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Preface 

Welcome to Montreal, Canada, and welcome to the 19th International Conference on 

Electrorheological Fluids and Magnetorheological Suspensions (ERMR2025).  

International Conference on Electrorheological Fluids and Magnetorheological Suspensions (ERMR) is 

a premium and the longest-running international conference dedicated to the electrorheological 

fluids and magnetorheological suspensions. ERMR2025 is organized to delve into a spectrum of topics, 

related to ER and MR materials ranging from basic material science to the innovative engineering 

applications. For over 35 years, this biannual conference has provided a unique multidisciplinary 

platform to address ER and MR technology in various countries and now for the first time, it is held in 

Canada and in the beautiful city of Montreal. 

ERMR aims at promoting research, development and application of electrorheological fluids and 

magnetorheological suspensions through the exchange of scientific results and insight from leading 

international scholars and specialists as well as the young researchers. The conference showcases the 

state of the art in this innovative and multidisciplinary area. It provides a forum for discussion of recent 

advances in the fields of smart materials and encourages the transfer of advanced scientific results 

from research to application. The main topics include functional ER and MR fluids, gels and elastomers; 

MR-based suspensions and devices; magnetoactive metamaterials materials; modeling and 

characterization; magnetoactive sensors and actuators; aerospace and ground technologies featuring 

MR and ER materials; smart fluid-based energy saving and harvest, etc. 

ERMR maintains the tradition of a single-session format, and this intimate setting has furthered 

international understanding and launched long-lasting friendship. This year we look forward to 

welcoming over 90 participants who contributed 72 technical papers that are presented to you 

through plenary, oral and poster presentations.  

We are pleased to acknowledge the support from National Research Council Canada, Concordia 

University, journals of Actuators (MDPI), journal of Smart material and Devices and the Canadian 

Society of Mechanical Engineering. The assistance from the members of the International Organizing 

Committee (IOC) and the Local Organizing Committee is much appreciated.  

We are honored to host the 19th event of the ERMR this year and are delighted to welcome you to 

the metropolitan city of Montreal, the largest bilingual city in North America, and the cultural capital 

of Quebec. With your participation, we anticipate a valuable, enjoyable and memorable event. We 

wish you a great stay in this fascinating place!  

 

Ramin Sedaghati (Concordia University), Norman Wereley (University of Maryland at College Park) 

and Subhash Rakheja (Concordia University) 

ERMR2025 General and Co-Chairs 
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From Jacob Rabinow to David Carlson and Beyond: A Walk Down the MR 

Fluid and Devices History Lane 

 

Mehdi Ahmadian 

Center for Vehicle Systems & Safety, Virginia Tech, MC-0901, 3103 Commerce Street, Blacksburg, VA 24061, USA 

ahmadian@vt.edu 

 

Abstract 

This presentation strolls down the magnetorheological (MR) fluids and devices memory lane by exploring their 

scientific and commercial progress from their discovery by Jacob Rabinow in 1948 to today. It recites some of the 

earlier MR patents in clutches and brakes to their reincarnation in the early 1990s, led by David Carlson. Dave's 

somewhat one-man effort to lead the crusade for convincing his employer, Lord Corporation, and the rest of the 

scientistic community to invest in and explore MR fluids is assessed. His efforts led to the rekindling of interest by 

the broader intelligent fluids and devices community to study, improve, and invent a new generation of MR fluids 

during the past two decades, which is also reviewed. Reflecting on some of the recent developments, the presentation 

provides a glimpse into some of the future discoveries in MR fluids and devices. 
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Development of Magnetorheological Elastomer Isolators with Metamaterial 

Structures 

 

Weihua Li 
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Abstract 

Semi-active isolators working with laminated magnetorheological elastomer (MRE) structures have found 

applications in vibration control. This work reports the development of new MRE isolators with metamaterial 

structures for enhancing vibration suppression capabilities suitable for wide frequency ranges. This novel design takes 

advantage of tunable vibration bandgaps from novel metamaterial structures. Specifically, metamaterial MRE isolators 

were designed and prototyped. The mechanism of the formation of vibration bandgaps, for both infinite and finite 

periodic structures, was theoretically analysed, which details the equivalent negative stiffness of the metamaterial 

MRE isolator. Experiments were conducted to evaluate bandgaps of the metamaterial MRE isolators and their 

vibration isolation capacity. Results demonstrate that the new metamaterial MRE isolators are capable of offering 

enhanced vibration isolation performance with controllable bandgaps. 
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Abstract 

The safety, resiliency, and survivability of the warfighter, whether in a training or forward deployed environment, are 

of utmost importance for the military. For instance, musculoskeletal injuries are the leading cause of military disability 

discharge, which amount to ~1.6 million injuries per year within the U.S. Department of Defense. At sea, sailors and 

damage control personnel perform duties in hazardous conditions, especially when responding to shipboard 

emergencies because of smoke, fire, flood, and/or radiation. Similarly, resiliency at sea is further put to test during 

search and rescue of sailors fallen overboard. The goal of this presentation is to highlight three unique ongoing efforts 

in multifunctional and metamaterials development in the ARMOR Lab, all aimed at enhancing warfighter performance 

and protection. First, graphene nanosheet (GNS) piezoresistive sensors were integrated with firefighting equipment, 

specifically the self-contained breathing apparatus. The GNS sensors were strategically placed to measure the health, 

activities, and surrounding conditions of shipboard personnel during shipboard damage control operations. Laboratory 

and shipboard human subject tests were conducted and showed that gait, movement, and respiration rate could be 

accurately measured. The second example is the design of a wearable, passive, antenna uniform patch that changes 

shape (and thus its antenna signature) when a sailor falls overboard, so that the identity, location, and condition of the 

sailor could be quickly determined using remote sensing. Termed Active Skins, these additively manufactured 

mechanical metamaterials incorporated specific stimuli-responsive materials to detect parameters such as temperature 

changes and exposure to seawater. The last example showcases an additively manufactured field-responsive 

mechanical material (FRMM) that exhibits dynamic control and on-the-fly tunability. Specifically, complex structures 

of polymeric tubes were printed and infilled with magnetorheological fluid suspensions. Modulating applied magnetic 

fields resulted in rapid, reversible, and sizable changes of the FRMM's effective stiffness, which could be potentially 

used as a wearable adaptive armor. 
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Abstract 

The ability to dissipate energy in vehicle systems, especially with the goal of protecting occupants from potentially 

injurious vibration, repetitive shock, crash and blast loads, is becoming a critical issue as the cumulative impact of 

these load spectra on chronic health and acute injury are becoming better understood. The objective of this talk is to 

discuss what properties are optimal for energy absorption (EA) applications such as impact or shock load mitigation. 

Two primary strategies will be discussed in this talk: passive vs. semi-active energy absorbers. The first focus is the 

use of crushable materials to absorb energy. Two classes of passive materials will be discussed for EA applications 

including sintered and composite hollow glass foam materials, as well as elastomeric or plastic cellular materials. The 

second focus is the use of magnetorheological fluids (MRFs) or magnetorheological elastomers in EA applications. 

The properties of the MRF can be optimized for a particular application. A number of key nondimensional parameters 

can be used to gain insight into how to define optimality for various applications including: Bingham number, 

Hedstrom number, Reynolds number, Mason number, dynamic range. Also, the trade-offs associated in designing an 

optimal MRF for a particular application are discussed. The advantages of passive versus semi-active EA strategies 

will be discussed. 
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Abstract 

X-ray microtomography has been proven to be an excellent tool for analyzing the inner structure of magnetic hybrid 

materials. Using sophisticated methods of digital processing, it has become possible to track changes in the 

microstructure over numerous steps of changing external stimuli. By combining microstructural investigations with 

macroscopic characterization of the materials, one can correlate microstructural changes and macroscopic behavior 

using single descriptors.  

In the talk, the techniques and image processing methods will be discussed, along with the experimental procedures 

used to correlate microstructural aspects with macroscopic behavior. In an outlook, methods to experimentally 

evaluate the dynamics of structure formation will be outlined. 
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Abstract 

In today's era of artificial intelligence, the progress of human-robot physical interaction is now limited by robotic 

hardware, notably, actuators. Unlike human muscles, the gearmotors used in most robots on the planet cannot perform 

strong, powerful tasks as well as gentle, dexterous ones in the same package. This presentation will show how 

clutching actuators based on magnetorheological (MR) fluid clutches repel conventional gearmotor limitations and 

open the door to new "haptic-robots" capabilities. Functioning of the MR clutching technology is first explained and 

current applications to active suspension seats and automotive active suspensions are reviewed. Then, an analytical 

and experimental performance assessment of today’s prominent robotic actuator technologies, that is, harmonic drives 

and quasi-direct-drives, is conducted in comparison with the MR clutching technology. Analytical models of five key 

performance metrics are developed for torque-to-mass, torque-to-inertia, backdriving loads, rendering stiffness, and 

power consumption. Finally, the design space of the three actuation technologies is drawn and performance potential 

in robotics is compared. Results show how MR actuators resolve a gearing conflict by decoupling the motor inertia 

through a fluidic interface, enabling gearing ratios between 50 to 100:1 with minimal output inertia, and thus, best in 

class accelerations. Results also show that MR actuators resolve a damping conflict by exploiting the serial positioning 

of the fluidic interface to tailor damping rates on demand, thus enabling rendering stiffnesses from null up to five 

times stiffer than harmonic drives. These unique dynamic characteristics combined with best-in-class torque densities 

in the 100 to 200 N.m/kg range, low backdriving torques, and low power consumption open the door to unseen robotic 

performance such as cobots capable of human-like haptic tasks. 
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Abstract 

The vibration reduction of critical engineering structures is closely linked to their longevity, safety, and reliability. 

Magnetorheological (MR) fluid based intelligent vibration reduction technology offers significant advantages, 

including a wide range of applicable frequencies, low energy consumption, and excellent stability. Currently, the 

critical performance indicators of MR fluids, such as shear yield strength, sedimentation stability, and zero-field 

viscosity, exhibit mutual constraint effects. Achieving a balance among these key performance indicators and 

developing MR fluids with exceptional comprehensive performance presents a bottleneck problem that hampers the 

progress of intelligent vibration reduction technology in structural engineering. This study demonstrates that by 

incorporating homemade, high-saturation magnetization (208.0 emu·g-1) nanoparticles as a secondary component in 

cross-scale bidisperse MR fluids, the performance drawbacks experienced by monodisperse micron particles can 

effectively be mitigated, leading to a more stable equilibrium between performance factors. The main reason is that 

nanoparticle addition heightens chain structure density under magnetic fields, while reducing overall particle density 

when no magnetic field is applied. By substituting some micron particles with nanoparticles, the significant increase 

in zero-field viscosity caused by direct nanoparticle introduction can be circumvented. The optimal proportion of 

nanoparticles in MR fluids was preliminarily explored, and it was found that the Micro-Nano bidisperse MR fluids 

exhibit high shear yield strength (58.3 kPa at 436 kA·m-1), excellent sedimentation stability (82.6% at 7 days), suitable 

zero-field viscosity (1.25 Pa·s at 100 s-1), and ideal reversibility. Most notably, the method used to prepare these MR 

fluids is simple, bestowing considerable value for engineering applications. 
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Dynamic response of functionally graded graphene origami-enabled 
auxetic metamaterial sandwich plates embedded with GPLs-reinforced 

MRE: Experimental, Modeling, and Finite Element Analysis 

Reza Aboutalebi1, Mehdi Eshaghi2 and Ramin Sedaghati3 
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(E-mail: mehdi.eshaghi@carleton.ca) 

3 Department of Mechanical, Industrial and Aerospace Engineering, Concordia University, Montreal, Canada 
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Short abstract: Magnetorheological elastomers (MREs) are smart materials with tunable viscoelastic 
properties. Reinforcing MREs with graphene platelets (GPLs) enhances stiffness while preserving 
tunability. This study analyzes the dynamic response of a sandwich plate with an MRE-GPL core and 
functionally-graded (FG) graphene origami (GOri)-enabled auxetic metamaterial (GOEAM) face layers. 
The viscoelastic properties of MREs are modeled based on the experimental data using the Generalized 
Maxwell approach and validated via the nonlinear least-squares method. GOri’s mechanical properties are 
determined using novel micromechanical approaches. The problem is solved using the finite element 
method (FEM) and first-order shear deformation theory (FSDT). 
Keywords: MRE-GPL, GOEAM, FEM, Generalized Maxwell Model, FSDT 

1. INTRODUCTION
Magnetorheological elastomers (MREs) are smart materials with tunable mechanical properties that make

them highly effective in vibration control applications. Comprising elastomeric matrices embedded with 
magnetically responsive particles, MREs exhibit field-dependent stiffness and damping characteristics, 
enabling adaptive vibration mitigation in engineering systems [1]. Recent studies have explored the potential 
of MREs in dynamic absorbers, isolators, and tunable structures, demonstrating their ability to enhance 
system stability and reduce undesired oscillations [2]. Auxetic metamaterials have a negative Poisson’s ratio, 
expanding laterally when stretched. Designed through unique geometries, they offer superior energy 
absorption, fracture resistance, and flexibility. Used in aerospace, biomedical, and impact-resistant 
applications, they distribute stress effectively, enhancing durability and performance [3]. Zhao et al. [4] 
developed a formula to predict the mechanical behavior of graphene origami (GOri)-enabled auxetic metallic 
metamaterials (GOEAMs) using machine learning and molecular dynamics. They introduced a novel 
micromechanical method based on the Halpin-Tsai approach, which enables the tuning of the negative 
Poisson's ratio. 

2. MRE's MODEL DEVELOPMENT
In the present investigation, a three-element Maxwell model incorporating the omission of one dashpot

is introduced and elaborated upon. Subsequently, the constitutive equation delineating the relationship 
between shear stress and shear strain is formulated as follows. 

߬ + ଵ߬̇݌ + ଶ߬̈݌ = ߛ଴ݍ + ߛଵ̇ݍ +  (1) ߛଶ̈ݍ

While, ߬ and ߛ represent shear stress and shear strain, respectively. The coefficients are: 

ଵ݌ =
ଵߤ

ଵܩ
+

ଶߤ

ଶܩ
, ଶ݌ =

ଶߤଵߤ

ଶܩଵܩ

଴ݍ = ,ଷܩ ଵݍ = ଷܩ ൬
ଵߤ

ଷܩ
+

ଶߤ

ଷܩ
+

ଵߤ

ଵܩ
+

ଶߤ

ଶܩ
൰ , ଶݍ = ଷܩ ൬

ଶߤଵߤ

ଶܩଵܩ
+

ଶߤଵߤ

ଷܩଵܩ
+

ଶߤଵߤ

ଷܩଶܩ
൰ 

(2) 
By mathematical manipulation, the storage and loss moduli based on the Generalized Maxwell model can be 
derived in the subsequent format. 
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ܩ ʹ = ଷܩ +
ଵߤଵܩ

ଶ߱ଶ

ଵܩ
ଶ + ଵߤ

ଶ߱ଶ +
ଶߤଶܩ

ଶ߱ଶ

ଶܩ
ଶ + ଶߤ

ଶ߱ଶ , ʺܩ =
ଵܩ

ଶߤଵ߱
ଵܩ

ଶ + ଵߤ
ଶ߱ଶ +

ଶܩ
ଶߤଶ߱

ଶܩ
ଶ + ଶߤ

ଶ߱ଶ 
(3) 

The obtained model then can be validated by comparing experimental data and the unknown coefficiants of the 
storage and loss moduli can be determined. 

