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Abstract

With the rapid advancement of robotics in industrial, exploration, logistics, and domestic appli-
cations, actuator performance has become a critical factor in enabling robust and energy-efticient
operation. While electric actuators offer compactness and precise control, they often suffer from
limited load capacity and high energy consumption under sustained loads and impact condi-
tions.To address these challenges, we propose a compact magnetorheological (MR)-enhanced joint
that integrates electric actuation with MR damping. The proposed joint enables seamless switch-
ing between electric actuation and MR-based damping modes, exploiting the field-dependent rhe-
ological properties of magnetorheological fluid to enhance impact mitigation and passive load-
holding capability. Experimental characterization shows that the proposed MR actuator achieves

a torque-to-mass ratio (TMR) of 174.3 Nm kg ™! and a torque-to-volume ratio (TVR) of 4.21 x
10~* Nm mm . When evaluated at the joint level, the system exhibits a TMR of 52.3 Nmkg~!
and a TVR of 8.4 x 107> Nm mm ™. On a single-legged robotic testbed, the MR-enhanced joint
reduces peak impact torque by 28% and peak vertical acceleration by 11.5% during free-fall land-
ing compared to a purely electric baseline. In addition, quasi-static load tests demonstrate that

the joint supports a 9 kg payload while consuming only 8 W, compared to 6 kg at 22.8 W for the
baseline configuration. These results demonstrate that the proposed MR-enhanced joint provides
improved impact robustness, increased load capacity, and reduced energy consumption within a
compact and easily integrable actuator architecture.

1. Introduction

Actuator performance has become increasingly critical with the rapid advancement of robotics, as actu-
ators serve as the primary drivers of locomotion and manipulation in quadruped and humanoid robots.
Key performance factors, including Torque-to-Mass Ratio (TMR) and energy efficiency, directly deter-
mine the overall capabilities of a robotic system. Among existing actuation technologies, pneumatic and
hydraulic actuators can deliver high power density but suffer from bulky auxiliary hardware, limited
efficiency, and maintenance complexity, which restrict their practicality in mobile and field robots [1-
8]. As a result, electric actuators have become the dominant solution due to their compact form, low
weight, and precise controllability [9-11]. In most electric robotic systems, planetary gear transmissions
are employed to achieve the torque levels required for legged locomotion within a compact actuator vol-
ume. Higher output torque in planetary actuators is commonly achieved through increased gear ratios or
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enlarged motor stators, leading to increased actuator volume and mass [12]. Moreover, sustained high-
load operation and impact events can lead to overheating [13], reduced energy efficiency [14, 15], and,
in severe cases, overcurrent protection or shutdown [16]. These limitations motivate the exploration of
complementary mechanisms that can enhance the robustness and load-handling capability of compact
planetary actuators.

In response to the limitations of purely rigid electric actuators, elastic elements have been widely
introduced into robotic actuation architectures to provide mechanical compliance. Elastic actuation
can effectively mitigate impact loads and improve force controllability by temporarily storing mechani-
cal energy. However, elastic elements inherently introduce nonlinear dynamics and do not directly pro-
vide tunable damping or passive load-holding capability under sustained loads. While elastic actuation
improves robustness to impacts, it offers limited benefits for sustained high-load operation or energy-
efficient load support, motivating the exploration of alternative approaches that can provide controllable
dissipation and resistance within compact actuator structures.

Magnetorheological fluids (MRF) are intelligent materials whose apparent viscosity and yield stress
increase rapidly under an applied magnetic field [17]. In robotic systems, these field-dependent prop-
erties enable MRF to be employed in different roles depending on the actuation objective. For active
robotic actuation, MRF are commonly integrated as MR clutches [18, 19] or Magnetorheological
Actuator (MRA) [20, 21] to regulate torque transmission within a drivetrain. In particular, Plante
et al [22] demonstrated that MR-based clutch actuators can function as a fluidic torque interface that
decouples motor inertia from the output, enabling robotic joints to dynamically transition between low
mechanical impedance with high backdrivability for haptic interaction and high torque density and stiff-
ness for collaborative robotic tasks. Overall, these results demonstrate that MRA are capable of providing
a tunable impedance range, high-force load-bearing, and intrinsic impact mitigation within a unified
actuation framework.

In contrast to active actuation paradigms, MRF are also widely employed in a passive or semi-active
manner within assistive and rehabilitation systems. In both lower- and upper-limb exoskeletons, MR
dampers are commonly integrated at the joint level to facilitate load transfer, dissipate impact energy,
and enhance load-carrying capability. In such applications, the MR element primarily functions as a
controllable resistive component, rather than as a primary torque source for direct rehabilitation or
motion assistance. Representative studies have demonstrated that MR-based exoskeletons can effectively
reduce the ground reaction force experienced by users during load-carrying locomotion, and improve
human load-bearing capability while alleviating musculoskeletal loading [23, 24].

Building upon these active and passive uses of MRF in robotics, recent research has explored MR-
based actuation architectures that integrate controllable impedance directly into robotic joints and trans-
missions. In most existing designs, MR functionality is realized through dedicated clutch or damper
modules that are either externally coupled to the actuation system or implemented as self-contained
MR actuator units. While these approaches enable effective torque modulation or energy dissipation,
they typically introduce additional mechanical interfaces and transmission stages that are difficult to
accommodate within commercial off-the-shelf actuators. As a result, substantial redesign of the drive-
train or joint layout is often required before such MR devices can be deployed in practical robotic sys-
tems. These requirements pose particular challenges for compact planetary actuators commonly used
in legged robots, where available space and drivetrain simplicity are tightly constrained. The added vol-
ume associated with dedicated MR modules can limit retrofit feasibility and complicate integration into
existing actuator housings. To address these challenges, we propose a simple and compact MR-enhanced
planetary actuator that integrates controllable damping directly into the existing transmission structure.
Rather than introducing additional clutch stages or standalone MR modules, the proposed approach
replaces conventional planet gears with MR-enabled planet gear units incorporating MR bearings.

