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Abstract

This study investigates the temperature distribution characteristics, temperature rise be-
havior, and the thermal effects on the output torque in a Permanent Magnet/Magnetorhe-
ological Fluid (PM/MRF) variable-stiffness drive joint through a combined approach of
simulation and experimentation. First, a thermal simulation model of the joint was estab-
lished using COMSOL Multiphysics, and steady-state and transient temperature field
analyses were conducted under slip powers ranging from 25 W to 100 W. The steady-state
results show that, when the joint reaches thermal equilibrium under 100 W, its internal
maximum temperature is 113 °C, which falls within the allowable operating temperature
range of the MRF. Transient simulations indicate that, within 180 s, the temperature in the
working area of the joint continuously rises, but the rate of temperature increase gradually
slows down, with a maximum temperature rise of 18.35 °C observed in the transmission
mode. Furthermore, an experimental test system was constructed to conduct temperature
rise characteristic tests and torque temperature characteristic tests on the joint. The exper-
imental results show that the maximum actual temperature rise measured within 180 s in
transmission mode was 17.36 °C, slightly lower than the simulated prediction. Within the
temperature variation range of 10 °C to 50 °C, the maximum reductions in driving torque
and braking torque were 14.1% and 14.9%, respectively. The study demonstrates that, un-
der short-term operating conditions, the effect of the internal temperature rise on the out-
put torque is predictable and can be mitigated through closed-loop current compensation.
These findings provide theoretical and experimental foundations for the thermal safety
design and high-precision control of PM/MREF variable-stiffness joints.

Keywords: permanent magnet; magnetorheological fluid; variable-stiffness drive joint;
temperature characteristics; temperature distribution; torque
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1. Introduction

Magnetorheological fluid (MRF) is a smart material whose unique magnetorheolog-
ical effect enables widespread applications in mechanical transmission and braking sys-
tems [1-3]. When there is no external magnetic field to act on, the MRF behaves as an
ordinary liquid state and can flow freely, with its magnetic particles scattered. When an
external magnetic field is applied, the MRF will immediately change from a liquid state
to a quasi-solid state. The scattered and suspended magnetic particles inside form a chain
structure with a certain shear yield stress along the direction of the applied magnetic field,
and the yield stress generated by curing will increase accordingly with the increase in the
intensity of the applied magnetic field within a specific range. When the externally applied
magnetic field is removed, the MRF will return to its liquid state within milliseconds [4,5].

The permanent magnet/magnetorheological fluid (PM/MRF) variable-stiffness drive
joint leverages the combined action of permanent magnets, excitation coils, and MRF. This
integration enables effective variable-stiffness driving and braking, with the added safety
feature of maintaining a braking state during a power loss. The transmission of both the
driving and braking torque in this joint fundamentally relies on the magnetorheological
effect of the MRF. The PM/MREF variable-stiffness drive joint comprehensively utilizes the
PM, excitation coil, and MRF [6,7].

Temperature significantly influences the magnetorheological effect [8-10], as exces-
sive temperatures can induce shear-thinning effects or even failure in magnetorheological
fluids [11-13], severely compromising the operational safety of drive joints. In response,
scholars worldwide have conducted research on the temperature effects of MRF materials
and their transmission/braking devices. Patil [14] et al. employed a finite element simula-
tion to perform a thermodynamic analysis on magnetorheological brakes for electric bicy-
cles, accurately estimating a temperature rise in MRF during braking operations [15]. Ma-
soud [16] et al. utilized a rotational rheometer to experimentally investigate the tempera-
ture dependence of rheological properties and viscoelastic performance of MRF, demon-
strating significant temperature effects on fluid mechanical properties under non-mag-
netic field conditions, while the magnetic field effects remained dominant. Zhen [17-19]
et al. conducted a simulation analysis of the temperature rise characteristics in magne-
torheological dampers under multi-physics coupling conditions, revealing that the tem-
perature rise primarily originates from viscous heating during MRF flow. Electromagnetic
heating exhibits minimal impact on the damper temperature rise under low-current con-
ditions, whereas variations in the excitation signal amplitude and frequency significantly
influence the damper temperature rise [20-22].