3. GOEAM -BASED MICROMECHANICAL MODEL
The mechanical properties of FG-GOEAM face layers are obtained based on the Halpin–Tsai model and rule

of mixture: 

ܧ = ா݂ܧ஼௨
1 + ߫ଵ߫ଶܸீ ௥

1 − ߫ଶܸீ ௥
, ߥ = ఔ݂(ߥ஼௨ ஼ܸ௨ + ௥ܸீீߥ ௥), ߫ଵ = 2

݈ீ௥

௥ீݐ

ߩ = ఘ݂(ߩ஼௨ ஼ܸ௨ + ௥ܸீீߩ ௥), ߙ = ఈ݂(ߙ஼௨ ஼ܸ௨ + ௥ܸீீߙ ௥), ߫ଶ =
ቀீܧ௥
஼௨ܧ

ቁ − 1

ቀீܧ௥
஼௨ܧ

ቁ + ߫ଵ (4) 

ா݂, ఔ݂, ఘ݂, and ఈ݂ are correction functions for modulus of elasticity, Poisson’s ratio, mass density, and coefficient 
of thermal expansion, respectively. 

4. THEORETICAL FORMULATIONS

The displacement field of the sandwich plate based on the FSDT can be expressed as follows.

0

0

0

i i

i

i i x

i i i y

i

u u z

v v z

w w





 

 

 (5) 
where the subscript i refers to to bottom, core, and top layers of the sandwich plate.  
The kinetic energy (T) and strain energy (V) of the structure can be determined in the following format: 

௜ܶ =
1
2න න න ଶ(௜ݑ̇))௜ߩ + ଶ(௜ݒ̇) + ݔ݀ݕ௜݀ݖ݀(ଶ(௜ݓ̇)

௛೔/ଶ

ି௛೔/ଶ

௕
ଶ

ି௕
ଶ

ି௔
ଶ

ି௔
ଶ

 

௜ܸ =
1
2න න න ൫ߪ௫೔ߝ௫೔ + ௬೔ߝ௬೔ߪ + ߬௫௬೔ߛ௫௬೔ + ߬௫௭೔ߛ௫௭೔ + ߬௬௭೔ߛ௬௭೔൯݀ݖ௜݀ݔ݀ݕ

௛೔/ଶ

ି௛೔/ଶ

௕
ଶ

ି௕
ଶ

௔
ଶ

ି௔
ଶ

 
(6) 

The equation of motion of the sandwich plate then can be calculated using Hamilton's principle. 

නߜ (ܶ − ܸ)
௧మ

௧భ
ݐ݀ = 0 

(7) 
The final format of the equation of motion can be determined using FEM in the following manner. 

ൟܦ൛̈[ܯ] + {ܦ}[ܭ] = 0 (8) 
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Controllable Properties of the Representative Structure of Negative 
Stiffness Mechanical Metamaterials Filled with Magnetorheological 

Fluids 
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Short abstract: Representative structures of negative stiffness mechanical metamaterials filled with 
magnetorheological fluids were designed and fabricated, and the controllable properties were 
investegated experimentally. The results show that the negative stiffness of the representative structures 
and the corresponding regions decrease in the presence of magnetic field, the pressing force and the 
negative stiffness of the structures can be controlled by the external magnetic field. 
Keywords: Negative stiffness, Mechanical metamaterials, Controllable properties, Magnetorheological 
fluids 

1. INTRODUCTION
Mechanical metamaterials are structural materials that are microscopically designed to achieve unique

mechanical properties without changing the chemical composition[1]. Negative stiffness mechanical 
metamaterials (NSMMs) are comprised of negative stiffness (NS) elements[2]. Mechanical metamaterial with 
controllable properties is an emerging field attracting great attention. Chibar developed a tactile sensor with 
high properties based on NS honeycomb metamaterials[3]. Zhakatayev presented a design method for 
metamaterial consisting of negative stiffness beams assembled in a honeycomb structure[4]. Chen designed 
and fabricated a novel metamaterial magnetorheological elastomer vibration isolator with a controllable 
vibration bandgap[5].  

2. OBJECTIVES
Real-time tunable NS allows NSMMs to be adapted to different conditions without changing the physical

structures. The properties of NSMMs depend on their constituent elements, which are representative structures. 
The performance of magnetorheological fluids (MRFs) can be controlled by the external magnetic field. Therefore, 
it can be expected that representative structures containing MRFs can achieve properties real-time control of 
NSMMs. 

3. MATERIALS AND EXPERIMENTS

3.1. DESIGN AND FABRICATION
The investigated representative structures of NSMMs were formed by injecting MRFs into the dome 

structures as shown in Fig. 1a. The cross-section view of the dome structure is shown in Fig. 1b, which was 
made of silicon rubber Sylgard 184. The MRFs were mixed by carbonyl iron powder and silicone oil. 

Figure 1: Preparation process (a) and cross-section view (b) of the representative structure. 
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3.2. EXPERIMENTS 
The electronic universal material testing machine WDW-200 was used to carry out compression experiments, 

and the compressing speed was set to 2 mm/min. The permanent magnets were used to generate a magnetic field. 
The magnetic field strength was 60 mT measured by Tesla meter HT20. The compression experiments include 
three types: the hollow dome structures, the dome structures containing MRFs without an external magnetic field, 
and the dome structures containing MRFs in the presence of an external magnetic field.  

4. RESULTS AND DISCUSSION
The experimental results are shown in Fig. 2a. The NS is defined by calculating the slopes of straight line

segments with displacement between 4 mm and 7 mm. The absolute values of NS and the peak forces are shown 
in Fig. 2b. The results show that the external magnetic field can increase the peak force, decrease the value of NS, 
and reduce the displacement region of NS. The performances of the representative structures can be controlled 
when the external magnetic field changes continuously. 

Figure 2: The dependence of force on compressive displacement (a) and the peak pressing forces and absolute 
values of NS (b).   

5. CONCLUSION
Representative structures of NSMMs filled with MRFs were developed, and the controllable properties of the

structures were investigated experimentally. In the presence of external magnetic field, the peak pressing force of 
the structure increases, the NS value decreases, and the NS displacement region reduces. 
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Jamming transition in magnetorheological suspensions made of iron and calcium 

carbonate particles 
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Short abstract: The jamming transition, also known as discontinuous shear thickening (DST), is observed 

in very concentrated suspensions of solid particles, with a size of about one micron or greater. This study 

focuses on the use of a magnetic field to trigger this transition which is characterized by a sharp increase 

of viscosity. We show that this transition is very dependent on the coverage of the particle surface by a 

layer of adsorbed polymers. We present some results in terms of shear stress versus shear rate or shear 

strain for a suspension made of a mixture of iron and calcium carbonate particles.  
Keywords: Suspension, jamming, superplasticizer, viscosity jump.  

1. INTRODUCTION

Highly concentrated suspensions of microparticles in a carrier liquid can undergo a sharp transition under

flow with a sudden jump in viscosity when the hydrodynamic stress is large enough to break the lubrication 

film and bring particles surface into solid contact. This phenomenon   called “discontinuous shear 

thickening” (DST) is most often undesirable in applications such as concrete casting in the construction 

industry or metal pastes for 3D printers or composite parts but can be useful if it can be controlled by an 

external mean like a magnetic field. This is the case of magnetorheological suspensions (MRS) that can also 

transform into a solid in the presence of a magnetic field, but their yield stress is quite low except at high 

applied magnetic field. In the case of the DST transition, the application of a weak field on a flowing 

suspension can generate a yield stress which would require a field of at least two orders of magnitude larger 

than in an ordinary MRS [1]. Due to the use of magnetic microparticles with high density their high 

sedimentation can cause   phase separation and/or aggregation. A simple way to reduce the sedimentation is 

to mix lighter non-magnetic particles with magnetic particles and, despite the decrease in magnetic materials, 

the MRS suspension can maintain a high field induced yield stress due to the transmission of stresses by 

nonmagnetic particles [2]. In the same vein it has been shown that a small quantity of iron particles dispersed 

among much lighter calcium carbonate particles is sufficient to control the DST transition while maintaining 

the same large increase in effective viscosity [3]. In this way sedimentation and the risk of irreversible 

aggregation of magnetic particles are reduced. We will emphasize the determining role of the volume fraction 

of particles and of functionalization of their surfaces to explain and control the DST transition. We shall also 

present some results showing the relationship between the instability of jets of concentrated suspensions of 

magnetic particles and the DST transition.   

2. OBJECTIVES

The aim of this paper is to demonstrate the relationship between the coverage ratio of the surface of the

particles, both for iron and calcium carbonate, with the critical stress required to trigger the jamming 

transition and to present some results obtained using the same superplasticizer molecule with a mixture of 

iron and calcium carbonate particles. These results will concern the rheological curves: shear stress as a 

function of shear rate, but also the behaviour of the viscoelastic moduli, G, G” and some preliminary results 

on the influence of the jamming transition on the MRS suspension jet.  

3. MATERIAL AND METHODOLOGY

We used carbonyl iron (CI) particles obtained from BASF (grade HQ) with a density ρ = 7.7 g/cm3 and

calcium carbonate(CC)  grade BL200 from Omya  ρ = 2.72 g/cm3.The suspending liquid was a mixture of 

ethylene glycol and water in  a mass ratio 85/15, minimizing evaporation. The superplasticizer molecule, 
whose trade name is Optima100 (Opt), consists of a short polyethylene oxide (PEO) chain and a negatively 

charged diphosphonate head that bind to ferrous ions and calcium ions. Rheological curves are measured 

with a rheometer MCR502 from Anton Paar. The magnetic field is imposed through a coil whose center 

coincides with the sample in a plate-plate geometry. 
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4. RESULTS AND DISCUSSION

From the shear stress versus shear rate curves at different proportions FCI=VCI/(VCI+VCC) and a total

volume fraction of solid Φ=0.705, we measured the evolution of yield stress and Bingham viscosity with the

magnetic field for a superplasticizer mass concentration relative to the particle mass of 0.2%.[4]. Although 

quite counterintuitive, the largest variation of yield stress and   viscosity was obtained at a low iron particle 

fraction: FCI between 5 and 10%. This is explained by the fact that non-magnetic particles transmit the stress 

induced by the formation of linear aggregates of CI particles [2] and because a low concentration of CI 

particles decreases the magnetic permeability and thus the demagnetizing field in a plate-plate geometry. An 

other finding is related to the role of the superplasticizer polymer on the jamming transition (cf. Fig. (2)) 

where we see that, for a pure suspension of iron particles, increasing its concentration from 0.1% to 0.4% 

strongly increases the critical stress where the jamming transition appears but that beyond 0.4% the critical 

stress decreases. By measuring the adsorption isotherm of this molecule on the surface of iron particles and 

CC particles we have seen that the concentration of 0.4% corresponds to a dense layer of polymer giving the 

maximum repulsive force between particles. A higher concentration will lead to the formation of micelles 

inside the interparticle space that will facilitate the desorption of polymer from the particle surface and thus 

decrease the critical stress. Unlike usual MR fluids where it is mainly the yield stress which increases with 

the magnetic field, here, as can be seen in Fig.1, it is the shear thickening that increases the viscosity. This 

effect probably comes from an increase in the entanglement between the polymer chains of each individual 

coating layer. Finally it is not only the behaviour of a very dense MR suspension inside a container which 

depends on the jamming transition, but also the instability of the jet of such suspensions. In Fig.3A, for the 

same imposed pressure, the jet is steady for a suspension of iron particles at Φ=0.62 but unstable at Φ=0.63.

We try to relate this behaviour to the extensional stress at the output of the capillary 

5. CONCLUSIONS

The mechanism of the jamming transition in concentrated suspensions is governed by the percolation of

a network of frictional contacts between particles that depends on the balance between attractive 

(hydrodynamic and/or magnetic) and repulsive forces coming from the polymer layers. Due to the stress 

transmission between solid particles (magnetic or not) this transition can be triggered by a small magnetic 

field even with a low volume fraction of magnetic particles, opening the way to a new class of MRS 
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Fig.1 Shear stress versus shear rate. Total 

volume fraction: Φ=70.5%; with 5% Fe:

and 95% CaCO3 in volume;Copt=0.2% 

Fig.2 Suspension of iron particles at 

Φ=64%  for different concentrations, 

Copt, of superplasticizer 

Fig.3A:Φ=0.62

Fig 3B:Φ=0.63
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Three-Dimensional Numerical Analysis of Thermal Flow of
Temperature-Sensitive Magnetic Fluid around a Single Heated Cylinder
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Short abstract: A temperature-sensitive magnetic fluid (TSMF) is a magnetic nanofluid with

ferromagnetic nanoparticles having a low Curie temperature. Its unique "temperature-sensitive

magnetization" causes magnetization to drop sharply as temperature rises near room temperature. This
property has been explored in self-circulating heat transport devices. In this study, numerical simulations

using the lattice Boltzmann method visualized the thermal flow of TSMF around a heated cylinder. Results

showed that applying a magnetic field causes magnetic buoyancy to eject heated fluid, enhancing heat

transfer.

Keywords: Temperature-sensitive magnetic fluid, Heat transfer, Lattice Boltzmann method,

Thermomagnetic pump, Energy conversion.

1. INTRODUCTION
With the increasing demand for miniaturization and energy efficiency in electronic devices, the

development of self-circulating heat transport devices without mechanical driving components, such as heat

pipes, has become increasingly important. In particular, magnetically-driven heat transport devices using

temperature-sensitive magnetic fluids (TSMFs) hold promise as cooling technologies for low-temperature

heat sources (below 373 K) with high heat generation density. TSMFs are magnetic nanofluids that stably

disperse magnetic nanoparticles with a low Curie temperature (e.g., MnZnFe) in solvents such as oil. These

fluids exhibit a temperature-sensitive magnetization, and their magnetization significantly decreases with

rising temperatures in ambient conditions. By utilizing this property, applying both a magnetic field and heat

to the TSMF induces a self-driven flow due to the imbalance of magnetic body forces, simultaneously

enabling heat transfer[1].