Based on this integration-focused design philosophy, the main contributions of this work are sum-
marized as follows:

e A simple and compact method for integrating MR damping into a standard planetary actuator by
replacing conventional needle bearings with MR-enabled planet gear units, requiring minimal struc-
tural modification.

o A geared-stage MR bearing integration strategy that positions the MR element at a reduced rotational
speed, enabling high yield resistive torque generation and effective damping.

e Experimental validation on a robotic joint and a single-leg testbed, demonstrating improved impact
mitigation, increased load-holding capability, and reduced electrical power consumption compared to
a purely electric baseline.
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Figure 1. (a) Exploded view of MR-based robotic joint (MR-Joint) (b) working principle of MRA.

The rest of this article is organized as follows. Section 2 introduces the design and working principle of
the proposed MRA. Section 3 presents a simplified MR-bearing torque representation and its integration
with the actuator-level control framework. Section 4 evaluates the mechanical characteristics of the MRA.
Section 5 presents the application of the MRA on a single-legged robot. Section 6 provides discussion,
and section 7 concludes the article.

2. System overview

2.1. Design of MR-based robotic joint

A conventional planetary electric actuator consists of two primary subsystems: an electronic subsystem
and a mechanical transmission subsystem. The electronic subsystem includes the stator and rotor, which
enable precise torque and position control, while the mechanical subsystem typically employs a planetary
gear train to amplify output torque within a compact volume.

In the proposed design, the conventional planetary gear system is replaced by a compact MR plane-
tary system, referred to as the MRA. Unlike traditional planetary designs, the MRA integrates MR bear-
ings directly into hollow planetary gears. This configuration allows the MR elements to utilize unused
internal volume within the gearbox and ensures that the MRF operates at the reduced rotational speeds
of the geared stage, thereby avoiding the high shear rates associated with rotor-side integration.

By positioning the MR elements between the electric motor and the reaction torque path, the MRA
is able to effectively attenuate impact loads before they are transmitted to the motor. This placement
enables the MR bearings to act as a controllable resistive interface during transient loading events,
improving impact robustness without altering the external form factor of the actuator. An exploded view
of the proposed MR-Joint is shown in figure 1(a).

Considering the limited radial space available within the planetary gear stage, the MR bearing geom-
etry imposes strict constraints on fluid volume, coil size, and sealing. To preserve sufficient gear tooth
thickness for reliable torque transmission, a compact sealed bearing configuration was adopted. The lim-
ited available volume further motivated the use of fine copper wire (0.25 mm diameter) with a high turn
count (156 turns), enabling adequate magnetic field strength within the confined space.

To ensure an effective MR response within the small active volume, a high-performance
MRF formulation was selected. Fine iron particles (1-3 pm) were used to maintain fluid-
ity and reduce friction and wear under rolling contact, while a high particle concentration
(87.7 wt.%) was employed to increase the field-induced yield stress and enhance resistance
to centrifugal leakage. Collectively, these design choices balance electromagnetic efficiency,
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Table 1. Specification of MRA.

E Ang Tien Yew et al

Wire Diameter (mm) 0.25
Coil thickness (mm) 3.25
Coil resistance (£2) 5

Coil inner/Outer diameter (mm) 7/13
Bearing thickness (mm) 5
Bearing inner/Outer diameter (mm) 6.0/15.0
Number of coil turns 156
MRF (wt.%) 87.70%
Mass of MRF (g) 5
Motor mass (g) 526
Motor mass with MRA (g) 590

T 7 7 Preparationof MRF T T T T T 7 7 Homogenous NMixing ~ ~~~~ "~~~ MRF Injection ~ ~ ~ = 7 ]

Conventional Planetary System

(Iron Particle Addition) of MRF

into Bearing

1

Assembly of
MR-planetary gear
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(Series Conngl:tion) ) Final MR-Planetary System

Figure 2. Overview of the MR-enhanced planetary system fabrication, from MRF preparation and bearing injection to coil inte-
gration and final assembly.

MR performance, mechanical integrity, and integration feasibility within the planetary gear
stage. The main design specifications of the proposed MRA are summarized in table 1.

2.2. Working principle of MRA

The working principle of the proposed MRA is illustrated in figure 1(b). In Baseline Mode, the actuator
operates under purely electric actuation with no excitation current applied to the MRA (I =0A). In this
state, the MRF remains in a liquid phase, and the MR bearings rotate freely with minimal additional
resistive torque.

When the excitation current is applied, the actuator transitions into MR-assisted operating modes
that introduce controllable impedance at the joint. In MR Damping Mode, the energized MR bearings
generate a velocity-dependent resistive torque that acts in parallel with the electric actuator, provid-
ing impact attenuation and motion smoothing during dynamic operation. As illustrated in figure 1(b),
this mode allows joint motion to continue while dissipating external disturbances through MR-based
damping.

Under conditions where MR resistive torque exceeds the applied external load, the actuator oper-
ates in MR Braking Mode. In this mode, the MR bearing sustains the external load with negligible joint
motion, thereby relieving the electric motor from continuous load-bearing and reducing electrical power
consumption.

For a given external load, the magnitude of the MR resistive torque is governed by the applied mag-
netic field strength. Accordingly, adjusting the excitation current enables continuous and reversible mod-
ulation between free motion, damped motion, and load-supporting operation.