Despite the existing research on the thermal characteristics of MRF-based devices,
detailed studies on the internal temperature distribution and the specific impact of a tem-
perature rise on torque performance in PM/MRF variable-stiffness joints remain limited
[23-26]. Consequently, this study conducts a comprehensive thermal analysis of a
PM/MREF variable-stiffness module. Both steady-state and transient thermal field simula-
tions are employed to analyze the internal temperature distribution under various slip
powers. Furthermore, we experimentally validate the temperature rise characteristics and
investigate the torque-temperature relationship in a prototype PM/MREF variable-stiffness
drive joint. The findings aim to elucidate the actual thermal behavior of the joint and as-
sess the influence of temperature elevation on its driving and braking torque performance,
thereby providing insights for thermal management and reliability enhancement in such
systems.
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2. Temperature Field Simulation

The prototype of the PM/MREF variable-stiffness drive joint, as illustrated in Figure 1,
consists of a motor module and a PM/MRF variable-stiffness module connected in series.
Since the MRF is contained within the PM/MRF variable-stiffness module, this section
employs COMSOL Multiphysics 6.2 to conduct a temperature field simulation specifically
for this module. And Table 1 presents the specific technical parameters of the prototype.

PM/MRF
variable stiffness
module

Motor module

Figure 1. The whole prototype of the PM/MRF Variable-Stiffness Actuator.

Table 1. The technical parameters of PM/MRF Variable-Stiffness Actuator.

Performance Parameters Performance Parameters
Rated driving torque 30N‘m Wire diameter of coil 1 mm
Rated braking torque 30N'm Number of turns of the braking coil 600
Rated power-off braking torque 15N'm Number of turns of the drive coil 400
Rated speed 30rpm Specification and size D222 x 196 mm
Rated braking current 1.3A Rated drive current 3A

2.1. Heat Source Analysis

Heat transfer is the process by which energy is transferred through the temperature
differences between different objects or substances. It mainly includes three ways: heat
conduction, heat convection, and heat radiation.

The primary heat sources during the operation of the PM/MRF variable-stiffness
module are the frictional heat generated by the interaction of MRF particles and the resis-
tive heat produced when the excitation coil is energized. Additional heat is generated due
to the rotational friction in the mechanical components such as bearings and skeleton oil
seals [27]. However, the thermal contribution from these structural elements is relatively
minor and can be considered negligible compared to the heat generated by the magne-
torheological fluid and the excitation coil. Therefore, for the purpose of the thermal anal-
ysis and calculation, only the frictional heat from the MRF particles and the resistive heat
from the excitation coil need to be considered.

https://doi.org/10.3390/sym18030430
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(a) Soft magnetic particles in MRF generate heat through friction

When the driving MRF and braking MRF operate under slip conditions with all
power losses converted into heat, the heat generation power Qm of a single MRF micro-
element can be expressed as follows:

0 = dp, dTAw ,
"ody,  dr, @
where Aw is the speed difference between the driving and driven discs, in rad/s; Pm is

the slip power, in W; T is the torque transmitted between the driving and driven disc,
N'm; and Vm is the volume of MRF, m3.
(b) Resistance heat of the excitation coil

Both the braking coil and the transmission coil generate resistance heat when pow-
ered on. The heat generation power Q. per unit volume is as follows:

P _UI_ I'R
V. V. @l -l

c c

0. )

where U, is the voltage of the excitation coil, V; P. is the power of the excitation coil, in
W; I is the current of the excitation coil, A; Vc is the volume of the excitation coil, m3; 7w
and rew are the inner and outer diameters of the excitation coil, m; Rc is the resistance of
the excitation coil, Q); and [ is the coil width, m.