To date, numerous experimental[2] and numerical studies[3, 4] have investigated heat transport devices

utilizing TSMFs. The heat flow characteristics of these fluids differ significantly from conventional

Newtonian fluids, being highly influenced by the shape of heat transfer surfaces and the distribution of the

magnetic field. However, since magnetic fluids are black and opaque, experimental visualization of heat

flow is challenging. As a result, numerical simulations have been widely used to visualize heat flow, though

most analyses are limited to two dimensions. Considering that magnetic fields are distributed in three

dimensions, understanding the three-dimensional heat flow phenomena is essential for advancing heat

transport devices using TSMFs. In this study, we performed a thermal flow analysis of TSMFs around a

single heated cylinder using the lattice Boltzmann method. We investigated the influence of the magnetic

field on heat flow behavior in detail.

2. NUMERICAL ANALYSIS
The analysis model is shown in Figure 1, and the magnetic field distribution is presented in Figure 2. The

flow channel is a three-dimensional rectangular channel containing a single heated cylinder. The fluid is

assumed to be an incompressible Newtonian fluid, and the equations of motion consider both magnetic body

force and buoyancy. The lattice Boltzmann method was used to solve the equation of motion, the finite
difference method was used for the energy equation, and the immersed boundary method was used for

momentum exchange between the heated cylinder and the fluid. The physical properties of the fluid were

based on a kerosene-based TSMF [1]. The boundary conditions are indicated in Figure 1.

Figure 1: Analysis model. 
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Figure 2: Magnetic field distribution.

3. RESULTS AND DISCUSSION
Figure 3 presents a representative result of the thermal flow analysis. The TSMF flowing in from

upstream moves in the +z direction in front of the heated cylinder and then rapidly descends in the -z
direction behind the cylinder. In general, for non-magnetic Newtonian fluids, the heated fluid rises in the +z

direction due to buoyancy. In contrast, in the case of TSMF, the magnetic body force causes the lower-

temperature magnetic fluid to flow toward regions with a stronger magnetic field, specifically in the +z

direction. Additionally, as the fluid temperature increases due to heating, the magnetization of the TSMF

decreases. Consequently, the heated fluid is ejected from the strong magnetic field region and flows in the -

z direction. This mechanism allows the heat-absorbed TSMF to be efficiently excluded from the magnetic

field, enabling effective heat recovery through its flow behavior.

Figure 3: Typical results of the thermal and fluid flow analysis.
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Chain-to-layer transition in sheared magnetorheological fluids
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Short abstract: The evolution of the internal structure of a magnetorheological fluid under simple shear 

flows and magnetic fields applied along the velocity gradient direction is investigated. Using 

videomicroscopy, we observe that field-induced chains transition into a layered pattern oriented 

perpendicular to the vorticity direction once a characteristic Mason number is exceeded. The threshold 

value and the pattern period show a strong dependence on the shearing gap. To explain this behaviour, a 

toy model based on chain-chain interactions is proposed, which successfully captures the qualitative 

aspects of the experimental observations.  

Keywords: lamellar structures, rings, microstructure, rheo-microscopy, SALR interaction.

1. INTRODUCTION

Currently, the rheology of magnetorheological (MR) fluids under simple shear flows and magnetic fields

applied along the velocity gradient direction is successfully described by the so-called chain model [1]. 

According to this model, the characteristic shear-thinning behaviour arises from the progressive breakup of 

field-induced aggregates (ideally, chains aligned with the field direction) as the shear rate increases. In this 

context, chain length and orientation are governed by the balance between shear forces, which tilt and 

elongate the chains, and magnetic forces, which tend to keep the chain particles together. This balance is 

quantified by the Mason number, Mn. Within this framework, as Mn approaches zero, chains percolate 

throughout the system, giving rise to a yield stress. Conversely, at sufficiently high Mn values (i.e., above 

the critical Mason number, Mnc) [2], chains are totally disrupted, resulting in a suspension of disaggregated 

and homogeneously dispersed particles, beyond which no further viscosity evolution is expected. 

Despite the widespread use of the chain model in magnetorheology, it is well known that structure 

evolution under shear flow is not limited to chain disruption leading to a fully disaggregated state . Instead, 

at high Mn, particles rearrange into layers oriented perpendicular to the vorticity direction, forming a well-

defined macro-pattern [2,3]. This phenomenon has received relatively little attention. It has been suggested 

that the pattern emerges once Mnc (~ 1) is exceeded [2], but the underlying mechanism remains unclear. 

Moreover, it is not well understood why layers appear, whether the pattern vanishes at higher Mn values or 

which system parameters govern pattern morphology. 

2. OBJECTIVES

This work aims to track the in-situ formation of layers in MR fluids and correlate these microstructural

changes with the sample’s rheological behavior. Additionally, a toy model is proposed to reproduce this 

phenomenon and identify the key control parameters governing layer formation and morphology. 

3. MATERIAL AND METHODOLOGY

Experiments were performed on conventional MR fluids based on carbonyl iron microparticles (3 µm

diameter, BASF) dispersed in glycerol (86-88%, viscosity of 106 mPa·s, Scharlau) at 10 vol%. Specifically, 

the flow curve under a 10 kA/m magnetic field was obtained using a torsional rheometer with plate-plate 

geometry for different shearing gaps. The bottom plate was made of glass to allow a high-speed camera 

positioned beneath it to capture the microstructural projection on the flow/vorticity plane . Camera and 

rheometer were synchronized to correlate each recorded image with the corresponding data point in the 

steady state flow curve, enabling precise identification of the shear rate at which layer formation occurs . The 

captured images were further analyzed to extract pattern morphology parameters, such as its period  [4]. 

4. RESULTS AND DISCUSSION

Figure 1 shows the main experimental findings regarding (a) the Mn needed to trigger the chain-layer

transition, Mnc-l, and (b) the period of the resultant pattern, 𝑑, as a function of the shearing gap, ℎ. The results 

show that Mnc-l decreases while d increases with increasing gap size. However, neither of these behaviours  
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is adequately explained by existing theories. The chain model, for instance, does not predict any dependence 

between Mnc-l and the shearing gap [2]. Similarly, current models for pattern period suggest that d should 

scale with the square root of the gap [5], which does not fully account for the observed trend.  
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Figure 1: Mason number required to induce layer formation (a) and pattern period (b) as functions of the

shearing gap. Points: Experimental results. Dashed lines: fits based on published models from [2] (a) and [5] (b). 

Solid lines: fits obtained using the proposed model based on chain-chain interactions. 

To explain these experimental trends, based on the visual observation of the microstructure, it was 

hypothesized that layer formation does not necessarily occur once all particles are fully disaggregated, but 

rather while they still form linear chains tilted by the shear flow. By computing the magnetic interaction 

between these chains (treating them as single entities rather than as assemblies of individual particles) a 

SALR (short attractive/long repulsive)-like force was obtained. This is characterized by a localized attractive 

region near the chain, which extends as the chain tilts under shear flow. 

Based on this assumption, layer formation can be understood in terms of the interplay between two length 

scales: the typical distance between chains (𝑙0, determined by the particle concentration) and the attractive

range of the chain-chain force (𝑙𝑎, controlled by the chain tilt angle which in turn is given by the product ℎ ∙
Mn [1]). Layers will form only when 𝑙𝑎 > 𝑙0 so that the attractive region is sufficiently long to encompass a

sufficient number of neighbouring chains. Since 𝑙𝑎 increases with ℎ ∙ Mn, it can be concluded that: (i) layers

will form only when Mn exceeds a threshold value (Mnc-l), and (ii) the larger the gap ℎ, the smaller the Mn 

required to reach the 𝑙𝑎 > 𝑙0 regime (so Mnc-l should decrease with ℎ, as shown in Figure 1a). Finally, once

layers are formed, it is important to note that the only relevant length scale is the shearing gap ℎ, which 

controls the tilt angle and the range of the attractive region. Thus, it is expected that all other lengths in the 

system (including the pattern period) will scale with ℎ, explaining the linear dependence seen in Figure 1b. 

5. CONCLUSIONS

In-situ visualization of the microstructural evolution during shear has shown that MR fluids develop a

layered pattern, with the period and triggering Mason number increasing and decreasing, respectively, with 

the shearing gap. These behaviours are successfully explained by a model that accounts for the interactions 

between percolating tilted chains.
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Abstract: The concept of packing efficiency is fundamental in dispersion rheology to reduce the viscosity 
of concentrated slurries or increase the content of the dispersed phase, even without applying any external 
(electric or magnetic) field. However, packing efficiency can also affect the yield stress of 
electrorheological or magnetorheological fluids, under an applied field. This was first described by Prof. 
Shulman's group in the 1980s, but the concept seems to have been forgotten. This work aims to retrieve 
the relevance of this concept to the ERMR community. 
Keywords: Magnetorheology, packing efficiency, aggregate susceptibility, Zinoviy P. Shulman. 

1. INTRODUCTION

The original idea of using the packing efficiency of particles in physical models to estimate the value of
the static yield stress of magnetorheological fluids (with the same value of the volumetric fraction of the 
magnetic phase), was first described in the middle of the 1980s, by the group of Prof. Zinoviy P. Shulman 
and collaborators [1–3]. Interestingly, the importance of this concept seems to have been forgotten, or 
perhaps not well understood. The same idea was revisited and incorporated into the model proposed by Tang 
and Conrad in 2000 [4]. The last time we found the same concept in literature (to the best of our knowledge) 
was in Kordonski et al 2001 model [5]. The original equation proposed by Rosensweig in his model for MRF 
yield stress in 1995 [6] is: 

𝜎௬ =
ఓబ

ସ
𝜙𝐻଴

ଶ ቂ
(ଵିథ)ఞమ

ଵା(ଵିథ)ఞ
ቃ, (1) 

where 0 is the magnetic permeability of the free space (4 x 10–7 N.A–2),  is the volume fraction of the 
magnetic powder (dispersed phase in MRF), H0 is the magnetic field strength, and  is the susceptibility of 
a magnetic material laminae, proposed by Rosensweig in his “laminae model” [6]. 

Kordonski et al [5], following the “laminae model” proposed by Rosensweig [6] for MRF, assumed that 
such magnetic laminae are formed by compact aggregates, consisting of particles with a certain “packing 
degree  ”, and following Shulman et al [3], they assumed  = 0.7 as the value for the “greatest packing 
degree”. They describe the term related to the susceptibility of a magnetic material laminae in the 

Rosensweig model as: 𝜒௠ =
ெೞ

ு
𝜉. Here, Ms is the saturation magnetization of carbonyl iron powder and  is 

the packing efficiency of the iron spheroidal particles inside the magnetic laminae. On the other hand, 
Rosensweig's model did not consider the possible effects of particle packing. Kordonski, Gorodkin, and 
Zhuravski (2001) proposed this, modifying the Rosensweig model [5,6]. Tang and Conrad, also incorporated 
in their “Analytical model for MRF” [4], a distinction between  (the total volume fraction of the particles), 
c (the volume packing density, conceptually equivalent to the “packing degree ” by Kordonski et al [5]), 
and 𝜑௦ (the volume fraction occupied by the aggregates). We called this RCP in Manuel et al 2023 [7]. 

𝜑௔ =
ఝ

஍
(Shulman et al), or  Φ௖ =

థ

ఝೞ
  (Tang & Conrad) (2) 

2. OBJECTIVES

To visually demonstrate that packing efficiency affects the magnetic susceptibility of a column of
particles. To recall and recover the “aggregate susceptibility” concept by Shulman et al [3]. 

3. MATERIAL AND METHODOLOGY

Chrome steel spheres with 2 mm and ½ inch were employed for the packing efficiency experiments. The
spheres were carefully weighed on an analytical scale (± 0.1 mg), maintaining identical masses of spheres in 
each of the three tubes. As the material (AISI 52100) is the same in all cases, the only difference was the 
organization of the balls in each tube. Next, 4290 L of synthetic polyalphaolefin oil (Synfluid® PAO 2) was 
added to each tube, using a micropipette, filling the interstices, totalling 8.58 mL. Immediately after the 
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preparation, the magnetic susceptibility  of each tube was measured with an SM150L magnetic 
susceptibility meter (ZH Instruments, Brno, Czech Republic), operating at a frequency of 68 Hz, and 
applying a field of 80 A/m. 

4. RESULTS AND DISCUSSION

The steel spheres were arranged manually, as shown in Figure 1, without applying
any magnetic field. Only in the middle tube, some care was necessary to ensure the 
observed packing. Figure 1 illustrates three arrangements with chrome steel spheres, 
with the same chemical composition, and only two sizes: 2.0 mm or ½”. In the left 
tube, there are 4 half-inch spheres. In the central tube, there is an ordered mixture of 
many 2 mm spheres, interspersed with 3 half-inch spheres. And in the right tube, there 
are only 2.0 mm spheres. All three tubes contain the same volumes of steel and oil, 
according to Table 1. The volume fraction of solids ( = volsteel/volsteel + oil) was kept 
fixed and equal to 0.50. The difference in packing efficiency resulting from the three 
tubes is noticeable. Table 1 shows that the higher the packing efficiency, the greater 
the magnetic susceptibility. The most direct and simple explanation for this result, as 
well established in the literature, is the concept of reluctance in magnetism. Just as the 
flow of electrical charges (current) always seeks the path of least electrical resistance, 
magnetic field lines (magnetic flux) also concentrate on the path of least reluctance. 

Figure 1: Three tubes 
with Cr steel balls. 

Table 1: Packing efficiency and magnetic susceptibility of the tubes in Fig. 1 
Tube 
Fig. 1 

Balls 
N 

Balls 
mass  
(g) 

Cr Steel 
volume 
(cm3) 

PAO 
volume 
(cm3) 

vsteel/vtotal 
  
(-) 

App. 
Vol 

(cm3) 

Packing 
  

(-) 

Susceptibility 
SI  
(-) 

Left 
(½ in.) 

4 L 33.4231 4.290 4.290 0.50 7.7 0.56 2.53  0.02 

Center 
(mix) 

3 L +  
256 S 

33.4286 4.290 4.290 0.50 6.0 0.72 3.34  0.01 

Right 
(2 mm) 

1024 S 33.4198 4.290 4.290 0.50 7.2 0.60 2.89  0.01 

5. CONCLUSIONS

The notion that “the degree of filling of the aggregate” [3] (packing efficiency) affects the “aggregate
susceptibility” of magnetorheological fluids, introduced by Prof. Shulman’s group, is revisited. We devise 
a simple experiment showing that higher packing efficiency enhances magnetic susceptibility. Future 
research could explore the practical implications of this to improve the magnetorheological effect. 
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Short abstract: Our long-term scope is to optimize magnetic gels and elastomers concerning their material

behaviour. In our work, we focus on theoretical materials design. To this end, we develop and entangle

theoretical-analytical and computational simulation tools. Using basic spherical and cubical model systems

we optimize the internal structuring in terms of the spatial arrangement of magnetisable inclusions. We

identify structures that maximise and minimise modes of magnetostrictive deformation and rheological

effects. Future collaborative endeavours are planned to transfer these results to reality. 