2.3. MR bearing construction and assembly

The fabrication and assembly procedure of the MRA is illustrated in figure 2. A high particle concentra-
tion MRF (87.7 wt.%) was prepared using iron particles with diameters of 1-3 pm. To ensure homoge-
neous dispersion of the particles, the MRF was heated to 70 °C during preparation. Each sealed bearing
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Figure 3. Magnetic simulation results. (a) Preprocessing and model simplification. (b) Vector magnetograms with magnetic flux
density. (c) Enlarged view. (d) Magnetic flux density curve corresponding to coil current.

was then filled with approximately 0.1 ml of the prepared MRE.The filled bearing units were vacuum-
treated during assembly to reduce trapped air and improve fluid filling before sealing. To suppress fluid
leakage during rotation, O-rings were installed between the bearing and its seal.

The MR bearings were interference-fitted onto the planet pins, which are manufactured integrally
with the planet carrier, and into the planetary gears using Loctite 638 bearing adhesive, ensuring that
the planetary gears rotate directly on the MR bearings. This configuration constrains the mechanism to
a single rotational degree of freedom and enables efficient transmission of rotational motion through
the MR bearing interface. All electromagnetic coils were electrically connected in series, resulting in a
total resistance of approximately 5 2. The coil leads were routed outside the planetary carrier to prevent
obstruction by the rotating gears.

Plastic washers were placed above the coils to provide both electrical insulation and mechanical iso-
lation between the coils and the rotating bearing components. A clearance of 1 mm was maintained
between the coils and the planetary gears to prevent mechanical interference during operation. In addi-
tion, a radial clearance of 0.1 mm was maintained between the planetary gears and the planet carrier to
minimize friction and ensure smooth rotation. Lubrication was applied to the planetary gears and ring
gear to reduce wear and friction and to improve overall transmission efficiency.

2.4. Magnetic field simulation of the MRA
In this work, COMSOL Multiphysics was used as an electromagnetic design tool to guide the design of
the MRA by improving magnetic-flux concentration in the active MR bearing region through the dimen-
sional design of the planet carrier and planetary gear. Accordingly, the present study reports the final-
ized MRA design, together with the corresponding magnetic-field analysis and experimental characteriza-
tion. A simplified electromagnetic model of the MRA was extracted, as shown in figure 3(a). The model
represents one of the three symmetric segments of the planetary system and includes the planet carrier,
planetary gear, excitation coil, MR bearing, and MRE

Material properties were assigned to all components in the simulation. The excitation current sup-
plied to the coil was swept from 0 to 1.5 A with an increment of 0.1 A. The resulting magnetic flux den-
sity distribution is shown in figure 3(b). In the enlarged view of the bearing element in cross-section B,
magnetic flux lines are observed to concentrate between the rolling element and the bearing raceway.
These flux paths guide the ferrous particles in the MRF to form field-aligned particle chains, as high-
lighted in figure 3(c). This region is responsible for resisting relative motion and transmitting control-
lable torque. To quantify the magnetic field strength, three point probes and two domain probes were
defined around the MR bearing. Probe 3 and Probe 4 were placed in the gaps between the rolling ele-
ment and the inner and outer bearing rings, respectively. Under a coil current of 1.5 A, the measured
magnetic flux densities reached 1.14 T and 1.02 T at these locations. Domain probes located within the

5
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Figure 4. Torque-speed characterization of a single MR bearing at excitation currents of 0, 0.5, 1, and 1.5 A.Inset: experimental
setup with planetary MR gear, torque sensor, and motor.

MREF regions recorded flux densities of 0.92 T and 0.72 T. These values confirm that the MR bearing is
subjected to a sufficiently strong and controllable magnetic field.

To identify the efficient near-linear operating region of the finalized MRA, Probe 2 was placed near
the shaft region of the planet carrier. The results show that, within the current range of 0-0.9 A, the
magnetic flux density in the monitored structural region increases approximately linearly with excitation
current, as shown in figure 3(d). Therefore, 0-0.9 A defines the efficient operating range for predictable
torque modulation of the MRA. At higher currents, the magnetic response gradually departs from lin-
earity. Accordingly, currents up to 1.5 A were retained in the experiments only to characterize the pro-
totype’s upper braking-torque capacity. This monotonic increase and subsequent saturation of magnetic
flux are consistent with the static torque-current Hill fit introduced in Section III-D which increases with
field strength and flattens near magnetic saturation.

3. MR bearing torque representation and control integration

3.1. Single MR bearing and MRA torque representation

To validate the reduced-order bearing-level representation, a single MR bearing was experimentally char-
acterized before interpreting the planetary MRA behavior. The test used the same planetary gear and
planet carrier from the MRA and was conducted under constant-velocity conditions at excitation cur-
rents of 0, 0.5, 1.0, and 1.5 A. This protocol isolates the dependence of bearing torque on speed and
current.

Figure 4 shows the measured torque as a function of rotational speed. Under zero excitation current,
the off-state torque remains low, decreasing from 0.0911 Nm at 0.5 rad s~! to 0.0797 Nm at 5.0 rads™'.
When current is applied, the torque increases substantially and exhibits a clear velocity-weakening trend:
for 1.5 A, torque decreases from 1.1517 Nm at 0.5 rad s~! to 0.5186 Nm at 5.0 rad s~!, a reduction of
55.0%. This confirms that the activated MR bearing does not behave as a purely viscous damper and
supports the assumptions of a phenomenological torque model.

The low-speed torque is dominated by the field-dependent pre-yield traction, governed by the
apparent yield stress of the MR fluid and the bearing geometry. From the measured pre-yield values at
I=0.5, 1.0, and 1.5 A, the current-dependent pre-yield torque of a single MR bearing is represented by
the empirical quadratic:

T, (I) = 1.2126 — 1.22041 4 1.09521 2, (1)

which passes through the measured values T, = 0.8762, 1.0874, and 1.8462 Nm, respectively. This
quadratic is used as a local empirical map over the tested current range.