Based on the technical parameters listed in Table 1 and the subsequent calculations,
the rated slip power in drive/brake operation mode is approximately 100 W, while the slip
power during power-off braking is about 50 W. Calculations performed under rated op-
erating conditions, specifically at a slip power of 100 W with a coil current of 3A, reveal
that the frictional heat generated within the MRF is substantially greater than the resistive
heating of the coils. Quantitatively, the MRF frictional heating is approximately 40 times
that of the drive coil and about 27 times that of the brake coil. Given that the heat gener-
ated by the coil resistance is orders of magnitude lower than the frictional heating of the
soft magnetic particles in the MREF, it is justifiable to consider only the MRF frictional heat
in the temperature field simulations of the PM/MRF variable-stiffness joint.

2.2. Establishment of Simulation Model

Due to the relatively complex structure of the PM/MRF variable-stiffness module, a
three-dimensional model was created in SolidWorks 2025 and subsequently imported into
COMSOL Multiphysics for simulation. To enhance the computational efficiency of the
temperature field simulation, the model was simplified through appropriate geometric
idealizations. Figure 2a illustrates the symmetrical cross-section of the simplified model
used in the temperature field simulation, along with the material assignments for each
component. Figure 2b illustrates the whole simulation method.
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Figure 2. Temperature field simulation model of PM/MREF variable-stiffness module.

2.3. Simulation Method

The simulation method of the temperature field simulation includes material assign-
ment, meshing, the application of initial temperature, and boundary conditions, as shown
in Figure 2b. The heat dissipation performance of the materials involved in the simplified
simulation model of the temperature field of the PM/MRF variable-stiffness module is
shown in Table 2.

Table 2. Thermal performance parameters of selected materials.

Material Thermal Conductivity A (W/(m-°C))  Density p (kg/m3) Specific Heat Capacity c (J/(kg-°C))

PM
MRF
Steel 20
0Cr18Ni9
Brass
Rubber
Air

1.5 7500 465
1 3090 1000
48 7850 480
14 7900 510
109 8500 377
0.21 0.93 1700
0.03 0.946 1009

In this thermal simulation, the thermophysical properties of all materials, particu-
larly the thermal conductivity and specific heat capacity including those of the MRF, are
modeled as temperature-independent constants as specified in Table 2. It should be noted,
however, that, in real operating conditions, the key properties of the magnetorheological
fluid such as viscosity and thermal conductivity do exhibit temperature dependence. By
assuming constant properties, the simulation does not account for potential self-stabiliz-
ing effects that could arise in practice, such as a slight decrease in internal frictional heat-
ing or a modest improvement in thermal conduction as the temperature increases. As a
result, the temperature rise predicted here represents a conservative, or upper-bound,
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estimate which serves as a practical and reliable basis for assessing the thermal safety of
the joint.

During the simulation analysis of the PM/MRF variable-stiffness module, special at-
tention should be paid to the temperature rise at both braking MRF and transmission MRF
locations. To ensure the accuracy of the simulation results, a mesh convergence study was
conducted under transmission conditions at a slip power of 100 W. Three levels of mesh
refinement were evaluated, with a particular focus on the maximum temperature in the
MREF region. As shown in Table 3, the difference in the maximum temperature between
the medium and fine meshes was only 0.2 °C. This negligible variation confirms that the
selected mesh size, specifically 0.5 mm for the MRF region and 1.0 mm elsewhere, pro-
duces mesh-independent results in the present thermal analysis.

Table 3. Results of the mesh convergence study.

Configuration MRF Mesh Other Parts Mesh Mesh Type Maximum Temperature (°C)
Mesh—Coarse 0.8 mm 1.5 mm Tetrahedral 113.9
Mesh—Medium 0.5 mm 1.0 mm Element 113.0
Mesh—Fine 0.3 mm 0.7 mm Mesh 112.8

Consequently, the mesh size for both MRF regions is set to 0.5 mm, and 1 mm is
adopted for other parts.

The initial temperature of the simulation is set at 10 °C, consistent with the starting
ambient temperature of the experiment, to ensure that the basis for comparison between
the simulation and the experiment is the same.