Keywords: Magnetic gels and elastomers, materials design, magnetostriction, magnetorheological effect,

internal structure.

1. INTRODUCTION

Magnetorheological gels and elastomers, here briefly called magnetic gels and elastomers, consist of

micrometre-sized inclusions in soft elastic, reversibly deformable carrier media [1]. We address reversibly

magnetisable inclusions that, upon magnetization in homogeneous external magnetic fields, transmit the

induced interactions between them to deformations of the surrounding elastic medium [2]. These microscopic

distortions couple to the overall, macroscopic material behaviour. Specifically, they lead to macroscopic

deformations, that is, changes in overall shape. Moreover, they affect the mechanical resistance against

overall deformations, that is, the moduli of elasticity. Respectively, we distinguish between magnetostrictive

(changes in shape) and magnetorheological (changes in mechanical properties) effects. For magnetical ly soft

inclusions, both variations in material properties are induced reversibly and switched off upon release of the

external magnetic fields. Direct applications are conceivable and discussed extensively, for instance, in the

context of soft actuators or magnetically tunable damping devices.

2. OBJECTIVES

Our goal is to identify and demonstrate the potential of magnetic gels and elastomers in view of their

magnetostrictive and magnetorheological behaviour, see Figure 1. To this end, we determine maximal or

minimal magnitudes of deformation in homogeneous external magnetic fields by adjusting the positioning

of the magnetisable inclusions within the elastic carrier material. Similarly, we maximize or minimize the

magnetically induced changes in stiffness under imposed mechanical deformations by finding  most

appropriate spatial arrangements of the magnetisable inclusions. In this way, we contribute to corresponding

materials design.

Figure 1: We optimize the internal structure of magnetic gels and elastomers, that is, the spatial

arrangement of magnetisable inclusions (brown) for (a) maximized decrease (left) or increase (right) in

volume, (b) maximized contraction (left) or extension (right) along the magnetization direction, and (c)

maximized increase or decrease in Young modulus (left) or shear modulus (right) upon deformation (green

arrows) when magnetized by a strong external magnetic field (red).

3. MATERIAL AND METHODOLOGY

We base our study on analytical calculations in the framework of elasticity theory combined with

numerical evaluations and adapted simulation tools to perform optimization procedures. Particularly, we

solve the equations of linear elasticity for a finite-sized example object, namely the free-standing

homogeneous and isotropic elastic sphere [3]. Possibly compressibility is taken into account. The solution

in terms of a Green’s function allows to evaluate everywhere within and on the surface of the sphere the 

displacement field in response to force distributions applied to its inside. In our case, these forces result from

magnetic interactions. Evaluations on the surface of the sphere define the overall deformation [3]. Analytical
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expressions are derived for specific modes of surface deformation as a function of the positio ns of the

magnetic force centres within the elastic sphere [4]. Adaptations of simulated annealing maximize or

minimize these modes of deformation by determining the optimized spatial arrangements of the magnetic

force centres [5]. To determine maximized mechanical hardening or softening of the materials, we again

work with numerical optimization procedures [5]. Yet, instead, we evaluate changes in overall energy upon

deformation and magnetization for cubical example systems of finite size.

4. RESULTS AND DISCUSSION

4.1. MAGNETOSTRICTIVE EFFECTS

We determine the optimized spatial arrangements of magnetisable inclusions within free -standing elastic

spheres that maximize increase or decrease in volume upon magnetization [5], see Figure 1(a). Moreover,

we consider maximized elongation or contraction along the magnetization direction [5], see Figure 1(b). The

identified structures depend on the number of inclusions and the degree of compressibility of the elastic

material, as do the magnitudes of the induced deformations. Generally, our approach identifies structures

resembling layers of hexagonally arranged inclusions to maximize increase in volume and to maximize

contraction along the magnetic field direction upon magnetization. In contrast to that, the outer parts of the

arrangements within the sphere become less regular when we maximize elongation of the sphere along the

magnetization direction. Rather branched and fuzzy spatial arrangements of the inclusions are found to

maximize decrease in overall volume upon magnetization. In view of later experimental realizations, for

instance, using 3D printing techniques, we set a lower bound for the distance between the inclusions.

4.2. MAGNETORHEOLOGICAL EFFECTS

To maximize or minimize the elastic Young or shear moduli upon magnetization [5], see Figure 1(c), we

proceed in a similar way, however, for cubical incompressible systems. We here numerically evaluate the energy

of the system upon magnetization and deformation instead of calculating the magnitudes of modes of deformation.

Specifically, we find that the Young modulus for stretching along the magnetization direction is mostly enhanced

upon magnetization by arrangements of the inclusions close to fcc lattices. Instead, the shear modulus is mostly

increased by layer-like structures with the layer normals parallalel to the directions of shear displacement.

Likewise, maximized softening, that is, decrease in shear modulus is achieved by layer-like structures. Yet, the

layers here coincide in orientation with the shear plane. Contrarily, decrease in Young modulus upon

magnetization is maximized for lower to moderate numbers of inclusions by chain-like arrangements forming

hollow tubes with the tube direction along the magnetization and stretching direction.

5. CONCLUSIONS

In conclusion, we demonstrate that entangled theoretical-analytical and computational simulation

methods serve to optimize the magnetostrictive and magnetorheological performance of magnetic gels and

elastomers. Through future collaborative projects, we are starting to work on ways that transfer our concepts

to reality [6].
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Short abstract: Magnetorheological elastomer (MRE) is smart soft solid composite material consist of

rubber matrix and iron particles, which can tune its viscoelastic properties in presence of magnetic field.

Mostly non-LVE region of MRE can be better explain by the large amplitude oscillatory shear test (LAOS).

In this study, influence of particle shape is evaluated using LAOS parameters. For development of MRE

spherical shape iron particle and irregular shape iron particles are used. LAOS parameters are derived for

the different strain and magnetic field to evaluate the iron particle shape on MRE performance.   

Keywords: Magnetorheological elastomer, viscoelastic properties, large amplitude oscillatory shear test.

1. INTRODUCTION

Magnetorheological elastomer is soft solid composite material which consist of silicone rubber and iron

particles. Present day, MRE is gaining its popularity in different applications like as vibration isolation and

sensors. Basically, MRE is viscoelastic material, which can tune its viscoelastic properties in presence of

magnetic field. Viscoelastic properties of MRE can be evaluated using amplitude sweep, frequency sweep

and magneto sweep. However, all these methods are used to characterize the MRE under the liner viscoelastic

region (LVE) and can be better to explain the behaviours at small amplitude but cannot used for the non -

LVE region.  For non-LVE region most common technique used is large amplitude oscillation shear (LAOS).

LAOS gives the real time stress- strain curve (Lissajous curves) which can be helpful for micro level study

of MREs.  LAOS is accommodating the dynamics study to understand the relative contribution of elastic and

viscous stress in non-liner region.

Different researchers use LAOS study for different materials like MR grease and MR plastomer to

understand the micro structure behavior under the magnetic field at large strain amplitude. Recently few

researchers also used LAOS method for the MR elastomer. Dargahi et al (2019) performed the dynamic test

and generate stress-strain curve for six different sample having different volume fraction of iron particle and

silicone rubber. Result revealed that, slope an area of the hysteresis loop increase with increase in magnetic

field [1].  Tahir et al. (2022) used two different type of elastomer one consists of iron and cobalt as filler

material and other one is iron and nickel in equal quantity. Hysteresis study is carried out using hydraulic

dynamic testing machines and result shows that MR elastomer with nickel iron combinations have higher

MR effect compared to cobalt and iron combination. Magnetic field is applied using N52 Neodymium

magnets [2]. Vatandoost et al. (2024) developed new method for dynamics study under large amplitude for

MR elastomer to explain the strain hardening and strain softening behavior of MR elastomer under the large

amplitude oscillatory axial (LAOA) loading. In this they used oscillatory axial loading with the help of

compression and tension in sample using hydraulic operated dynamic mechanical testing machine [3]. All

the above-mentioned research were carried out using carbonyl iron particles (CIP) or other magnetic particles

which is available in spherical shape. Recently some researcher used flake shape based MRE and reported

storage modulus of flake shape based MRE is higher compared to spherical shape particles due to higher

particle matrix interaction [4]. Thus, in this study to better understand the particle matrix interaction LAOS

study is carried out for the spherical shape particle based MRE and flake shape particle based MRE.

2. OBJECTIVES

Main objective of this paper is to explain the particle matrix interaction of MRE using LAOS parameter

like strain softening and stiffening behaviour of MRE. For this study MRE are developed using spherical

shape iron particle and flake shape iron particle and evaluate its performance using LAOS test on rheometer

and LAOS parameter are derived. For detail understanding of particle shape influence LAOS study carried

out at different strain and magnetic field.
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3. MATERIAL AND METHODOLOGY

Magnetorheological elastomer is fabricated using liquid silicon rubber and iron particle. In this study two

types of iron particles are used one is spherical shape and other is flakes shape. MRE is fabricated with 60%

weight of iron particle added in liquid silicon rubber and stir it at 400 rpm up to 60 min. After that curing

agent is added in the solution to cure it in plastic mould for 24 hrs. After that desired shape of shape is cut

for LAOS testing. Spherical shaped iron particles sample is mentioned as MRES-60 and flake shape iron

particle sample is mentioned as MREF-60.

4. RESULTS AND DISCUSSION

The stress strain hysteresis loop for the MRES-60 and MREF-60 sample at different strain of 0.5%, 1%

and 3% at fixed frequency of 1Hz at 0mT and 640 mT magnetic field  as shown in figure 1. Major axis of

elliptical shape and its inclination with horizontal axis indicate the elastic behaviour of MRE. Figure 1 (a)

at 0 mT MREF-60 major axis inclination is higher than MRES-60 which indicate the MREF-60 is more

elastic than MREs-60. Same behaviour is also observed (figure 1(b)) at 640mT magnetic field but the change

in inclination is more than 200% more in MREF-60 at 640mT compared to 0mT, where this change in

inclination in MRES-60 is nearly 60%. Thus MREF-60 is more elastic compared to MRES-60 due to higher

particle matrix interaction which is result of particle shape irregularity.

(a) (b)
Figure 1. Stress- strain hysteresis curve for MREF-60 and MRES-60 for different strain 0.5%, 1% and

3% at fixed frequency of 1 Hz

5. CONCLUSIONS

In this study MRE with different shape of iron particles are fabricated and its performance is

evaluated using LAOS at non-LVE region. LAOS experiment reveals that flaked shaped iron particle based

MRE is more elastic compared to the spherical shape iron particle based MRE.

ACKNOWLEDGEMENT

The Charotar University of Science and Technology (CHARUSAT) supported the work and provided all

experimental facilities.

REFERENCES

[1] Dargahi A, Sedaghati R, Rakheja S. On the properties of magnetorheological elastomers in shear mode:

Design, fabrication and characterization. Composites Part B: Engineering. 2019 Feb 15;159:269-83.

[2] Tahir S, Usman M, Umer MA. Effect of volume fraction on shear mode properties of Fe-Co and Fe-Ni filled

magneto-rheological elastomers. Polymers. 2022 Jul 21;14(14):2968.

[3] Vatandoost H, Sedaghati R, Rakheja S. A new method to characterize the nonlinear magneto-viscoelasticity

behavior of magneto-active elastomers under large amplitude oscillatory axial (LAOA) loading. Nonlinear

Dynamics. 2024 Mar;112(5):3319-56.

[4] Patel D, Upadhyay RV, Mazlan SA. Particle-reinforced elastomer model to analyse viscoelastic properties of

flake-shaped electrolyte iron particle-based magnetorheological elastomer. Smart Materials and Structures. 2023

Jul 28;32(9):095011.

E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada

23

Guest
Rectangle



E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada

Advancing Magnetorheological Elastomers: Printability and Rheological
Properties via Vat Photopolymerization

Mohd Aidy Faizal Johari1, Saiful Amri Mazlan1,2, Nur Azmah Nordin1,2,
Muhammad Hariz Zubir1 and Michal Sedlacik3

1 Engineering Material & Structures (eMast) iKohza, Malaysia-Japan International Institute of Technology

(MJIIT), Universiti Teknologi Malaysia, 54100 Kuala Lumpur, Malaysia.

(E-mail: ma.faizal@utm.my, amri.kl@utm.my, nurazmah.nordin@utm.my, muhammad-93@graduate.utm.my) 
2 Automotive Development Centre, Institute for Sustainable Transport (IST), Universiti Teknologi Malaysia,

81310 Skudai, Johor, Malaysia.

(E-mail: amri.kl@utm.my, nurazmah.nordin@utm.my)
3 Centre of Polymer Systems, University Institute, Tomas Bata University in Zlín, Trida T. Bati 5678, 760 01

Zlín, Czech Republic.

(E-mail: msedlacik@utb.cz)

Short abstract: Additive manufacturing (AM) of magnetorheological elastomers (MREs) has gained attention for

efficiently producing complex designs. This study investigates vat photopolymerization as an alternative to fused

deposition modeling (FDM), eliminating the need for intricate feedstock preparation. A liquid elastomer resin

mixed with carbonyl iron particles (CIPs) is UV-cured via 3D printing, with optimized exposure times ensuring

successful printing and adhesion. Rheometer testing identified 30 wt.% CIPs as the optimal composition,

demonstrating significant magnetorheological (MR) effects. Results confirm vat photopolymerization as a viable,

efficient method for MRE fabrication, with potential applications in automotive systems, such as vibration

damping and adaptive components.

Keywords: 4D printing; Additive manufacturing, Magnetorheological elastomer, Rheology, Vat

photopolymerization.

1. INTRODUCTION

Additive manufacturing (AM), or 3D printing, has transformed fabrication with its ability to produce

complex designs efficiently and reduce waste [1]. Vat photopolymerization has emerged as a promising

method for fabricating magnetorheological elastomers (MREs), which consist of elastomers embedded with

magnetic particles and exhibit tunable stiffness under magnetic fields. These materials have diverse

applications, with potential use in advanced automotive systems such as vibration damping, adaptive

suspensions, and noise reduction. Traditional MRE fabrication is reliant on molds and limits design

flexibility. Early AM methods like fused deposition modeling (FDM) showed potential but faced challenges

such as nozzle clogging, limited material options, and poor resolution  [2]. Vat photopolymerization

addresses these issues by curing a liquid resin mixed with carbonyl iron particles (CIPs) using UV light,

embedding the particles directly into the elastomer matrix [3]. This study investigates optimal CIP 

compositions and exposure times (normal and bottom) to enhance printability and performance. Preliminary

findings suggest 30 wt.% CIPs as the optimal composition, achieving a magnetorheological (MR) effect

comparable to conventional methods. Vat photopolymerization offers superior design flexibility, improved

mechanical properties, and enhanced MR performance, establishing it  as a viable alternative for MRE

manufacturing, particularly for automotive applications.