Beyond the pre-yield regime, torque decreases with increasing speed (post-yield) in a Stribeck-type
velocity-weakening behavior. This is modeled phenomenologically as:

Tur (I,w) = T, (I) exp [ (H , (2)

6
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where w; is the characteristic speed and a controls the shape of the velocity-dependent torque decay.
Across the nonzero-current post-yield bearing data, this representation matches the measured torque
with R? = 0.94, RMSE = 0.0486 Nm, and MAE = 0.0404 Nm.

For the full MRA, the pre-yield torque is better represented by a Hill-type saturation map, fitted
from actuator-level measurements:

26.61%88

= 0.51252-88 _|_IZ.88’ (3)

Ty mra (I)
which captures the higher torque amplitude of the combined bearings and planetary transmission.
The corresponding post-yield MRA torque is represented as:

TMRA,post (I,W) = Toff,MRA (W)

AMRA
+ Byra Ty,MRA (I) exp {— (%) ] , (4)
where the exponential term captures the velocity-weakening decay, and [Syra = 0.5440 is the empiri-
cal ratio that scales the MRA pre-yield torque capacity to its effective post-yield response after chain
breakage and continuous shearing. The fitted speed-decay parameters are w; yra = 2.15 rad s~ ' and
AMRA — 1.13.

A simplified planetary torque-scaling calculation was used to approximate the actuator-level MRA
torque from the measured single-bearing torque. The geometric parameters used for this calculation
are the number of planet gears N = 3, the actuator output reduction ratio G = 6.33, the Sun gear tooth
number z; = 9, the planet gear tooth number z, = 19, and the ring gear tooth number z, = 48.

Since the Sun and planet gears have the same module, the pitch-radius ratio can be expressed as

R z 9
P %
where R, and R, are the pitch radii of the Sun and planet gears, respectively.
For each planet gear, the tangential mesh force generated by the measured single-bearing torque Ty,
can be estimated as

Fi=—. (6)

The corresponding Sun-side torque contribution is therefore F R,. Considering the three planet gears and
reflecting the torque to the actuator output side through the reduction ratio, the estimated output torque
is

Ry

Tout,est = GNT
t,est bRp

(7)

AtI=1.5A and w = 0.5 rad s~ ', the measured single-bearing torque is Tj, = 1.1517 Nm.
Substituting this value into equation (7) gives 10.35 Nm. The experimentally measured full-MRA torque
under the same current and low-speed condition is 12.17 Nm, corresponding to a difference of approxi-
mately 14.9%. This indicates that the bearing-level torque, when transmitted through the planetary gear
geometry and actuator output reduction, provides a reasonable estimate of the actuator-level torque
scale. The small difference can be attributed to nonideal load sharing among the three planet gears, gear
mesh losses, additional bearing friction, and differences between the isolated bearing test boundary con-
dition and the fully assembled planetary MRA.

Although the single-bearing and full-MRA responses share the same Stribeck-type form, the full
MRA torque cannot be obtained by directly multiplying the single-bearing torque by the number of
bearings and the gear ratio. In the complete actuator, the torque is also affected by load sharing among
the planet gears, transmission losses, and post-yield fluid shearing. Therefore, the MRA-level parame-
ters in equation (4) are identified from actuator-level experiments and should be interpreted as an effec-
tive system-level representation of the fabricated prototype. Using this model, the fit metrics are strong
(R?> = 0.9905, RMSE = 0.288 Nm, MAE = 0.222 Nm), confirming that the single-bearing Stribeck struc-
ture is suitable for the full MRA trend, with adjusted amplitude and parameters reflecting the larger
mechanical system. These experiments demonstrate that the phenomenological Stribeck-type torque
model, derived from single-bearing data, captures the qualitative trends observed in both pre-yield and
post-yield regimes and provides a reliable framework to interpret the torque behavior of the full MRA.

7
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Figure 5. Control system of a single-legged robot with MR-Joints.

3.2. Control system integration
The single-legged robot employs MR-enabled joints at the thigh and calf, mounted in parallel with the
leg linkage such that the electric actuator and MR bearing share the same torque transmission path
(figure 5). This parallel configuration allows the resistive torque generated by the MR bearing to be
directly superimposed on the electric actuator output, enabling seamless coordination between electric
actuation and MR-based braking or damping.

The electric actuator operates in position control using a closed-loop Proportional-Derivative control
strategy for accurate joint motion tracking. The motor torque command is given by

Tmotor = Kp <9d - ee) + Kd <9d - ée) P (8)

where T is the torque generated by the electric actuator, KK, and Ky are the position and velocity
gains, 64 and 6, are the desired joint position and velocity, and 6. and 6. are the measured joint states.

To compensate for gravity and joint dynamics, a model-based dynamic compensation term is incor-
porated into the control loop, expressed as

Tmp = M(02) O+ V (0,0) +G(02), 9)

where Tcomp denotes the compensation torque, M(f,) is the joint-space mass matrix, V(8e,6.) represents
Coriolis and centrifugal effects, and G(f.) accounts for gravitational loading.

External contact forces acting at the foot are mapped to joint torques through the Jacobian
transpose,
)T

Tcontact = ](08 Fev (10)

where Teontact 18 the vector of joint torques induced by external contact, J(6) is the configuration-
dependent Jacobian matrix evaluated at 6., and F. is the external force vector applied at the end-effector.