Heat exchange between the module housing and the external environment occurs
through thermal radiation and convection. To streamline the simulation process, the cor-
responding heat transfer equations are formulated as follows:

k—-=-0,(T-T,) 3)

where i represents the direction of heat exchange; ki is the thermal conductivity in the i
direction, W/(m-°C); and an represents the heat transfer coefficient, W/(m?2-°C). Based on
the previous research experience of the research group, the value of an is taken as 10.

2.4. Simulation Results and Analysis

The slip power values adopted in the simulation (25 W, 50 W, 75 W, and 100 W) cover
the operating range of the joint from low load to rated load. Specifically, 100 W corre-
sponds to the rated slip power of the joint, and 50 W represents the typical braking con-
dition under PM action alone. In the transient simulations, 50 W (braking mode) and 100
W (transmission mode) correspond directly to the experimental conditions of a 0 A brak-
ing current and 3 A transmission current, respectively. The series of power values in the
steady-state simulations are used to systematically investigate the variation in the tem-
perature distribution with load.

2.4.1. Steady-State Temperature Field
(a) Braking mode

In the braking working mode, heat generation conditions were applied to the braking
MREF of the PM/MREF variable-stiffness module at slip powers of 25 W, 50 W, 75 W, and
100 W, respectively. The axisymmetric plane of the module was taken to obtain the tem-
perature distribution cloud map shown in Figure 3.
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Figure 3. Temperature distribution cloud diagram of braking mode.

As clearly shown in Figure 3, under different braking slip power conditions, the
steady-state temperature distribution patterns of the PM/MREF variable-stiffness module
exhibit consistent characteristics. The maximum thermal equilibrium temperature within
the module occurs at the braking MRF region, while the minimum temperature appears
in the transmission conductive disk area.

The internal maximum thermal equilibrium temperature of the PM/MRF module
demonstrates an upward trend with increasing braking slip power. When the slip power
increases from 25 W to 100 W in 25 W increments, the corresponding maximum tempera-
tures rise sequentially by 71.25%, 41.47%, and 29.34%. This indicates that the temperature
growth rate gradually decreases as the braking slip power increases. During the same
power variation process, the temperature differentials between the maximum and mini-
mum thermal equilibrium points within the module reach 2.93 °C, 5.66 °C, 8.26 °C, and
10.74 °C, respectively, showing that the internal steady-state temperature gradient ex-
pands with the increased braking slip power. When the braking slip power reaches 100
W, the maximum internal thermal equilibrium temperature reaches 110.34 °C. Consider-
ing the allowable temperature range of MRF (=40 °C to 140 °C), the peak temperature at
the braking MRF region under thermal equilibrium conditions remains well within the
permissible operating range.
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(b) Transmission mode

For the PM/MREF variable-stiffness module under transmission operating mode, heat
generation conditions were applied to the transmission MRF at the slip powers of 25 W,
50 W, 75 W, and 100 W, respectively. The axially symmetric plane of the module was an-
alyzed to obtain the temperature distribution contours shown in Figure 4.
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Figure 4. Temperature distribution cloud diagram of transmission mode.

As revealed in Figure 4, under different transmission slip power conditions, the tem-
perature distribution patterns during thermal equilibrium within the module remain fun-
damentally consistent. The maximum temperature occurs at the maximum radius of the
transmission MRF, while the minimum temperature is observed at the magnetic isolation
housing.

In the transmission MRF region, higher heat generation rates are found at larger radii,
resulting in temperature elevation with increasing radius during thermal equilibrium. The
internal maximum thermal equilibrium temperature of the PM/MRF module exhibits an
increasing trend with a higher transmission slip power. When the slip power increases
from 25 W to 100 W in 25 W increments, the corresponding maximum temperatures rise
sequentially by 79.5%, 35.38%, and 29.17%. This indicates that the temperature growth
rate gradually decreases as the transmission slip power increases. During the same power
variation process, the temperature differentials between the maximum and minimum
thermal equilibrium points within the module reach 3.27 °C, 6.62 °C, 9.37 °C, and 12.27 °C,
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respectively, demonstrating that the internal steady-state temperature gradient expands
with an increased transmission slip power. When the transmission slip power reaches 100
W, the maximum steady-state temperature inside the module reaches 113 °C. Considering
the allowable temperature range of MRF, the peak temperature at the braking MRF region
under thermal equilibrium conditions during transmission mode operation remains well
within the permissible operating range.