2. OBJECTIVES

This study aims to investigate the potential of vat photopolymerization as an alternative additive

manufacturing technique for fabricating MREs. The research focuses on optimizing CIP composition,

exposure times, and printability parameters to achieve MREs with enhanced magnetorheological

performance and mechanical properties comparable to conventional methods.

3. MATERIAL AND METHODOLOGY

The 4D-printed MRE was made by mixing Magma photopolymer resin with 30 wt.% CIPs and curing it

using UV light in a Creality LD-002H 3D printer. The process included: pre-processing, where 30 wt.% CIPs

were selected for fast curing under 10 seconds, and CAD models were converted to G-code; processing,

where exposure times were optimized for printability; and post-processing, which involved cleaning with

isopropyl alcohol, air drying, and final UV curing. Various sample shapes were printed and evaluated for
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design flexibility and printability. The rheological properties of 4D-printed MREs were tested at 25 °C using

a Physica MCR 302 rheometer, analyzing shear strain effects through amplitude sweep (0.001–10% strain

at 1 Hz) and magnetorheological effects via current sweep (0–4 A, up to 750 mT) under on-state and off-

state conditions.

4. RESULTS AND DISCUSSION

The 4D printing process was optimized with a normal exposure time of 9 seconds and a bottom exposure

time of 80-90 seconds, ensuring successful prints. Two tests were performed: amplitude sweep and current

sweep, to observe how the material responds to changing magnetic fields. The amplitude sweep test showed

that the material's storage modulus (stiffness) decreased with increased shear strain. In the off-state (without

a magnetic field), the material was less stiff (0.3 MPa), but the storage modulus increa sed when a magnetic

field was applied.

Figure 1: Amplitude sweeps for 4D-printed MRE: (a) off-state and (b) on-state conditions.

This increase was due to the alignment of magnetic particles (CIPs) within the matrix, which made the

material stiffer. The LVE (linear viscoelastic) limit was shorter in the on-state than the off-state, meaning

the material became less flexible when exposed to a magnetic field. The current sweep test confirmed that

higher magnetic flux densities led to increased storage modulus, which is a common behavior in MREs. The

4D-printed MRE showed a relative MR (Magnetorheological) effect of 8.7%, similar to conventional MREs

with 30 wt.% CIPs. Despite differences in fabrication methods, the 4D-printed MRE exhibited comparable

performance regarding stiffness changes under magnetic fields. In conclusion, 4D printing can be used to

produce MREs with similar properties to those made using traditional methods, offering a promising

alternative for future MRE applications.

5. CONCLUSIONS

This study confirmed the feasibility of 4D printing magnetorheological elastomers (MREs) using vat

photopolymerization, achieving performance comparable to conventionally manufactured MREs.

Printability depended on exposure times, with higher CIP content increasing curing time and causing defects

at 60–70 wt.%. An optimal composition of 30 wt.% CIP ensured successful printing with minimal defects.

Magnetorheological tests validated the functionality of 4D-printed MREs, highlighting the potential to

customize properties through UV exposure adjustments. This approach opens new possibilities for advanced

MRE applications and further exploration of tailored rheological behaviors.
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Short abstract: Responsive materials that convert energy into mechanical work have diverse applications.

Among these materials, graphene oxide (GO) stands out due to its exceptional responsiveness to light, heat,

and humidity, but challenges like slow response and environmental limitations persist. This study presents

a magnetic GO (MGO) bilayer actuator, incorporating hard-magnetic microparticles to enhance actuation

capabilities through a magnetic field, offering fast response and precise control, and demonstrating stability

in aqueous environments. The MGO film enables the low-cost and straightforward manufacturing of

customized geometries through post-fabrication processes including cutting and folding, facilitating

complex structural morphing under a certain magnetic actuation.

Keywords: Magnetic graphene oxide, Magnetic actuation, Shape morphing, On-demand manufacturing.

1. INTRODUCTION

Graphene oxide (GO), an important graphene derivative, has been extensively utilized as building blocks

to construct GO-based actuators. GO is often combined with other materials to obtain bilayer structures [1].

Due to the distinct physical/chemical properties of the assembled bilayer structures, when subjected to

external stimuli (e.g., light, heating, and humidity) [1], a strain mismatch typically occurs at the interface of

the bilayer, leading to a noticeable bending deformation. Although these approaches can efficiently actuate

GO-based bilayer systems, they encounter several practical challenges, such as difficulty in precise stimuli

control [2], slow response speed [1], and limited functionalities. Inspired by magnetically-actuated soft

machines [2-4], we propose a novel GO-based bilayer actuator, termed magnetic GO (MGO) to address the

aforementioned issues that GO-based actuators are encountered. Actuated by magnetic fields and remaining

stable in the water, MGO actuators differ from previous GO-based actuators, enabling their utilization in

water to fulfil various functionalities. Additionally, magnetic actuation offers untethered and precise control

and a large penetration range, making it advantageous for various applications [2, 3]. Distinguished from

traditional fabrication methods for magneto-active soft materials [4], the unique flexibility of MGO film

allows for effortless creation of diverse designs through simple cutting  and origami folding, offering the

freedom to obtain complex structures and generate various functionalities.

2. Results and Discussion

Figure 1a shows the fabricated MGO film, which consists of one GO layer and one composite layer 
containing dispersed hard-magnetic microparticles and GO/poly(acrylic acid)(PAA). The MGO films are 
stable in deionized water for up to 30 days due to the crosslinking of GO layer by Ca2+ and the presence of 
PAA that effectively binds the GO and the embedded particles together. After creating creases in the MGO 
films with appropriate patterns, MGO films can be folded into various origami structures. A fully magnetized 
MGO film retains a large magnetic hysteresis due to NdFeB’s significant remanence and coercivity  [4]. To 
illustrate the magnetic actuation performance of MGO, we investigate the magnetically controllable shape 
morphing of the origami structures fabricated by MGO films.  Different from other conventional fabrication 
methods for realizing magnetic soft materials [4], our magnetic origami fabrication approach exploits pre-

existing MGO films, which allows for swift adaptation to desired structures through straightforward cutting 
and folding post-process, thereby eliminating the need for predefined designs and significantly reducing 
fabrication time and complexity. To illustrate the magnetic actuation performance of MGO, we design a 
Miura-ori pattern (Fig. 1b) with programmed magnetization patterns (Fig. 1c). To achieve this magnetization 
pattern, the MGO Miura-ori is magnetized in its fully folded state, with the magnetic field applied parallel 
to the Miura-ori panels. MGO Miura-ori demonstrates rapid folding/unfolding under an applied magnetic 
field, either a uniform field generated by a Helmholtz coil (Fig. 1d(i)) or a non-uniform magnetic field 
applied by a permanent magnet (Fig. 1d(ii)).

E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada

26

mailto:jun.cai2@mail.mcgill.ca
mailto:alireza.seyedkanani@mail.mcgill.ca
mailto:yiwen.chen2@mail.mcgill.ca
Guest
Rectangle



Figure 1. Magnetic graphene oxide origami. (a) MGO film and SEM image of an MGO film. (b) Miura-

ori pattern. a = b = 10 mm and θ = 60˚. (c) MGO Miura-ori sample and schematic showing the magnetization

patterns. (d) Folding of MGO Miura-ori actuated by magnetic fields generated by (i) a Helmholtz coil or (ii)

a permanent magnet.

3. CONCLUSIONS

In summary, the developed MGO film represents a notable advancement in the field of responsive

materials. These lightweight MGO films demonstrate magnetically-driven rapid shape morphing and enable

precise remotely-controlled structural reconfigurations. While the magnetization pattern introduced in the

MGO structure is currently permanent, further research could focus on developing efficient, low-energy

strategies for reprogramming the magnetization pattern.
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Short abstract: Magnetoactive (MA) foam, made of carbonyl iron particles (CIPs) that were embedded in an 
absorbent matrix of polyurethane (PU) foam, shows a strong magnetic responsiveness and controllable properties 
respective to the stimuli. This study investigates the morphological and elemental changes in MA foam using 
VPSEM and EDX spectroscopies. Samples with 0, 35, and 75 wt.% CIPs were fabricated via in situ method. 
Results reveal that increasing CIP concentrations have reduced average pore sizes and altered the foam density 
as well as stiffness, offering insights into tailoring MA foam properties for semi-active devices and advanced 
applications. 
Keywords: Magnetoactive foam; Carbonyl iron particles; Morphology; Struts; Porosity. 

1. INTRODUCTION
Magnetoactive (MA) foam is a magnetic field-responsive material comprising micron-sized magnetically 
permeable particles, such as carbonyl iron particles (CIPs) embedded within a porous absorbent foam matrix 
during the foaming process. MA foam exhibits properties that can be continuously, rapidly, and reversibly tuned 
by altering the external magnetic fields [1]. With its lightweight and porous structure, MR foam holds potential 
applications in automotive, aerospace, and robotics, particularly in semi-active, lightweight components. By 
adjusting the strength of magnetic field, the magnetic particles would be attracted and tend to align according to 
the direction of magnetic fields, causing the foam structure to be slightly changed, enabling the manipulation of 
wave energy as it passes through the material. MR foam normally can be fabricated via two primary methods: ex 
situ and in situ. The ex situ method, encompassing MR fluid foam, MR elastomer foam, and MR plastomer foam, 
involves introducing a mixture of magnetic particles and a suspension medium (e.g., fluid or elastomer liquid) 
into a preformed foam [2]. This method often leads to agglomeration, with magnetic particles trapped in foam 
pores, compromising uniformity. In contrast, the in situ method integrates magnetic particles directly with the 
absorbent foam matrix, achieving enhanced particle distribution and stronger bonding within the matrix [3]. As a 
result, in situ MA foam offers superior responsiveness to magnetic fields and becomes a promising candidate for 
smart sound control and other advanced applications. Both methods however result in different localization of 
magnetic particles in the foam structure. 

2. OBJECTIVES
This study aims to investigate the morphological and elemental characterizations of MA foams fabricated via in 
situ method, focusing on the CIP’s distribution in the porous absorbent matrix which would affect the resultant 
physicochemical performance of this smart foam. 

3. MATERIAL AND METHODOLOGY
The in-situ fabrication of MA foam samples involved with dispersing carbonyl iron particles (CIPs) into an 
absorbent foam matrix of polyurethane (PU) that composed of two components; polyether polyol (RG135NFDH1) 
and 4,4′-diphenylmethane diisocyanate (4,4′-MDI). Three concentrations of CIPs which were 0 wt.% (reference 
sample), 35 wt.%, and 75 wt.% were used to investigate their effects on the morphological changes in MA foams. 
Morphological analyses were conducted using VPSEM and EDX, while porosity test was carried out utilizing 
toluene absorption method until saturation following the ASTM D792. Porosity percentage then was calculated 
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based on the weight differences of pre- and post-absorption foam. The findings highlight the influence of CIP’s 
concentration on the foam structure, density and porosity, providing insight into tailoring resultant MA foams 
performance. 

4. RESULTS AND DISCUSSION
Figure 1 shows the VPSEM micrograph of MA foams with different concentration of CIPs; (a) Sample A (0 wt.% 
CIPs), (b) Sample B (MR foams with 35 wt.% CIPs), and (c) Sample C (MR foams with 70 wt.% CIPs). As 
observed in the figure, all the fabricated samples are categorized as closed-pore structures since the pores are fully 
enclosed and do not interconnect to the other pores. In fact, as per-layer of pore structures has been observed, 
while the other layers could not be seen clearly from the micrographs, the closed-pores which are basically 
transparent, show overlapping to one another. Besides, it was observed that pores structures of sample B and C 
were more tightly packed compared to Sample A, which correlated to the dense structure, compact particles 
attributed to the increment in the concentrations of CIPs in the foam structure. In fact, the measurements of pore 
sizes show that the Sample A has larger pores compared to Sample B (35 wt.% CIPs) and Sample C (75 wt.% 
CIPs), reflecting the varying CIP concentrations in the foam matrix. Notably, Sample C exhibited the smallest 
pore sizes and the highest pore density correspond to the higher CIP content. 

Figure 1: Average of pore sizes of MA foams with regards to various concentration of CIPs. 

5. CONCLUSIONS
In brief, the study fabricated MA foams with 0, 35 and 75 wt.% CIPs via the in-situ method and explored 
morphology-porosity correlations. Results showed smaller, more compact pores with increased CIP 
concentrations, successfully embedded into foam struts. Porosity and density improved, advancing MA foams as 
a smart, controllable material with enhanced properties, for various applications. 
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Short abstract: Modelling and controlling MRF clutches in EV transmission is challenging due to the 
nonlinear and rate-dependent hysteresis. Feedback control can address model errors and uncertainties but 
fails to resolve rate-dependent hysteresis. This study proposes a Gaussian Process (GP) hysteresis inverse 
model for a Magnetorheological Fluid Dual Clutch (MRFDC) of an EV transmission to capture the 
nonlinear and rate-dependent hysteresis. A hybrid controller integrating the PI feedback control with a GP 
hysteresis inverse model-based feedforward compensator is designed. Experiments on an MRFDC EV 
transmission platform demonstrate that the hybrid controller outperforms conventional PI control, 
achieving superior torque tracking and clutch-shifting performance. 

Keywords: Magnetorheological Fluid Clutch, Electric vehicle transmission, Nonlinear and rate-dependent 
hysteresis, Hysteresis compensation, Gaussian process  

1. INTRODUCTION
As a critical component responsible for power transmission, the clutch directly influences the overall

vehicle performance, in terms of dynamics, efficiency, safety, and comfort. For EV transmissions based on 
MRF clutches, clutch engagement and disengagement are managed by adjusting the input current to the 
clutches, allowing for connecting different gears and altering the transmission ratios [1]. However, MRF 
clutches exhibit pronounced nonlinear and rate-dependent hysteresis between the input current and output 
torque [2], significantly affecting the accuracy of the MRF clutch’s torque output [3], especially when precise 
control is requested quickly, such as dynamic torque tracking and clutch-shifting. Therefore, developing a 
precise torque control strategy that can address the nonlinear rate-dependent hysteresis issues associated 
with MRF clutches is crucial. 

This study focuses on developing a precise torque control strategy for a novel MRFDC of an EV 
transmission, considering its inherent hysteresis on the current control input as well as its changing rate. The 
strategy is a hybrid control strategy combining a pure PI feedback control and a GP-based hysteresis inverse 
model compensator. The pure PI controller is employed to mitigate the effects of model errors, uncertainties, 
and disturbances. Meanwhile, a GP-based hysteresis inverse model, with the required torque and its change 
rate serving as the input, is proposed as a feedforward compensator to obtain compensation current 
commands considering the rate-dependent hysteresis. The effectiveness of the proposed hybrid control 
strategy is validated through a series of dynamic tracking and clutch-shifting experiments performed on a 
prototype MRFDC EV transmission platform. 