In addition to electric actuation and contact-induced torques, the MR bearing introduces a resistive
torque along the same actuator torque path. For control and system-level analysis, this resistance is rep-
resented by an equivalent MR torque Tyr acting at the joint level. Based on the pre-yield and post-yield
mechanisms discussed previously, the MR torque is modeled as

Tvr (I,w) = Tofr + Tpre (I)+Tpost (LW)’ (11)

where T, accounts for off-state drag, Tyre(I) captures the field-dependent pre-yield traction contribu-
tion, and Tpo (I,w) represents the rate-dependent post-yield correction.

8
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Figure 6. Experimental setup and post-yield damping torque characterization of the MRA: (a) Test rig layout (b) Steady-state
torque versus current and rotational speed under continuous rotation.

The resulting joint torque command applied by the controller is given by

T= Tmotor + Tcontact + TMR + Tcomp~ (12)

The MR actuation is governed by a dedicated controller implemented on an STM32 microcon-
troller. The system employs VNH7040AY H-bridge drivers and an integrated current sensing circuit to
regulate the excitation current supplied to the coils. Pulse-width modulation signals generated by the
STM32 are used to control the coil current, enabling rapid magnetization and demagnetization of the
MRE. A closed-loop PI current controller ensures accurate tracking of the desired excitation current.

Both the electric actuator controller and the MR current controller are integrated within the ROS
framework. Serial communication between the ROS-based high-level controller and the STM32 enables
synchronized commanding and real-time coordination between electric actuation and MR-based resistive
torque modulation.

4, Actuator-level characterization and model identification

4.1. Post-yield damping torque evaluation

An experimental setup was constructed to evaluate the post-yield damping behavior of the proposed
MRA under different excitation currents and rotational speeds. The setup consisted of a servo motor,

a dynamic torque sensor, and an MR controller regulating the coil current supplied to the MRA, as illus-
trated in figure 6(a). The actuator was driven under continuous rotation while the excitation current was
varied from 0 to 1.5 A in increments of 0.25 A. For each current level, experiments were repeated over

a range of angular speeds from 0 to 5 rad s~! with 0.5 rad s™! increments. The resulting steady-state
torque measurements are summarized in figure 6(b).

As shown in figure 6(b), the transmitted resistive torque exhibits a clear dependence on both excita-
tion current and rotational speed. For a given current level, the resistive torque is higher at lower rota-
tional speeds and decreases gradually as the speed increases. This speed-dependent reduction is most
evident in the low-to-moderate speed range, after which the measured torque gradually approaches a
plateau beyond approximately 4 rad s~! over the tested current range. In the full MRA, the measured
torque reflects the combined response of the MR bearings, planetary transmission, and off-state mechan-
ical losses. Therefore, the experimentally observed speed-dependent trend is represented in this work
using the reduced-order phenomenological velocity-weakening model in equation (4), rather than a first-
principles description of the detailed fluid mechanics inside the bearing. This representation supports the
use of an actuator-level rate-dependent resistive torque component for describing the post-yield damping
behavior of the MRA.
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Figure 7. Off-state torque comparison between a conventional actuator and the MR-modified actuator under sinusoidal recip-
rocating rotational motion at 1 Hz and 2 Hz, corresponding to one and two motion cycles per second, respectively, with zero
excitation current (I =0 A).

4.2. Off-state torque offset

Considering the intended application of the MRA in a single-legged robotic joint, a sinusoidal posi-
tion input was selected to approximate the cyclic angular motion of the joint and to evaluate the pas-
sive torque offset introduced by the MRF under zero excitation current. The MRA was compared with a
conventional actuator under identical sinusoidal motion conditions with I = 0.

Figure 7 shows the measured torque responses at excitation frequencies of 1 Hz and 2 Hz, corre-
sponding to one and two complete sinusoidal position cycles per second, respectively. In both cases, the
MRA exhibits a resistive torque comparable to that of the conventional actuator. The replacement of the
conventional needle bearing with a deep-groove ball bearing preserves motion smoothness, and with an
appropriate MRF formulation the torque traces remain smooth and symmetric. No yield-like behavior
is observed, confirming that the measured response arises purely from passive bearing and fluid effects.
The off-state torque offset remains small relative to the field-activated torque levels reported in subse-
quent sections, indicating that the passive penalty introduced by MR integration is limited and does not
significantly impede actuator backdrivability when unpowered.

This off-state characterization excludes degraded actuation performance under zero excitation current
and establishes a baseline for a fair comparison between the MRA and the conventional actuator.

4.3. Pre-yield braking torque evaluation
To demonstrate the experimental effect of braking torque under different currents, we repeated the
experiment with a constant speed of 0.1 rad s~! of with an interval of 0.1 A from 0.1 to 1.5 A. The rela-
tionship between current and braking torque is shown in figure 8. The experiment data are extracted
and repeated five times, and the average data are plotted. The braking torque increases along with the
current and reaches a maximum braking torque of 26.15 Nm at a current of 1.5 A. Exceeding 1.5 A
shows marginal torque enhancement due to the saturation of the MRE, indicating that further current
input beyond this threshold does not significantly improve braking performance. This upper-current
testing range was therefore used to experimentally determine the prototype’s maximum braking capac-
ity and saturation tendency, rather than to define the preferred near-linear control range identified from
the magnetic-field simulation.

The trend of the braking torque can be curve-fitted using a Hill (sigmoid) function. The fitted hill
function is as follows:

TIHB.X I "

=g (13)

yielding the parameter (table 2) estimates (mean + SE): K= 0.5127 +0.0186, n = 2.8797 0.2708, and
Tmax = 26.597 0.818 N - m, based on N = 15 data points. The goodness-of-fit was high with coefficient
of determination R* = 0.9916 (adjusted R* = 0.9902) and reduced chi-square x2,, = 0.817.