2.4.2. Transient Temperature Field

To investigate the temperature rise characteristics of the PM/MRF variable-stiffness
module, transient temperature field simulations were conducted under both braking and
transmission operating modes.

(1) Braking operating mode

When braking is achieved solely through permanent magnetic field action, the slip
power is approximately 50 W. Therefore, a transient temperature field simulation under
braking mode was performed using this slip power value. Figure 5 illustrates the axially
symmetric plane temperature distributions at 30 s, 60 s, 90 s, 120 s, 150 s, and 180 s inter-
vals, while Figure 6 shows the maximum temperature Tm- variation curve over 180 s.
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11°c 11°Cc
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Figure 5. Temperature rise in braking mode.
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Figure 6. Temperature rise curve of braking mode.

As revealed in Figure 5, during braking operation, heat is predominantly generated
at the braking MRF region and propagates outward from this source. Most heat dissipa-
tion occurs within the braking assembly, with minor diffusion along the input shaft and a
transmission/braking magnetic isolation ring toward the transmission MRF area. Due to
the limited contact area between the transmission/braking magnetic isolation ring and
braking components, combined with air gaps separating adjacent regions of the transmis-
sion and braking sections, minimal heat transfer reaches the transmission MRF region
within a short duration, resulting in a negligible performance impact. After 180 s of brak-
ing operation, the maximum internal temperature of the PM/MRF module reaches
12.48 °C, representing only a 2.48 °C increase from the initial temperature. This observa-
tion indicates that temperature elevation remains insignificant during short-term braking
operations.

It can be clearly observed from Figure 6 that the variation trend of the maximum
internal temperature of the PM/MREF variable-stiffness module at different time points in
the braking mode is relatively fast in the first 15 s. From 15 s to 180 s, it basically rises
linearly, with an increase rate of 0.012 °C/s. It can be inferred that it will be difficult for the
temperature to exceed 15 °C in the subsequent period. The lower temperature rise rate
can ensure that the internal temperature rise in the PM/MRF variable-stiffness module
does not have a significant impact on the performance of MRF in the short-time braking
working mode.

(2) Transmission operating mode

When the transmission system operates at maximum torque transfer under slip con-
ditions with complete power dissipation as heat, the slip power is assumed to be 100 W.
The transient temperature field simulation under transmission operating mode was con-
ducted using this slip power value. Figure 7 illustrates the axially symmetric plane tem-
perature distributions at 30 s, 60 s, 90 s, 120 s, 150 s, and 180 s intervals, while Figure 8
shows the maximum internal temperature Tmc variation curve for the PM/MREF variable-
stiffness module during transmission operation over 180 s.

As shown in Figure 7, during transmission operating mode, the temperature at the
transmission MRF region gradually increases with heat primarily dissipating outward
through the input and output shafts. Limited thermal transfer to the braking MRF region
occurs during short-term operation due to air gap insulation. Within the entire working
area of the transmission MRF, locations with larger transmission radii exhibit higher heat

https://doi.org/10.3390/sym18030430
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Figure 7. Temperature rise in transmission mode.
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As shown in Figure 8, the maximum internal temperature of the module exhibits a
gradual increase with operational time, though the rate of the temperature rise demon-
strates a decelerating trend over extended periods. This phenomenon occurs because,
while heat accumulates rapidly during the initial stages, the module’s inherent thermal
conduction and radiation capabilities are progressively enhanced with sustained temper-
ature elevation. Consequently, these improved heat dissipation mechanisms effectively
mitigate the rapid temperature escalation. The temperature regulation mechanism pre-
vents an excessive thermal buildup in short durations, thereby ensuring the operational
reliability of the PM/MRF variable-stiffness module’s transmission component during
short-term operations.