OBJECTIVES 
• Investigate the rate-dependent hysteresis phenomenon in MRFDC

• Establish GP hysteresis inverse model and validate its effectiveness in describing MR Clutches

• Build a hybrid torque control of the MRFDC

• Evaluate the torque tracking performance of the hybrid torque control in tracking defined torque
signals and gear shifting.
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4. RESULTS AND DISCUSSION
The prototyped MRFDC transmission is demonstrated in Figure 1(a), and the designed hybrid controller

for the MRFDC is illustrated in Figure 1(b). The controller is proposed by combining the pure PI feedback 
controller with a feedforward compensator: the GP-based hysteresis inverse model.  

(a) (b) 
Figure 1: Block diagram of (a) experimental setup and (b) the hybrid controller. 

In the experimental evaluation, tracking signals, including step and arbitrary signals, were selected to 
assess the dynamic torque tracking performance of the hybrid controller for both internal and external 
clutches. Additionally, the control performance during the clutch shifting between the internal and external 
clutches was examined using a predefined shift sequence. The results presented in Figures 2 and 3 
demonstrated that the proposed hybrid control achieved enhanced tracking performance in step and arbitrary 
signals compared to PI control. This superior controllability is also observed in the clutch-shifting process 
presented in Figure 4. 

(a) (b) 
Figure 2: Control performance of under the step tracking signal. (a) Internal clutch. (b) External clutch. 

(a)  (b)  
Figure 3: Control performance under the multi-frequency arbitrary tracking signal. (a) Internal clutch. (b) 

External clutch. 

(a) (b) (c) (d) 
Figure 4: Control performance for the clutch-shifting process. Shifting process with changing transmission 
output torque of (a) internal and (b) external clutches. Shifting process with constant output torque of  (a) 
internal and (b) external clutches 
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Short abstract: The paper presents the comfort improvement of a real railway vehicle equipped with 

skyhook-controlled magnetorheological dampers riding on three different tracks (corridor with 

normal wear, regional track, and new corridor). The railway unit consisted of 5 carriages. The comfort 

was measured in the second carriage, which was equipped with magnetorheological dampers, and the 

fourth carriage with standard passive dampers mounted by the manufacturer. This setup enabled the 

evaluation of comfort increase in comparison to the original setup with passive dampers directly 

during the same ride. The results showed significant improvement of 30% on the worst track. 

Keywords: skyhook, semiactive suspension, magnetorheological dampers, railway vehicle, ride tests 

1. INTRODUCTION

Traditionally, railway vehicles have relied on passive suspension systems to mitigate vibrations and improve 

ride comfort. However, these systems often struggle to adapt to varying track conditions and vehicle speeds, 

leading to suboptimal performance across different operational scenarios. The utilization of semiactively 

controlled magnetorheological (MR) dampers has proven to increase passenger comfort for various road 

vehicles. Although a couple of research studies simulating the use of such suspension on railway vehicles 

have been published with promising results, only a few simulations were verified by experiments. All of the 

simulations were simplified (reduced degrees of freedom, neglected response time of semiactive  dampers, 

neglected noise from sensors etc.), so the quantification of real comfort improvement remained unclear. 

2. OBJECTIVES

The main goal is to quantify an improvement in comfort of real railway vehicle equipped by 

magnetorheological dampers in semiactive secondary suspension riding on different types of real track.   

3. MATERIAL AND METHODOLOGY

3.1. EXPERIMENT SETUP 

The test rides were conducted using railway unit Škoda 10 EV Interpanter. The unit consists of 5 carriages. 

In the second carriage weighting 54 tons, instead of the original vertical and lateral passive dampers, the 

magnetorheological (MR) dampers were installed. All remaining 4 carriages remained in original state.   

The MR dampers maximum force at 7 A and piston velocity 0.1 m/s was 8 kN, while the force for the same 

piston velocity and 0 A was below 400 N. The primary response time  of the dampers was 𝜏63 = 8.5 ms  for

force rise and 4 ms for force drop. For the rides, three different track types were selected: Corridor without 

curves with max. speed 160 km/h and standard rail wear, regional track with max speed 120 km/h and curves 

with smallest radius R = 800 m and new corridor track with smallest radius R = 300 m with maximum speed 

100 km/h. Each MR damper was connected to its own control unit together with the encoder stroke sensor 

and sprung mass accelerometer. The control loop period was 1 ms.     

3.2. ALGORITHM 

The control law for electric current I to the MR damper coil was based on a linear skyhook algorithm and 

was calculated according to the equation (1): 

𝐼 = {
𝑠𝑎𝑡(𝑘 ∙ |𝑦̇2|), 𝑦̇2(𝑦̇𝑑) ≥ 0 

0 𝐴,  𝑦̇2(𝑦̇𝑑) < 0
 (1) 

The sprung mass velocity 𝑦̇2 was calculated by summation from sprung mass acceleration signal. A high-

pass IIR filter with cutting frequency of 0.2 Hz was set to remove DC component of the sprung mass velocity. 

The relative velocity between sprung and unsprung mass 𝑦̇𝑑 was calculated by differentiation of stroke 

E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada

32

mailto:zbynek.strecker@vutbr.cz
mailto:Filip.Jenis@vutbr.cz
Guest
Rectangle



sensor signal. Coefficient k was experimentally set to the highest value (k = 0.05 for lateral dampers 
and k = 0.1 for vertical dampers) that did not cause random current switching due to the measured signal 

noise. The saturation current was set to 4 A (force at 0.1 m/s was 6 kN) for lateral damper and 7 A for vertical 

damper.  

3.3. COMFORT EVALUATION 

The comfort was evaluated using vertical and lateral accelerometers positioned above the bogies in the 

second (with MR dampers) and fourth (with original passive dampers) carriages according to the standard 

EN 12299 "Railway applications - Passenger comfort - Measurement and evaluation." The ride comfort is 

evaluated as the NMV parameter, which is calculated according to equation (2). 

𝑁𝑀𝑉 = 6 ∙ √(𝑎𝑋𝑃95

𝑊𝑑 )
2

+ (𝑎𝑌𝑃95

𝑊𝑑 )
2

+ (𝑎𝑍𝑃95

𝑊𝑏 )
2

 (2) 

Where 𝑎𝑋𝑃95
𝑊𝑑 , 𝑎𝑌𝑃95

𝑊𝑑 , 𝑎𝑍𝑃95
𝑊𝑏  are 95% percentiles rms acceleration of 60 5s long segments in longitudinal, 

lateral and vertical direction, weighted by weight functions Wd a Wb defined in EN12299. 

4. RESULTS AND DISCUSSION

The overall comparison of the ride quality parameter NMV in relation to algorithm and track is presented in 

Fig. 1. The improvement was largest (approximately 30%) for the traction bogie and the track with the 

highest excitation (caused by the combination of track wear and vehicle speed). Although the track quality 

of the regional track was lower than the corridor with normal wear, the lower ride speed caused lower bogie 

excitation, and therefore, the absolute values of the comfort parameter NMV were also lower. Again, the 

comfort improvement using semiactive control was more than 25%. The smallest comfort improvement was 

in the case of the new curvy corridor, where the bogie excitation was very small and the ride was very 

comfortable (NMV under 1) for both carriages. The biggest amplitude reduction (42%) was observed at the 

natural frequency of the vehicle at 1.8 Hz in the vertical direction. Although vibrations at this frequency 

were very clearly felt by the passengers, the weight function Wb suppresses the influence of this frequency 

on the parameter NMV. The performance of semiactive suspension was also reduced by the construction of 

the vehicle. The secondary suspension air spring was connected with an external air reservoir by pipes with 

a relatively small cross-section, which caused quite high damping that can not be removed within 

experiments. Removing of this parasitic damping when  𝑦̇2(𝑦̇𝑑) < 0 would decrease the force that increases

the velocity of the sprung mass, thus decreasing overall vibrations.     

Figure 1: Comparison of ride comfort parameter on different tracks and different control algorithms 

5. CONCLUSIONS

The measurement on the real railway vehicle demonstrated a significant improvement of the comfort 

parameter NMV in the carriage with skyhook-controlled secondary suspension compared to the carriage with 

passive suspension designed by the railway vehicle producer. The improvement (up to 30%) was h igher for 

higher bogie excitation but it was significant for all track types.  
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Short abstract: Magnetorheological (MR) fluids are composite materials comprising ferromagnetic

particles, medium oils, and several types of additives. Their rheological properties change rapidly, stably,

and repeatedly when applying magnetic fields. Therefore, we focus on the development of MR fluid

devices for haptics. In this paper, we have evaluated the characteristics of a miniature MR fluid device for

a lightweight haptic interface. In addition, we redesigned the device structure to control the magnetic flux

path for the second prototype. As results, we succeeded in designing the device with higher torque

performance than that of the first prototype.

Keywords: Magnetorheological fluid, Haptic interface, Teleoperation

1. INTRODUCTION

Teleoperation systems are installed in disaster-affected areas, under water, and in surgical robots.

However, the sensitive nature of their tasks causes psychological stress to operators. Therefore, we have

investigated haptic devices using the controllability of magnetorheological (MR) fluids. Owing to the rapid

and reversible property change, the MR fluid works effectively in haptic devices with a high responsiveness .

In our previous study, we developed the 0.3 Nm-Class MR fluid device based on the multi-layered disc

structure [1]. However, the size and weight of the device is excessive for handheld haptic devices. For these

reasons, we developed a miniature-size MR fluid device with a cylindrical rotor structure [2]. In addition, as

related study, Wellborn et al. achieved high braking torque based on a serpentine magnetic flux path in a

small-scale device [3]. In this study, we evaluated the first prototype of a miniature MR fluid device.

Furthermore, to achieve higher torque performance, we developed the second prototype with serpentine

magnetic flux path. In addition, we compared it with the first prototype using magnetic field analysis and

mechanical testing.

2. MINIATURE MR FLUID DEVICE

2.1. DESIGN

We developed two types of miniature MR fluid devices. Figure 1(a) shows their appearance. The

dimensions of the two devices are the same. Figures 1(b) and 1(c) show the cross -sections of the first and

second prototypes, respectively. A ball bearing and a bearing ball made of nonmagnetic materials hold the

output shaft that connects to the rotor. The rotor is located between the inner and outer electromagnetic cores,

and the gap is filled with MR fluids. In addition, the second prototype has the Aluminum-ring on the magnetic

flux path. This design is expected to increase the intensity of magnetic flux passing through the MR fluid

layers, thereby achieving higher torque.

(a) Dimensions (b) First prototype (c) Second prototype

Figure 1: Miniature MR fluid device (appearance (a), and cross-section (b) and (c))
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2.2. ANALYSIS

To estimate the performance of both devices, we conducted magnetostatic analysis using the finite-element-

method analysis software (ANSYS). The analyzed components include the inner and outer electromagnetic cores

as well as the rotor section. The number of turns of the coil and the diameter of the magnetic wire were 100 and

0.2 mm, respectively. We used the B-H properties of the measured MR fluid sample (132DG, Lord Corp.) in this

study. Figure 2 shows the magnetic flux density distribution at 1.2 A. Based on these results, we calculated the

regional average values of the magnetic flux density, which serves as the source of the MR effect, as well as the

output torque values of each device caused by the MR effect (Figure 3).

(a) First prototype (b) Second prototype

Figure 2: Analytic results for the miniature MR fluid device

3. EVALUATION

The torque responses of the devices were measured

using our experimental setup. For the static torque tests,

the electric current was controlled between 0.0 and 1.2

A for 6 seconds. The average torque for each condition

was calculated. Figure 3 shows the estimated and

experimental torque values of the first and second

prototypes. The horizontal and vertical axes represent

the current input (A) and the output torque (Nm),

respectively. In the first prototype, the experimental

results were close to the simulation values, indicating

high reliability. Additionally, the torque performance of

the second prototype exceeded that of the first

prototype. The experimental results of the second

prototype will be presented in our conference

presentation.

4. CONCLUSIONS

In this study, we evaluated the first prototype of a miniature MR fluid device. Subsequently, we

developed the second prototype with an aluminum ring to enhance the magnetic flux compared to the first

prototype. As a result of the analysis, we successfully designed a second prototype with higher static torque

performance.
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Figure 3: Analytic and experimental results
for static torque
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Short abstract: In this study, we develop a novel magneto-rheological (MR) damper for impact damping 

applications. The MR impact damper (MRID) functions in shear mode, employing a twin-tube structure 

to expand the operational area of MRF, thereby enhancing damping performance. Modeling and 

optimization are carried out to attain a compact and optimal design. Experimental tests and evaluations 

are scheduled to verify the feasibility of the proposed MRID. This research aims to deliver an effective 

and compact MRID capable of producing a soft-landing effect, thereby minimizing harm during 

collisions. 

Keywords: damper, impact, magneto-rheological, soft-landing, twin-tube. 

1. INTRODUCTION

Impacts, such as those encountered in high-speed aircraft landings, vehicle accidents, or machine tool

operations, present significant risks to human safety and structural integrity. One of the most effective 

strategies for mitigating detrimental effects of impact shocks and vibrations is to use impact dampers. 

MRF, a smart material responsive to magnetic fields, has recently emerged as a promising candidate for 

semi-active suspension systems. By adjusting the intensity of the magnetic field applied to the MRF, the 

damping properties can be controlled in real-time. Over the past few years, numerous studies on MRIDs 

have been undertaken [1-4]. In this paper, we propose a novel compact MRID with superior damping 

performance for impact damping applications. This innovative MRID incorporates a twin-tube structure 

operating in shear mode, with multiple magnetic coils strategically positioned along the stroke to expand 

the active area of MRF in a specific operational space, resulting in enhanced damping force and dynamic 

range. 

2. OBJECTIVES

Building upon the previous analyses, the objectives of paper are as follows:

 Develop a novel MRID featuring shear-mode twin-tube structure to improve damping performance.

 Conduct the modeling and optimization to attain the optimal design for a specific impact case study.

 Verify the feasibility of the shear-mode twin-tube MRID through experiments and assessments.

3. MATERIAL AND METHODOLOGY

Figure 1 depicts the configuration of the novel shear-mode twin-tube MRID. A cylinder relatively

slides to a piston core and an outer housing at the same time, forming a twin-tube structure. The two 

coaxial annular ducts on the inner and outer faces of the cylinder are filled with MRF, which can be 

activated by magnetic coils positioned on the cylinder. When subjected to magnetic fields, the MRF in the 

twin ducts solidifies, leading to the expected damping force produced by increased friction between the 

cylinder and MRF. 