To quantify prediction error, the mean absolute error (MAE) and root-mean-square error (RMSE)
were computed across the dataset: MAE = 0.651 N - m and RMSE = 0.809 N - m. The maximum abso-
lute deviation was 1.78 N-m at I = 0.5 A. Normalizing RMSE by the full observed torque range (0.60—
26.15 N -m, range = 25.55 N-m) gives nRMSE = 3.16%, indicating that the fitted curve effectively cap-
tures the MR clutch output characteristics and enables precise control of the MRA output torque.

We fit the static current-torque relation with a Hill (sigmoid) function, which is algebraically a logis-
tic in log-current. This is consistent with prior MR-damper works that employ sigmoid nonlinearities
in their dynamic models [25, 26], though here we use the sigmoid only as a static capacity map rather
than a full hysteresis model. The resulting static map closely aligns with prior reports of current-induced
saturation in MR devices [27, 28].
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Figure 8. Results of MRA under braking effect. The input current varied from 0 to 1.5 A in steps of 0.1A, and the braking torque
was recorded.

Table 2. Hill function fitting parameters.

Model Hill Function
equation Timax - X" /(K" + x")
Plot Torque

K 0.51272 +0.01856
n 2.87967 +0.27077
Tiax 26.59697 £+ 0.81828
Reduced Chi-Sq 0.81733

R-Square (COD) 0.99163

Adj. R-Square 0.99024

4.4. MR torque dynamics and response time

To characterize the transient response of the MRA, a step current input was applied while the actu-
ator was rotated at a constant speed of 1.3 rads~!. The experimental setup consisted of a Unitree
GO-M8010-6 motor supplying input torque, with the MRA and a torque sensor arranged in series
(figure 9(a)). The test protocol was as follows: 0-2 s, the MRA was unpowered; 2—4 s, excitation current
fixed at 1.5 A; and at 4 s, demagnetization was commanded to remove residual flux.

From 0 to 2 s, the measured off-state torque was approximately 0.7 N-m. At ¢t = 2.06 s, the step cur-
rent was applied. A command-to-current latency of approximately 44 ms was observed, after which the
coil current reached 1.5 A within ~21 ms under the PI-controlled loop. The torque followed the cur-
rent increase closely (figure 9(c)), reflecting the combined effects of coil magnetization and MR fluid
response.

The total system-level response time, defined from current application to torque plateau, was approx-
imately 100 ms (t = 2.06-2.16 s). This interval includes the MR fluid’s intrinsic viscoelastic response, the
motor torque ramp, controller dynamics, and mechanical compliance. To assess the practical damping
performance in the robotic system, the effective response time was also measured based on the actual
deceleration of the motor. During the same step, the motor slowed from 1.3 rad s=! at t = 2.04 s to
0 rad s™! at t &~ 2.10 s, giving a system-level practical damping response time of 60 ms. This inter-
val captures the time over which the MRA fully stops the actuator and represents the effective damping
experienced during operation.

During the energized interval (2—4 s), both torque and displacement remained essentially constant,
indicating that the MRA resisted the applied motor torque and operated in braking mode. After demag-
netization at t = 4 s, the torque decayed smoothly to the off-state value over 4-6 s, returning to approx-
imately 0.7 N-m, consistent with the pre-magnetization condition.

These results demonstrate that the MRA exhibits a rapid electrical and mechanical response. The
measured system-level response time ( 100 ms) reflects the combined influence of motor dynamics and
MR fluid behavior, while the practical damping interval (60 ms) represents the effective time over which
the actuator is fully stopped by MR braking.
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Figure 9. (a)Experiment setup with torque source as input (b)Intrinsic response time of MRA based on current tracking
(c)Torque and current response during step input (2—4 (s) (d)Torque decay during demagnetization (4—6 (s) (e) System-level
MRA damping response: motor speed decreases from 1.3 rad s~! to 0 rad s—! under MR braking, the 60 ms interval reflects the
practical damping response time.

5. Single legged robot application

5.1. Impact loading evaluation

Leveraging the damping characteristics of the MRA, we evaluated a single robot leg on a one-degree-
of-freedom (1-DOF) test stand, using the control architecture described in section III-D. Two operating
modes were tested: (i) Dual Actuation Mode—both electric and MR actuation energized; and (ii) Baseline
Mode—electric actuation only, with the MRA unpowered. Drop tests were performed by releasing the
single-legged robot from prescribed heights while recording joint torques and vertical (Z-axis) accelera-
tions during landing. In Dual Actuation Mode, the MRA was energized throughout the fall. Each exper-
iment was repeated across multiple heights, with outcomes classified as successful if the robot landed
without triggering the electric actuator’s over-current protection, and failure if an over-current shutdown
occurred (figure 10(a)).

To further evaluate robustness, actuator gains were tuned and the tests repeated (figure 10(b)). The
results demonstrate that Dual Actuation Mode consistently enabled safe drops from heights increased by
+5 cm compared to Baseline across all gain settings. The reduction of impact torque provided by the
MRA afforded additional tolerance to landing loads, extending the allowable drop height while main-
taining consistent performance. These results highlight the role of MR damping in improving landing
reliability under high-impact conditions. At the maximum tested drop height of 65 cm, figure 10(c)
reports the mean impact torque of both joints over five trials (error bars: 1 SD). Relative to Baseline,
Dual Actuation Mode reduced impact torque by 28%; this reduction was statistically significant (Welch’s
t-test, p < 107*, n=>5), confirming a wider safety margin during landing. Figure 10(d) shows the Z-
axis acceleration during impact: with Dual Actuation Mode, the peak impact acceleration decreased from
62.1443.16 ms~2 (Baseline) to 54.97 4-2.25 ms~2 (Dual Actuation), corresponding to an 11.5% reduc-
tion (n =5). These findings demonstrate that during impact (Tey > Tmr), the MRA provides a damping
effect that complements electrical actuation, thereby reducing impact torques and increasing the safety
margin for absorbing shocks from greater heights. Collectively, these results support Dual Actuation
Mode as a safer and more reliable approach for high-impact operation in robotic applications.
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Figure 10. Impact Loading Evaluation. (a) Drop test from a height of 65 cm, with the experiment terminating when the
actuator stops actuating due to overcurrent shutdown (b) Maximum drop height across different actuator gains for MR
Damping Mode and Baseline Mode. (c) Total impact torques of single legged robot during impact (Error bars denote 1 SD) (d)
Acceleration measurements of the single leg upon impact for both Modes.