3. Experiment and Discussion
3.1. Establishment of the Experimental System

To explore the actual temperature rise characteristics of the PM/MREF variable-stiff-
ness drive joint and the influence of the internal temperature rise on the torque, the tem-
perature rise characteristic experiments and torque-temperature characteristic experi-
ments of the PM/MREF variable-stiffness drive joint prototype were carried out using the
experimental system shown in Figure 9. And the experiments were conducted in a natu-
rally ventilated indoor space. The ambient temperature during testing was approximately
5°Cto 10 °C.

=74

i -*E
) t‘f - i ¢
X =18l
oy |
:.l NP i

Nl

| Motor Module ” Torque Sensor ” PM/MREF Joint l | Magnetic Powder Brake || Coupling || Conductive Slip Ring l
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Figure 9. The experimental system.
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To measure the temperature within the working gap, a temperature probe needs to
be built into the PM/MREF variable-stiffness module. The installation diagram is shown in
Figure 10.

N o 1

Sensor
i probe

Sensor
lead =%
wire anad

Figure 10. Installation of built-in sensor.

3.2. Results and Discussion
3.2.1. Temperature Rise Characteristic

The mechanical transmission components of the experimental system were initially
assembled according to the braking torque measurement configuration. The motor mod-
ule was then operated at a constant speed of 0.5 r/s while applying braking currents of 0
A,05A,1.0A, and 1.3 A to the braking coil. For each current level, the system ran con-
tinuously for 180 s while temperature sensor data from the braking MRF region were rec-
orded. After each 180 s test interval, the system was allowed to cool naturally to ambient
temperature before proceeding to the next measurement sequence.

Subsequently, the mechanical transmission components were reconfigured accord-
ing to the drive torque measurement configuration. The magnetic powder brake was en-
ergized to achieve a full locking condition, followed by applying a forward 1.3 A current
to the braking coil. Transmission currents of 0 A, 1 A, 2 A, and 3 A were sequentially
applied to the transmission coil, with each current level maintained for 18 s. Temperature
data were continuously acquired from three thermal sensors deployed at the transmission
MREF region during each operational interval.

Figure 11 illustrates the experimentally obtained temperature evolution curves of the
braking MRF under varying braking coil currents over the 180 s test duration.

https://doi.org/10.3390/sym18030430
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Figure 11. Temperature rise characteristic of the braking part.

As shown in Figure 11, when applying braking coil currents of 0 A, 0.5 A, 1 A, and
1.3 A, the braking MRF temperatures increased by 1.26 °C, 1.06 °C, 0.71 °C, and 0.46 °C,
respectively, over the 180 s duration. These results indicate that higher forward currents
in the braking coil accelerate the temperature rise in the braking MRF. When the braking
coil current was zero, the temperature evolution curve of the braking MRF exhibited a
similar trend to the simulation results—showing a rapid initial temperature increase
within the first 15 s, followed by a near-linear progression from 15 s to 180 s. However,
the measured temperature rise was slightly lower than the simulated results. This discrep-
ancy can be attributed to two main factors: first, the actual convective cooling in the ex-
perimental setup may have been more effective than that assumed in the simulation; sec-
ond, the model assumed constant thermal properties for the materials and, thus, did not
account for the potential increase in the thermal conductivity of the MRF with rising tem-
perature. These simplifications indicate that the simulation yields a conservative estimate
from a design perspective.

When the transmission coil was supplied with a 2A current, the temperature data
acquired from three thermal sensors in the transmission section during the 180 s test in-
terval are presented in Figure 12a. Figure 12b illustrates the variation curves of the average
temperature values measured by the three sensors under different transmission coil cur-
rents over the same duration.
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Figure 12. Temperature rise characteristic of the transmission part.