The total damping force Fd is determined as the sum of yield stress damping force Fτ, viscous damping 

force Fη and Coulomb friction force at O-ring For: 

2d orF F F F    (1) 

. . .2l j y j j j y jF A r l      (2)
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2j j j

g g

v v
F A r l

t t
     (3) 

where τy and η are the MRF properties, v is the shear velocity, and Al, r, l and tg are geometric dimensions.

Figure 1: Configuration of the shear-mode twin-tube MRID. 

The methodologies planned to be implemented in the paper include: 

 Analysis and review. Configurations of MRIDs are initially reviewed, followed by analyses of their

respective advantages and disadvantages. Subsequently, the shear-mode twin-tube structure is proposed.

 Modeling, simulation and comparison. Based on the mathematical model, a design optimization problem is

formulated. The shear-mode twin-tube MRID model is simulated and optimized using ANSYS software.

The results are then compared with previous studies.

 Experimental verification. The MRID is designed, prototyped and experimentally validated on a test rig.

4. RESULTS AND DISCUSSION

Figure 2 illustrates the simulation results for the shear-mode twin-tube MRID. It is observed that the

magnetic flux is distributed throughout the twin MRF ducts, thereby improving the damping force. 

Building upon these modeling and simulation, a design optimization is scheduled to be conducted, taking 

into account performance criteria such as damping force, dynamic range and inductive time constant. 

Figure 2: Simulation of magnetic flux lines and magnetic flux density. 

5. CONCLUSIONS

In this work, a novel compact shear-mode twin-tube MRID for impact applications is introduced. The

modeling and simulation results initially show the feasibility of this concept. In the next phase, the 

proposed MRID will be optimized, prototyped, experimentally tested, and evaluated for functionality 

validation. 
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Fatigue Damage Degradation and Dynamic Characteristics of Periodic-
Structured Anti-Yaw Magnetorheological Elastomer Isolator 

Leizhi WANG1, Feng SUN2 and Bo ZHANG3 
1, 2, 3 School of Mechanical Engineering, Ningxia University, Yinchuan 750021, China; 

(E-mail: wangleizhi@outlook.com, sfeng@nxu.edu.cn, zhangb@nxu.edu.cn) 

Short abstract:  The anti-yaw isolator in bogie systems effectively suppress lateral vibrations caused by 
hunting motion. To adapt to multifrequency excitation loads induced by track irregularities, operational 
speeds, and bogie wheelset structures, this study proposes a periodic-structured anti-yaw isolator 
employing interface-modified magnetorheological elastomer (MRE) for broadband lateral vibration 
suppression. However, long-term service leads to thermal aging and fatigue damage in MRE components 
of these isolators, resulting in degradation of dynamic properties and potential safety hazards for high-
speed vehicles. This project investigates the fatigue-induced performance degradation and dynamic 
characteristics of MRE anti-yaw isolator. Considering thermal fatigue effects, a thermal-magneto-
mechanical viscoelastic model was established, systematically analysing the viscoelastic mechanical 
properties of interface-enhanced anisotropic MRE. It’s used to analyse dynamic load and bandgap 
regulation, proposing an inverse dynamic modelling algorithm with thermal fatigue compensation to 
achieve optimized lateral vibration control. 
Keywords:  anti-yaw isolator, MRE, thermal fatigue, dynamic degradation, bandgaps 
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Performance Evaluation of Control Approaches for An MR Damper 
Prosthetic Leg 

Afrouz Hajimoradi1, Hossein Vatandoost2, Ramin Sedaghati3 

1, 3 Department of Mechanical Engineering, Concordia University, Montreal, QC, Canada 
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Short abstract: Magnetorheological (MR) fluid dampers can have extensive applications for prosthetic 
legs due to their compact size and rapid response time. In this regard, control approaches play a crucial 
role for the effective implementation of such technology. In this study, we investigate the performance of 
three control strategies: namely, feed forward, adaptive and robust inverse dynamics controllers. We 
evaluate the performance of the controller in one gait cycle through simulation experiments. Finally, we 
present the performance results of each controller. 
Keywords: MR damper, prosthetic leg, control approach, gait cycle.  

1. INTRODUCTION
Magnetorheological (MR) fluid dampers have emerged as a transformative technology in prosthetic leg

design, offering adaptable damping properties that enhance user mobility and comfort. These dampers utilize 
a controllable fluid whose viscosity can be rapidly changed in response to an applied magnetic field, allowing 
for real-time adjustments to dynamic loads and gait variations. Despite their potential, the effectiveness of 
MR dampers heavily depends on the control strategy employed to regulate the damping force. In this study, 
we investigate the performance of three control approaches for MR damper prosthetic legs.  

2. OBJECTIVES
This paper evaluates the performance of three control methods—Feed Forward Controller (FFC), Inverse

Dynamic Adaptive Controller (IDAC), and Inverse Dynamics Robust Controller (IDRC)—in minimizing 
knee angle tracking error in a prosthetic leg during a single gait cycle. 

3. METHODOLOGY
To achieve concrete results toward the presented objective, we perform simulation experiments by

deriving a dynamic model of the prosthetic leg shown in Fig. 1(a). To measure the tracking error of the knee 
angle, the discrepancy between the actual and the desired knee angle is evaluated. However, the desired knee 
angle of the prosthetic leg cannot be directly measured due to lack of thigh in the amputees. Therefore, in 
the second step, we estimate this angle using a function approximator. Finally, using the developed dynamic 
model and the function approximator, we implement each controller in MATLAB.  

(a) (b) (c) 
Figure 1. (a) Prosthetic leg, (b) Schematic model of human leg as a double pendulum, and (c) The control torque using 
combination of MR Damper and DC Motor for one gait cycle 
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3.1. Dynamic Model of the Leg Prosthetic 
The leg prosthesis is modeled as a double pendulum as shown in Fig. 1 (b) and the Lagrange method is 

used to obtain the dynamic equation as:  

𝑀𝑀12𝜃̈𝜃1 + 𝑀𝑀22𝜃̈𝜃2 + 𝐶𝐶2 + 𝐺𝐺2 = 𝜏𝜏 (1) 

In this equation, 𝜃𝜃1, 𝜃𝜃2 denote the hip joint angle and the knee joint angle, respectively. Also, ( )̇ and , ( )̈ 
denote the first and second derivative of the variables (angular speed and acceleration). Mass matrices 
𝑀𝑀12,𝑀𝑀22, the Coriolis matrix 𝐶𝐶2 and the gravity matrix 𝐺𝐺2 are function of the length of the thigh, shank, knee 
and the hip angles. The control torque on the knee is denoted by 𝜏𝜏 = 𝜏𝜏2 which is generated by combination 
of MR damper and DC motor. It is assumed the amputee controls their hip comfortably. The objective of 
control strategies is to generate control torque 𝜏𝜏 through control of MR damper and DC servo motor to 
minimize error, 𝑒𝑒(𝑡𝑡), between the desired and the actual knee angle. 

3.2. Approximation of the Desired Knee Angle 
 Inspired by [1], we approximate the knee angle as a polynomial of the hip angle: 

𝜃𝜃�2 =  ∑ 𝑐𝑐𝑖𝑖𝑛𝑛
𝑖𝑖=0 𝜃𝜃1𝑖𝑖 =  𝐶𝐶𝑇𝑇[1, 𝜃𝜃1𝑖𝑖 , … , 𝜃𝜃1𝑖𝑖

𝑛𝑛], (2) 

where the superscript denotes the value of the variable at the 𝑖𝑖th sample and 𝐶𝐶 = [𝑐𝑐0 … 𝑐𝑐𝑛𝑛]𝑇𝑇 denotes the 
vector coefficients. The data from one gait cycle was obtained and then the optimal coefficients are identified 
by solving a least-square minimization technique to minimize the error between the estimates and actual 
values of the knee angle. In this study, we use polynomial of order 𝑛𝑛 = 3.  

3.3. Performance Evaluation of the Control Approaches 
The controllers' performance was evaluated using two metrics derived from simulation experiments over 

a single gait cycle. First, we compute the root mean square error (RMSE) of the knee angle across all sampled 
data points. We denote this metric by 𝑒𝑒. Second, the control energy is calculated as the sum of the squared 
knee torque values and denoted by u. To compare the control approaches, we define a control cost as the 
sum of the squared normalized RMSE and the normalized control energy (𝑒𝑒𝑛𝑛2 + 𝑢𝑢𝑛𝑛2), where normalization is 
performed relative to the maximum observed values of each metric. The quadratic form of this cost function 
is inspired by the traditional formulation used in optimal control [2].  

4. RESULTS AND DISCUSSION
Table 1 illustrates the results of the simulation experiments. As observed, the robust control approach

(IDRC) provides the minimum value of the control cost among the three approaches. This implies that IDRC 
may be the optimal choice to provide high control accuracy with relatively minimal amount of control effort. 
The control cost can be tailored according to our task-specific requirements. For instance, if higher accuracy 
of the controller is required, we can reflect this with a weighted sum as  𝑤𝑤𝑒𝑒𝑛𝑛2 + 𝑢𝑢𝑛𝑛2  where higher values of 
the weight indicate the importance of accuracy, whereas lower values of weight indicate the importance of 
control energy. Finally, Fig 1. (c) illustrates the generated control torque for one gait cycle. This torque is 
provided by a combination of the MR damper and a DC motor during walking as depicted in this figure. 

Table 1: Comparison of the Performance of the Control Approaches 
Method RMSE Normalized RMSE Control Energy Normalized Control Energy 
FFC 2.14 1.00 1.78×104 0.91 
IDAC 1.47 0.72 1.71×104 0.881 
IDRC 1.54 0.69 1.94×104 1.00 

5. CONCLUSIONS
This work evaluated three control approaches for MR prosthetic legs, introducing metrics to assess

control cost based on accuracy and control effort. Future research may explore a wider range of methods and 
real-world implementation on MR damper prosthetic legs. 

REFERENCES 
[1] Park J, Yoon GH, Kang JW, Choi SB., “Design and Control of a Prosthetic Leg for Above-knee Amputees
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[2] Lewis FL, Vrabie D, Syrmos VL., “Optimal Control,” John Wiley & Sons; 2012 Mar 20.
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Research of a passive-tuned magnetorheological damper for whole-
spacecraft vibration isolation
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Short abstract: During the launch stage of a carrier rocket, the rocket-borne satellite will be subjected to

complex vibrations from the rocket body. Based on this special condition, a magnetorheological (MR)

damper using permanent magnet and MR composite was proposed. The mechanical model of the proposed

damper was derived by analyzing the squeeze strengthening effect of composite. Furthermore, the

mechanical performances of the damper were tested and the results showed that the damper can generate

a damping force exceeding 800N. Finally, a simulation system for the whole-spacecraft vibration isolation

was setup and the results showed that the damper had a good performance. 

Keywords: whole-spacecraft vibration isolation, magnetorheological composite, passive-tuned damper,

squeeze strengthening

1. INTRODUCTION

When the carrier rocket is launched, the rocket-borne satellite is subject to a variety of quasi-static and dynamic

loads. It is easy to cause the satellite and the precision equipment on the rocket to be affected by vibration and

shock, and even lead to the serious consequences of satellite launch failure. Therefore, in order to ensure the

normal launch of the carrier rocket and the normal operation of the satellite carried by the rocket, it is necessary

to take vibration isolation measure to dissipate the vibration energy of the satellite during the launch stage of the

rocket and ensure the normal operation of the satellite [1, 2].

Current studies have shown that whole-spacecraft vibration isolation technology can effectively inhibit the

transmission of vibration energy between the rocket and the satellite, and can effectively improve the harsh

mechanical environment [3]. The whole-spacecraft vibration isolation technology is a kind of satellite and rocket

vibration isolation measure that does not change the satellite or launch vehicle's own structure, but only adds a set

of vibration isolation system to the adapter structure, so as to reduce the vibration response of the satellite [4].

2. OBJECTIVES

The influence of factors such as magnetic flux density, matrix density of the MR composite, and squeeze on

the MR composite was investigated for wideband vibration, and a modified H-B model was established to

characterize the mechanical properties of the MR composite.

The mechanical model of the proposed damper was derived by analyzing the squeeze strengthening effect of

the MR composite and the influence of non-uniform radial gap on the damping force.

A simulation system for the whole-spacecraft vibration isolation was setup and the results showed that the

proposed damper had a good isolation performance.

3. MATERIAL AND METHODOLOGY

Cylinder

Guide ring

MR composite

Magnetic ring

PM

Tip cone

Adjusting screw rod

Piston body

Satellite

Satellite support

MR damper

Transition support

Adapter frame

Figure 1: Schematic diagram of damper. Figure 2: Platform framework.
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Unlike traditional MR fluid, the MR composite use non-woven fabric as the matrix, so the magnetic particles

in the composite will be bound by the fibers in the non-woven fabric, even if no magnetic field is applied, it is not

easy to change the spatial position of the magnetic particles on the matrix. As shown in Figure 1, because the

damping gap size of the proposed damper is adjustable, the output damping force can theoretically be adjusted

from zero (frictionless state), and the dynamic range is large. Moreover, because of the squeeze strengthening

effect of the MR composite, the output damping force of the MR damper can be greater than that of the traditional

shear type MR dampers with the same size. Finally, the simulation model of the vibration isolation platform was

built according to the framework shown in Figure 2.

4. RESULTS AND DISCUSSION

It can be seen from the results in Table 1 that after the MR damper was installed, both the maximum acceleration

and the root mean square of acceleration of the satellite decrease to a certain extent, and the decrease degree is

affected by the angle of the adjusting screw rod. The maximum acceleration value of the satellite decreases from

0.2358 to 0.1628, with a decrease of 30.96%. The root mean square (RMS) value of satellite acceleration

decreased from 0.0806 to 0.0528, a decrease of 34.49%.

Table 1: Simulation results of vibration isolation effect.

Condition Maximum acceleration value (g) RMS value (g)

Without damper 0.2358 0.0806

Damper, 0° 0.1825 0.0563

Damper, 120° 0.1848 0.0568

Damper, 240° 0.1687 0.0558

Damper, 288° 0.1628 0.0528

Damper, 336° 0.1643 0.0533

Damper, 384° 0.1669 0.0562

5. CONCLUSIONS

A MR damper using permanent magnet and MR composite was proposed, which has stable performance.

The mechanical performances of the proposed damper were tested and the results showed that the damper

can generate a damping force exceeding 800 N. Compared with the satellite without the proposed damper,

the root mean square value (simulated) of the satellite vibration acceleration decreases by about 34.49%.
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Integration of Metal 3D-Printed Magnetorheological Clutches in a 
Backdrivable High-Power Density Robotic Actuator 
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Short abstract: Dynamic robots such as humanoid or walking robots require high power density but 
backdrivable actuators for smooth and rapid movements. Geared magnetorheological actuators are 
promising for such purposes but underexplored for high-power density robots applications. This paper 
investigates using miniature, nested 3D-printed magnetorheological clutches combined with highly geared 
high-speed motors to achieve this.  An actuator prototype experimentally shows a power density above 
1 kW/kg with high output speeds over 250 rpm and good backdrivability. This work also highlights that 
while nested 3D printing is functional in laboratory conditions, it still has challenges to solve before 
becoming a practical manufacturing process. 