5.2. Load capacity evaluation

To evaluate the effect of MRA with a single-legged robot on load capacity under dual actuation mode,
we conducted a quasi-static loading test. The MRA are provided with 0.5 A to both of the MRA
throughout the experiment. The payload was placed on top of the legged robot platform with an incre-
ment of 1 kg (figure 11(a)). The experiment concludes when the legged robot’s joint reaches its stroke
limit. Figure 11(b) compares the total electrical power consumption between dual actuation mode and
Baseline Mode under different actuator gains(high/low). The power consumption under dual actuation
included the coil excitation power (2.5 W per MRA) in addition to motor power for a fair comparison.
When the MRAs are energized, the leg exhibited minimal compression due to the braking effect demon-
strated by the MRA when (T < Tyr. With the help of MRA, it sustained a payload of up to 9kg with
a total draw of 8.072 W. By contrast, the Baseline configurations supported only 2kg at 11.62 W (low
gain) and 6kg at 22.80 W (high gain). Notably, with a constant 6 kg payload, the robot in dual actua-
tion mode sustained 6kg at 7.136 W, which is 31.2% of the power consumption required by the Baseline
(22.80 W) to support the same load. This demonstrates that MR actuation provides an efficient, control-
lable torque path for heavy-load support in legged robots.

6. Discussion

6.1. Results

The MR-Joint is designed to provide a dual-actuation system for robotic applications, enabling seam-
less switching between electrical actuation for precise position control, MR actuation for efficient torque
density during load-bearing tasks, and parallel operation of both modes to achieve damping mitigation
during impacts. Unlike conventional MR devices, which are often bulky and function solely as dampers,
our design integrates the MR actuation system within the MR-Joint, minimizing added mass and vol-
ume. The custom-formulated MRF enhances fluidity and reduces friction within the MRA, ensuring that
the performance of the electrical actuator is not compromised. In single-legged experiments, the dual-
actuation configuration reduced impact torque by 28% and peak Z-axis acceleration by 11.5% compared
to a purely electric baseline. These reductions confirm that the MRA effectively dissipates impact energy
and protects the electric actuator from saturation and over-current faults-key limitations in high-impact
robotic tasks. Quasi-static load tests further showed that the MRA-enabled joint sustained a 9 kg payload
with only 8 W of power, highlighting enhanced load capacity, improved impact robustness, and reduced
energy consumption. Collectively, these results demonstrate that MRA integration enhances both opera-
tional safety margins and efficiency during high-impact events.

6.2. Temperature effects and long-term durability
To evaluate the effect of sustained actuation on the MRA damping performance, a long-duration sinu-
soidal test was conducted at a 1 Hz position command for 1 h under an excitation current of 1 A. Over
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Figure 11. Load capacity evaluation. (a) Single-leg loading test, terminated when the stroke is completely depleted. (b) Power
consumption of single leg under different loads, compared between the MR Actuation Mode and the High/Low Gain Baseline
Modes.

the course of the test, the measured damping-torque amplitude decreased from 8.21 Nm to 6.165 Nm,
corresponding to a 24.9% reduction while retaining approximately 75.1% of the initial damping capacity.
This result demonstrates that long-duration cyclic operation reduces the available damping torque, likely
due to a combination of viscous heating, temperature-dependent changes in MR fluid properties, and
particle redistribution within the confined bearing volume.

To assess bearing durability under repeated actuation, a single MR bearing was installed in the
original planetary assembly and driven by an external motor at 4 rad s~' with 1 A excitation for
100 000 rotations. Initial measurements at 0.5 rad s~! yielded an average activated damping torque of
0.75 Nm and an off-state torque of 0.08 Nm. After the endurance test and allowing the coil to cool,
repeated measurements showed an average activated torque of 0.55 Nm, representing a 26.7% reduction,
while the off-state torque remained essentially unchanged. These results indicate that the MR bearing
retains smooth rotation when unpowered and continues to provide field-dependent damping, although
with reduced peak torque.

Both the temperature- and wear-related reductions in damping torque highlight practical limita-
tions of the current compact design. Future work will incorporate embedded temperature monitoring,
extended cycling tests, direct inspection of particle distribution, and thermal-management strategies to
quantitatively evaluate the influence of temperature and long-term operation on actuator performance.

6.3. Comparison of MR actuators

A key contribution of this work is the compact design of the proposed MRA, which achieves high torque
density through the rheological properties of MRF while remaining lightweight and volume-efficient. To
contextualize these advantages, a comparative analysis against representative MR-based actuators reported
in the literature is conducted, with design-oriented characteristics summarized in table 3 while quan-
titative torque-density metrics, including TMR ratios and Torque-to-volume ratio (TVR) in the MR
braking/load-holding regime are compared in table 4.

As shown in table 3, existing MR-based actuators differ primarily in how the electric actuation is
integrated with the MR unit. Some designs embed the electric actuator directly within the MR device,
forming a tightly coupled electromechanical unit [20]. Other approaches employ an external electric
motor whose torque is transmitted to the MR unit via auxiliary belt or gear-based transmissions [21].
Alternatively, the electric motor may be mechanically connected in series with a standalone MR unit,
where the MR device functions as a clutch or brake along the torque path [29, 30]. These architectural
choices introduce trade-offs in system complexity, integration footprint, and achievable torque density.