When the transmission coil current was set to 2 A, the temperature sensors located at
35 mm, 45 mm, and 55 mm radii recorded the respective temperature increases of 10.61 °C,
11.25 °C, and 14.16 °C over 180 s. This phenomenon confirms that the heat generation rate
of the transmission MRF increases with the radial distance. Under transmission coil cur-
rentsof 0 A, 1 A, 2 A, and 3 A, the average temperatures from the three transmission MRF
sensors showed corresponding increases of 0.21 °C, 8.04 °C, 14.16 °C, and 17.36 °C over
the same duration. These results indicate that the temperature rise rate of the transmission
MREF accelerates with higher transmission coil currents. Notably, when applying a 3.0 A
transmission coil current, the overall temperature of the transmission MRF remained
lower than the simulated predictions despite exhibiting a steeper initial temperature rise
during the 180 s interval.

3.2.2. Torque-Temperature Characteristic

Elevated operating temperatures can induce MRF degradation in the PM/MRF vari-
able-stiffness drive joint, potentially causing a reduction in or complete loss of the trans-
mission/braking torque capacity with critical safety implications. Therefore, it is essential
to investigate the torque performance variations under different temperature conditions.

The experimental system was initially configured following the braking torque meas-
urement setup. The motor module was operated at a constant 0.5 r/s speed to allow a
gradual temperature elevation in the braking MRF region. Temperature data acquisition
from the braking MRF sensors was continuously performed until reaching target temper-
atures of 10 °C, 20 °C, 30 °C, and 40 °C, respectively. At each temperature condition, three
experimental cycles were conducted by applying 0 A, -1.3 A, and +1.0 A currents to the
braking coil. Continuous torque sensor data acquisition was maintained for 5 s intervals
during each test to obtain corresponding torque measurements under specific tempera-
ture—current combinations, with strict control of the operational duration to prevent tem-
perature drift.

Subsequently, the experimental system was reconfigured according to the drive
torque measurement setup. The magnetic powder brake was fully engaged while apply-
ing a +1.3 A current to the braking coil. The motor module was operated at a constant 0.5
r/s speed to allow gradual temperature elevation in the transmission MRF region. Exper-
imental trials were initiated when the average temperature sensor readings from the
transmission MRF reached 10 °C, 20 °C, 30 °C, 40 °C, and 50 °C, respectively. At each
temperature condition, four experimental cycles were conducted by applying 0 A, 1 A, 2
A, and 3 A currents to the transmission coil. Continuous torque sensor data acquisition
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was maintained for 5 s intervals during each test to obtain the corresponding drive torque
measurements under specific temperature—current combinations.

The experimental results showing a braking torque variation with braking MRF tem-
perature under different braking coil currents are presented in Figure 13a, while the drive
torque variation with transmission MRF temperature under varying transmission coil cur-
rents is illustrated in Figure 13b.
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Figure 13. Torque-temperature characteristics.

Figure 13a illustrates the braking torque variation under a constant coil current of
-1.3A. As the temperature of the braking MRF rises progressively from 10 °C to 20 °C, and
then to 30 °C, and, finally, to 40 °C, the braking torque decreases sequentially by 1.13 N'm,
0.05 N'm, and 2.60 N-m. This yields a cumulative reduction of 3.78 N-m over the entire
30 °C temperature increase. When the current of the brake coil is 0 A, the braking torque
is reduced by 0.92 N-m, 0.01 N-m, and 2.42 N-m respectively, with a total decrease of 3.35
N-m. When the current of the brake coil is 1 A, the braking torque drops by 0.49 N-m, 0.35
N-'m, and 1.05 N-m respectively, with a total decrease of 1.89 N-m. It can be observed that
the braking torque consistently decreases with the increase in the temperature of the brak-
ing MRF. Moreover, the decreased amplitude is the smallest between 20 °C and 30 °C,
while it increases significantly between 30 °C and 40 °C. This reduction in braking/driving
torque with rising temperature is attributed to the temperature-dependent decrease in the
MRF’s shear yield stress, a fundamental rheological property well-established in the liter-
ature [28].

