses useful to map the transmission efficiency were quantified
through the Bertotti equation [21].

The optimization phase was carried out using MATLAB, and setting the volumetric
torque density of the system as the objective function to be maximized. The addition of the
efficiency to the optimization was deemed not necessary, as it increased the computational
burden while not giving significant advantages in terms of power loss reduction.

To start the optimization process, the main requirements for the MG are fixed. Trans-
mission ratio is fixed at iy = 4.66 after the optimization of the cycloidal drive led to a ratio
icye = 19, as already pointed out in Section 4. The outer radius R, = 45 mm matches the
previously existing benchmark planetary gearbox. The axial length L = 20 mm represents
an upper limit to preserve compactness. The maximum outer rotor torque was limited as
well to the value of 15 Nm, as higher torques would make the system unnecessarily bulky,
while not providing useful improvements, considering the requirements of the application.

https:/ /doi.org/10.3390/engproc2026131021
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The equations determining the gear ratio and the necessary number of modulator
poles of a magnetic gearbox are

, N,
Istp = — N(i) (5)
N, = Ny + N; (6)

where Nj represents the number of pole pairs on the inner rotor, N, is the number of pole
pairs on the outer rotor and N, the number of modulator poles. To obtain the established
value of gear ratio, values were set to N; = 3, N, = 14, and Np =17.

The variables to be optimized are the axial length of the mechanism L, the inner and
outer rotor permanent-magnet thickness f,mi and fpmo, the inner and outer rotor iron yoke
thickness t; and ¢, and the stator modulator poles thickness ¢p,.

Following its torque improvement, a Halbach array was implemented in the inner
rotor, where the amount of poles is low. Instead, a regular array with two segments per
pole was used on the outer rotor, where the magnets are higher in number. A preliminary
analysis demonstrated that this hybrid design performs 8.46% better than the case with
regular arrays on both rotors in terms of maximum torque density. By converse, exploiting
Halbach arrays on both rotors improves the maximum torque output by 19.44% when com-
pared to the hybrid design. Despite exhibiting the highest torque transmission capability,
the Halbach configuration presents a large number of magnetic pole pieces with limited di-
mensions, which would represent an important drawback in terms of assembly. Therefore,
the hybrid configuration was selected. Figure 7 shows the comparison between the outer
rotor torque varying the torque angle of the three studied designs, with fixed parameters.

20 T T T

Regular
Hybrid
Halbach

Outer rotor torque [Nm]

-20 1 1 1 1 1
0 20 40 60 80 100 120

Mechanical angle [deg]

Figure 7. Transmitted torque at the outer rotor as a function of its mechanical angle for three
different permanent-magnet configurations: conventional arrays (red), Halbach arrays (green), hybrid
arrays (blue).

Table 4 lists the resulting parameters and performance metrics of the transmission
torque optimization. In Figure 8a, a simulation of the final geometry in FEMM is shown.
Figure 8b presents the efficiency map obtained by collecting the performance of the mag-
netic gear transmission in multiple working points of the torque-speed plane.

To account for flux leakage end effects, the performance of the designed magnetic
gearbox was evaluated with a 3D finite-element model. As detailed in [22], end effects may
cause a significant reduction of the torque capability, especially for relatively short designs
like the one presented in this work (D/L = 7.5). Since the entity of the overestimation
using 2D models can reach up to 40%, the need of a 3D model is evident. In this study,
the software Ansys Maxwell was used to reproduce the 3D configuration. The maximum
achievable value of transmitted torque at the outer rotor for the studied design drops from
15.84 Nm in the 2D simulation to 11.51 Nm in 3D, with a reduction of 27.84% , aligned with

https://doi.org/10.3390/engproc2026131021
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literature data. Still, the reached peak torque satisfies the requirement of the actuator. The

same performance decrease is, of course, visible in the value of VTD. Figure 9 shows the

behavior of the inner and outer rotor torque over a full electrical period, comparing the 2D

and 3D results.

Table 4. Optimization variable final values.

Description Symbol Value Unit
Gearbox axial length L 12 mm
Inner rotor PM thickness tpmi 14.2 mm
Outer rotor PM thickness tpmo 5 mm
Inner rotor yoke thickness t 6.6 mm
Outer rotor yoke thickness to 5 mm
Stator modulators thickness tp 5.6 mm
Outer diameter D 90 mm
Volumetric torque density VTD 208.13 kNm/m
Maximum inner rotor torque Timax 3.37 Nm
Maximum outer rotor torque Tomax 15.89 Nm
Magnetic flux density [T] Bficiency [-]

w,\ \7//’_‘\

b\V.'/ J

<<'5’/‘lllnmmm5h}\l“)y

(a)

Figure 8. (a) Finite-element simulation of the final configuration of the magnetic gear transmission.

(b) Efficiency map in the torque-speed plane.

Inner rotor torque [Nm]

1000 2000 3000 4000 5000 6000
Inner rotor speed [rpm)]

(b)

15 T T T T T
1 ~d 2D inner
10+ a = — — — — 2D outer|
/ T ~ 3D inner
= 5L / // \\\ — — — 3D outer| |
g - \
= 7 \\
2 0
=] Ve
= N py
S 5L AN _ i
& ANN -7
-10+ ~NF———— _ e -
~
~ —
_15 1 1 1 1 - - 1
0 20 40 60 80 100 120

Mechanical angle [deg]

Figure 9. Transmitted torque at the inner (dashed) and outer (solid) rotors as a function of its
mechanical angle using 2D models in FEMM (red) and 3D models in Ansys Maxwell (green).
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6. Discussion and Conclusions

The expected features of the two proposed designs can be compared against the
benchmark steel planetary gearbox, as shown in Table 5. Both compound reducers show
satisfactory efficiency, slightly decreased with respect to the benchmark, but still suitable
for the effectiveness of the active suspension system. Torque density is also comparable,
packaging constraints are satisfied and compactness of the actuator is preserved.

Table 5. Comparison between packaging and efficiency characteristics of the final proposed designs
and the benchmark transmission.

Benchmark Cycloidal + Cycloidal +
Parameter Planetary Polymer Magnetic Stage
Planetary 5 8
Estimated average efficiency ~90% ~80% ~85%
Gearbox axial length L 20 mm 30 mm 32 mm
External active diameter D 85 mm 85~90 mm 90 mm

In conclusion, this paper explored alternative transmission solutions for rotary electro-
magnetic shock absorbers. A cycloidal stage was combined with a polymer-based planetary
stage or a magnetic gear stage. The proposed solutions were compared against a benchmark
planetary gearbox for the intended application. As expected, efficiency and compactness
were slightly penalized in the new designs. These performance reductions were quantified
numerically through detailed models. Nevertheless, the new topologies appear promising
in terms of noise, as they implement technologies, materials and methods that involve
significantly lower acoustic emissions. Future works and developments will focus on the
manufacturing and testing of the new prototypes to experimentally assess their energetic
and NVH features and have a direct comparison with the benchmark actuator.
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