Among these designs, the MR actuation joint reported in [20] represents the closest architec-
tural comparison, as it integrates both electric and MR actuation within a single joint module.

While that system achieves a TMR ratio of approximately 30 Nmkg~! and a TVR ratio of 3.82 x

107> Nm mm™~2,the proposed MRA, when evaluated in the MR braking/load-holding regime, achieves
a TMR of 52.3 Nmkg~! and a TVR of 8.4 x 107> Nmmm . This corresponds to a 74.3% increase in
TMR and an approximately 120% improvement in TVR for comparable torque capacity.
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Table 3. Design-oriented comparison of MR-based actuators integrated with geared transmissions.

References

MR device type

MR placement

Actuation method

This work

MR bearing / damper

Planet gear support
bearings (planetary

Single electric
actuator with

stage, embedded MR unit

bearing-embedded) for semi-active
damping and load
support

Pisetskiy and Kermani [21]

Multi-disk MR clutch

Internal (MR clutch
as the primary
torque-transmission
element inside the

Single actuation
source driving joints
via paired MR
clutches for

drivetrain) bidirectional torque
transmission
Véronneau et al [20] Single-disk MR Output stage Dual-motor, dual

clutch (between dual motor MR-clutch power
chains and output chains combined at a
gear) single output
Pisetskiy and Kermani [30] MR clutch Planetary gear Planetary

(squeeze-mode)

meshing region
(squeeze-mode

clutch-based
actuation exploiting

interface) gear-induced squeeze
of MR fluid
Christie et al [29] Single-disk MR brake Ring gear of Single motor driving
/ damper planetary differential Sun gear with
(internal DOF MR-controlled
control) differential
transmission
Table 4. Torque density comparison of MR-based actuators.
Torque Mass Volume TMR TVR
Actuator Type (Nm) (kg) (mm?) (Nmkg™!) (Nmmm™?)
Our work (MR Joint) Joint 26.15 0.50 3.11 x 10° 52.3 8.40 x 10>
Our work (MRA) Actuator 26.15 0.15 6.21 x 10* 174.3 4.21x 1074
Véronneau et al [20] Joint 27.0 1.10 7.05 x 10° 30.0 3.82x 107
Pisetskiy and Kermani [21] Actuator 223.0 6.90 — 32.3 —
Maetal [31] Actuator 31.5 0.56 — 56.3 —
Plante et al [22] Actuator 137.0 1.60 —_ 86.0 —_

Note: In this table, ‘Joint’ refers to an integrated actuator module that includes the electric motor and MR element within

a single joint-level unit, whereas ‘Actuator’ denotes a standalone MR device that requires an external electric motor and
transmission to generate joint torque. For the proposed MR joint and MRA, the reported torque, TMR, and TVR values

correspond to the MR braking/load-holding regime rather than continuous active motion or continuous actuation.

When compared with MR actuators that do not incorporate an embedded electric drive, the

proposed MRA further demonstrates a substantially higher torque density, achieving a TMR of

174.3 Nmkg~! and exceeding the reported values of many alternative designs listed in table 4. The
resulting reduction in actuator mass and volume directly translates to lower joint inertia, which is par-
ticularly advantageous for legged robotic applications where dynamic efficiency and impact robustness
are critical.

In addition, the MR planetary-based design enables seamless integration with mainstream robotic
actuation architectures that already employ planetary transmissions, such as those used in the MIT
Cheetah, Unitree Gol, Go2, and B1 platforms. The proposed MRA therefore achieves a favorable bal-
ance between torque output, compactness, and integration compatibility, providing a practical alter-
native actuation solution for robotic systems requiring both high torque density and adaptive damping
capability.
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6.4. Broader implications

The demonstrated impact mitigation and load-support behavior of the proposed MRA makes it partic-
ularly well suited for quasi-static postures, landing phases, and load-bearing tasks, where conventional
electric actuators typically consume significant energy to maintain position. By providing field-tunable
resistive torque at the joint level, this approach supports the design of robotic systems that prioritize
robustness, energy efficiency, and mechanical resilience across a wide range of applications, including
legged locomotion, robotics manipulation, and wearable robotics.

7. Conclusion

In this paper, we presented a compact MR planetary actuator that embeds MR functionality directly
within the planetary gear stage, enabling MR-based torque modulation in conventional actuators with-
out requiring substantial mechanical redesign or changes to joint layout. This architecture is well suited
for retrofitting existing robotic platforms with minimal modification. By exploiting the rheological prop-
erties of MRF, the proposed MRA demonstrates enhanced impact mitigation, improved load-support
capability, and increased energy efficiency.

The proposed MRA demonstrates exceptional torque-density performance, achieving a TMR ratio
of 174.3 Nmkg™! and a TVR ratio of 4.21 x 10~* Nmmm™? at the actuator level. When evaluated at
the joint level, the system maintains a high TMR of 52.3 Nmkg~! and a TVR of 8.4 x 107> Nm mm .
These metrics highlight the MRA’s superior efficiency, indicating it can deliver high torque output while
maintaining a compact form factor. These features make the MRA an ideal candidate for integration into
high-performance robotic systems where both efficiency and compactness are critical.

Experimental validation on a single leg of a quadruped robot showed a 28% reduction in impact
torque and an 11.5% reduction in peak Z-axis acceleration during drop tests, along with sustained sup-
port of a 9 kg payload at only 8 W in quasi-static loading. These results confirm that the MRA not only
enhances resilience to high-impact events but also improves energy efficiency and load capacity, making
it highly suitable for robotics applications where compactness and robustness are critical.
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