The relationship between the driving torque and temperature under a transmission
coil current of 1 A is presented in Figure 13b. As the temperature of the transmission MRF
increases stepwise from 10 °C to 20 °C, 20 °C to 30 °C, 30 °C to 40 °C, and, finally, to 50 °C,
the corresponding torque reductions are 1.38 N-m, 0.36 N-m, 0.78 N-m, and 0.12 N-m, re-
spectively. This results in an overall torque decrease of 2.64N-m across the complete 40 °C
temperature rise. When the current of the transmission coil is 2A, the driving torque is
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reduced by 1.33 N'm, 0.82 N-m, 0.67 N-m, and 0.38 N-m, respectively, with a total decrease
of 3.2 N-m. When the current of the transmission coil is 3 A, the driving torque drops by
0.65 N'm, 0.63 N'm, 1.41 N'm, and 0.25 N'm, respectively, with a total decrease of 2.94
N-m. It can be observed that the driving torque also decreases gradually as the tempera-
ture of the transmission MRF increases, and the most substantial torque drop occurs dur-
ing the initial 10 °C temperature increase.

This corresponds to a percentage reduction of approximately 14.1% in driving torque
and 14.9% in braking torque over the specified temperature ranges. These quantified re-
lationships demonstrate that the torque-temperature characteristic follows a predictable
pattern rather than random fluctuation. In practical applications where the torque preci-
sion is critical, this systematic variation can be accounted for through control strategies
that adjust the excitation current based on the measured temperature, transforming the
observed thermal sensitivity into a manageable system parameter.

According to the test results of the temperature rise characteristics, it can be known
that the maximum measured value of the temperature rise in the braking mode within
180 s is 1.26 °C, and the maximum measured value of the temperature rise in the driving
mode is 17.36 °C, and the temperature rise rates are both relatively slow. Therefore, in the
case of short-term operation, the braking torque and driving torque of the PM/MREF vari-
able-stiffness joint are less affected by the internal temperature rise.

4. Conclusions

Through a combined thermal field simulation and experimental investigation, this
study examines the temperature rise characteristics and torque-temperature relationship
of a PM/MREF variable-stiffness drive joint. The key findings are as follows:

(a) The simulation results reveal that the maximum equilibrium temperatures in both
transmission and braking components exhibit a positive correlation with increasing
slip power. When the slip power reached 100 W, the steady-state maximum
temperatures reached 110.34 °C in the braking system and 113 °C in the transmission
system, both of which are within the operational temperature limits of MRF. The
temperature elevation curves for both components from 0 to 180 s demonstrate
gradually attenuating rise rates, with the braking system showing a 2.48 °C increase
and the transmission system showing an 18.35 °C increase at the 180 s mark,
indicating relatively small temperature increases during short-term operation.

(b) The experimental results indicate maximum temperature rises of 1.26 °C in the
braking system and 17.36 °C in the transmission system over 180 s, both slightly
lower than the simulated predictions. The braking torque exhibited a maximum
reduction of 3.78 N-m when the braking MRF temperature increased from 10 °C to
40 °C, while the drive torque showed a maximum reduction of 2.94 N-m with the
transmission MRF temperature rising from 10 °C to 50 °C. These findings confirm
that self-generated heat has a minimal impact on both braking and drive torque
performances under short-term operational conditions.

(c) The torque output exhibits a predictable temperature dependence, with maximum
reductions of approximately 14.1% for driving torque and 14.9% for braking torque
over the tested temperature ranges. For closed-loop precision control applications,
this drift can be effectively mitigated by implementing a current adjustment based
on real-time temperature feedback, thereby ensuring a consistent torque
performance. This quantitative characterization provides essential parameters for the
design of thermal-compensation control algorithms in PM/MRF-based actuation
systems.
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This study has limitations that suggest directions for future research. The thermal
model used simplified constant material properties and boundary conditions, leading to
conservative predictions. The experiments focused on short-term behavior in a specific
environment. Future work should develop models with temperature-dependent proper-
ties, investigate long-term thermal cycling effects, and implement model-based control
with real-time thermal compensation.
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