Keywords: Additive manufacturing, Magnetorheological clutches Power density, Backdrivability, 
Dynamic Actuators. 

1. INTRODUCTION

Walking and humanoid robots are designed to replicate animal-like dynamic performance, pushing back
the limits of conventional actuation technology. In such applications, classic gearmotors fall in a classic 
design conflict by having to trade between torque/power density and backdrivability [1].  

Geared MR actuation is an alternative actuation approach resolving the traditional design conflict found 
in gearmotors by using fluidic clutches to decouple the motor inertia from the actuator output. The fluidic 
decoupling therefore allows the use of high-gearing levels for compactness while staying backdrivable. The 
performance reached on actuators developed for serial chain robotic arms is promising, with torque density 
of 90 N.m/kg while staying highly backdrivable [2]. However, geared MR actuators have not been explored 
for high-power density applications such as walking and humanoid robots. 

Maximizing simultaneously the torque/power density of geared MR actuators AND the backdrivability 
requires using MR clutches with minimal inertia and viscous losses. Low clutch inertial and viscous losses 
reduce backdriving loads, allowing higher gearing for better torque/power density. This is achieved by 
keeping the MR clutch shear interfaces close to the rotation axis, which is best done with multi-disk clutches 
[3]. Manufacturing multi-disk MR clutches, particularly on small scales (~10 mm) is challenging. Nested 
metal 3D printing has been proposed as a manufacturing process to simplify the assembly of miniature multi-
disk MR clutches. A proof-of-concept prototype proved the approach viable on simplified individual 
components [3]. To date, it is unclear if we can, and how to use nested 3D printing for geared MR actuators. 

2. OBJECTIVES

Objectives of the paper are found across the disciplines of manufacturing and robotics. A first objective
is to investigate the design and manufacturing process for nested 3D printed MR clutches on small scales 
that can be used in fully functional actuators. A second objective is to clearly assess the potential of nested 
3D printing as a practical manufacturing approach. A third objective is to verify if a geared MR actuator can 
meet performance requirements for walking/humanoid robot with power density above 1 kW/kg.  

3. MATERIAL AND METHODOLOGY

3.1. Actuator requirements 

Performance requirements are based on MIT’s Cheetah 3 actuators [1], a gold standard in dynamic legged 
robotics, with a torque density estimated around 115 N.m/kg and output speeds of 200 rpm. The study uses 
existing components from Exonetik's serial-chain robotic arm to ensure reliability, focusing on the critical 
nested 3D-printed clutches. However, this comes at the cost of imposing the gearing ratio. Here, the gearing 
of 61.12:1 allows reaching output speeds of 250 rpm when coupled to Hobbywing 1400kv brushless motors 
operating on 3S. Another constraint is that the 3D-printed MR clutches have to fit in the housing, imposing 
32 mm as the maximal diameter. 

E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada 

44

Guest
Rectangle



3.2. Nested 3D-printed Clutch design and manufacturing 

Efforts focus on making an operational 3D-printed clutch that fits the existing joint. Figure 1 shows the 
main clutch components as well as a CT scan of the nested 3D-printed parts. The CT scan puts in evidence 
that the limits of the 3D printer used were reached. Although the laser parameters were tuned for thin 
features, some geometries are not accurate like the output disks warping due to thermal residual stresses. 

Figure 1: Left, CAD view of the MR clutch components. Right, CT scan of the MR clutch shear interface. 

Due to the rough and uneven surface finish of the 3D printer, all functional surfaces such as bearing fits 
or sealing surfaces have to be post-machined using a CNC. Precisely machining the 3D-printed clutches is a 
challenge due to the difficulty to reliably reference the part, the small size of the features, and the low rigidity 
of some of the 3D-printed features causing vibration. But 3D printing process also enables unique features 
like nested 3D printing, printing small threads or channels inside the parts that eases the assembly process. 

4. EXPERIMENTAL CHARACTERIZATION

The performances of the actuator prototype are characterized on a test bench. The backdriving torque,
torque-to-current relationship, bandwidth and viscous drag of the actuator are measured. Figure 2 shows the 
actuator and its bandwidth characterization up to 20 Hz. (Dues to some constraints on the test bench, we 
couldn’t measure at higher frequencies but this will be fixed soon, and a bandwidth over 60 Hz is expected.) 

Figure 2: Left, picture of the robotic actuator next to the 3Dprinted clutch and a pin. Right, experimental 
bandwidth characterization of the actuator. 

5. CONCLUSIONS

This work demonstrates the possibility of using nested 3D printing to create an actuator suitable for
dynamic robots with high power density and backdrivability. The proposed methodology is functional but 
not ready for production yet. 3D printing process brings some complexities that could be overcome by future 
generations of 3D printers with better accuracy, and featuring on-board machining. 
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Short abstract: Magnetorheological polishing (MRP) is a surface finishing method that uses non-
Newtonian fluids to improve the surface quality of workpieces. In this study, the influence of magnetic
field on MR polishing slurry will be simulated and experimented on SKD11 steel. A simulation model to
analyze the effect of the working gap between the workpiece and the polishing tank on the magnetic field
distribution during machining was carried out. As a result, the optimal working gap for polishing process is
2mm. Based on the simulation results, an experimental model was conducted. The surface roughness of the
workpiece (Ø30 mm) was rapidly reduced from Ra = 120 nm to Ra = 22 nm.

Keywords: MR polishing, surface roughness, working gap, magnetic field, non-Newton fluid.

1. INTRODUCTION
Surface finishing is an important step in the process of improving the surface quality of a product.

Traditionally, the product surfaces are finished through grinding and lapping process [1-4]. To improve the
surface quality, the polishing process with MR fluids for complex surface have been developed [5-8]. The
MRF polishing technology uses a flexible abrasive tools formed by rheological properties in a magnetic
field to polish the surfaces of the workpiece. In this study, a polishing process for spherical workpiece with
MRF is proposed. The influence of magnetic field on MR polishing slurry will be simulated and
experimented on SKD11 spherical steel. When the magnetic field is applied, the rheological properties of
MRP fluid will be changed in the machining process. The viscosity and shear yield stress of MRP fluid
was greatly improved under applied electric current. The simulation process will be performed to analyze
and determine the ability of the magnetic field to affect the machining process. Based on the simulation
results, the experimental process is established. As a results, the surface roughness of the workpiece has
been significantly improved.

2. OBJECTIVES
Study on influence of the working gap between a workpiece and polishing tank on the magnetic field

distribution. The shear stress depends on the field distribution affecting the polishing process. Therefore,
design of the magnetic field generation component of the MRP process should be optimized.

3. MAGNETORHEOLOGICAL POLISHINGAND SIMULATIONMODEL

3.1. PRINCIPLE OFMAGNETORHEOLOGICALPOLISHING
The principle of polishing spherical workpiece by MRP process is shown in Fig. 1.

Figure 1: Principle of MR polishing process 
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3.2. SIMULATIONMODELAND RESULTS

Figure 2: Simulation results
In order to improve the MRF shear stress-based polishing performance, design of the magnetic field

generation component (MFGC) of the MRP device should be optimized. The Multi-Objective Genetic
Algorithm (MOGA) optimization method is employed for the MFGC optimization problem. As a results,
the yield stress of the MFGC was significant improved with working gap of 2 mm.

4. EXPERIMENTALRESULTSAND DISCUSSION

Figure 3: Experimental model and results
Based on optimal simulation results, an experimental model is proposed. Therefore, surface roughness

(Ra) of workpiece was significantly reduced from 120nm to 22nm under suitable machining conditions.

5. CONCLUSIONS
- A simulation model was designed and optimized for working gap in MR polishing.
- The Ra was significantly reduced from 120nm to 22nm under optimal machining condition.
- This machining process can polish the complex surfaces with simple and high efficient.
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Short abstract:  Automated manual transmissions (AMTs) are a cost-effective and energy efficient transmission 
option for small vehicles such as urban micro-cars. However, performing fast and smooth shifts with AMT’s can 
be challenging when using conventional friction clutches. To overcome these challenges, this study presents an 
AMT concept featuring a programmable magnetorheological torque limiter managing the torque transferred to 
the wheels after each dog engagement. A fully functional prototype is built on an all-terrain vehicle (ATV) 
platform and open-loop torque-control strategies are tested to evaluate shift quality and comfort metrics. 
Experimental results highlight fast shift times averaging 24.5 ms (best of 9 ms) and high torque control 
responsiveness, showcasing the potential of MR technology for performant and responsive AMTs. 
Keywords: Magnetorheological, Automated Manual Transmission (AMT), Shift quality, Dog clutch. 

1. INTRODUCTION

Complex control and low responsiveness of conventional friction clutches found in AMTs frequently
lead to poor shift quality [1]. A notable example from the automotive industry is the first generation Smart 
ForTwo AMT, frequently criticized by customers for "seriously not shifting properly". The integration of 
magnetorheological (MR) clutches in AMTs design could address these challenges since MR clutches are 
known for their superior torque controllability and fast responsiveness [2]. Although MR clutches seem to 
naturally fit in automotive powertrains, they have scarcely been investigated in the literature for such 
applications, and to the authors knowledge, have not been tested on road in an actual test vehicle. The closest 
reported work on MR clutches usage in powertrains explored their potential as manual transmission 
synchronizing clutches on a test bench [3]. The goal of this paper is to experimentally study the capability 
of a MR clutch coupled to a dog-shifted AMT to provide two fundamental requirements for successful AMTs, 
that is having: (1) low shift duration for best acceleration performance, and (2) high torque controllability to 
maximize comfort during shifts. A detailed prototype of an AMT-MR transmission is presented with 
emphasis on the MR clutch design and the high-speed shifting mechanism. The prototype is integrated into 
an instrumented and modified all-terrain vehicle (ATV) to explore the effects of different control strategies. 

2. AMT-MR design

The AMT-MR prototype is composed of three major systems: (I) the MR clutch assembly, (II) the dog
type multi-speed transmission and (III) the high-speed shifter mechanism. The powertrain schematic is 
presented at Figure 1a and its integration into a BRP Traxter 2001 ATV is shown in Figure 1b. Two 15 kW 
high-speed electric motors (1) deliver power to the MR clutch assembly (4) via a timing belt system (2-3). 
The MR clutch regulates torque transfer to the multi-speed Yamaha R1 2001 transmission (12), which then 
transmits torque to the rigid axle (6) and wheels (4) through a two-stage chain reduction (7-11). 

(a) (b) 

Figure 1:  AMT-MR powertrain schematic (a) and vehicle implemented (b)  
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3. METHODOLOGY

Three open-loop control strategies are implemented: (I) Ramp, (II) Step, and (III) Powershift. The Ramp
and Step are comfort oriented modes where the control sequence involves a step-down setpoint of the desire 
MR clutch torque limit. The gearbox ratio is then shifted, and the torque is restored either gradually (Ramp) 
or instantly (Step) to its original setpoint after a specified period. The powershift strategy is a performance-
oriented mode and differs from the Ramp and Step by keeping the clutch torque setpoint to a constant value 
during the entire shifting sequence and, shifting as fast as possible, without even interrupting the motor 
command. All tests are conducted on an asphalt drag strip with a randomly chosen sequence of control 
strategies, clutch torque limits and re-engagement durations to minimize risks of biasing errors. Vehicle 
sensors recorded shifter position, vehicle acceleration, MR clutch current, and shaft speeds. Data acquisition 
and control are managed using a LabJack-T7 and an ESP32. Time normalized version of the longitudinal 
acceleration VDV (VDV*) [4], 3Hz low pass filtered jerk of the longitudinal acceleration, and the vehicle’s 
pitch angular acceleration (PAA) are used to quantified shift performance and comfort.  

4. EXPERIMENTAL RESULTS AND ANALYSIS

Clutch re-engagement duration significantly impacts VDV* and PAA, revealing a trade-off between
shifting duration and comfort. The MR clutch torque limit setpoint has greater influence during fast shifting 
sequence. Higher torque limits setpoint increase VDV* at low re-engagement durations, while angular 
acceleration peaks at both low and high torque limits, with lower values at a mid-range setpoint. Figures 2a 
and 2b respectively show the VDV* and PPA results. 

(a) (b) 

Figure 2:  Effect of torque setpoint and re-engaging time on (a) VDV* and (b) PPA 

For power-shift sequences, a lower MR clutch setpoint reduces the filtered peak jerk across all tested 
shift sequence. The system shows an average shift time of 24.5 ms, with a fastest recorded shift duration of 
9 ms, significantly surpassing the performance of the Graziano ISR transmission, which, at 50 ms, represents 
the shortest shift duration currently achievable by an AMT in a production car [5]. 

5. CONCLUSIONS

The extensive tests conducted on the AMT-MR prototype suggest the approach to have the potential for
high shift quality by achieving fast shifts for performance and high torque controllability for comfort. 
Shifting comfort is subjective and complex. The aim of the work is limited to demonstrate feasibility using 
basic control schemes, not to optimize comfort. Future work should focus on understanding and optimizing 
the torque control logic of the clutch during shifting sequences. 
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Short abstract: This study presents a novel gimbal magnetorheological semi-active inerter (GMRSI) with self-

powering capability for 2-degree-of-freedom vibration control. The GMRSI-based building vibration control 

system was designed and equipped with a semi-active control strategy to minimise seismic vibration transmission 

from the ground to the top floor of a scaled building. Numerical simulations and experimental validation under 

harmonic and seismic excitation were conducted to evaluate the performance of the proposed system. 

Keywords: Magnetorheological semi-active inerter, Self-Powering, Vibration Control.

1. INTRODUCTION

Earthquakes cause serious damage to civil structures, leading to loss of lives and properties. To protect

buildings from catastrophic failures, vibration control strategies are employed. The mechanical inerter has

emerged as a two-terminal device for vibration control, where the force applied between its terminals is

proportional to their relative acceleration. This proportional relationship is governed by inertance, measured

in kilograms [1]. While passive inerters feature fixed inertance, semi-active inerters incorporate mechanisms

to dynamically control inertance [2]. Semi-active inerters are beneficial over passive inerter in vibration

control applications due to its ability to broaden the effective frequency range of inerter-based vibration

control systems. Compared to other semi-active components, such as springs and dampers, the application

of semi-active inerters in vibration control remains underexplored [3,4].

This study introduces a gimbal magnetorheological semi-active inerter (GMRSI) with self-powering

capability for vibration control in a scaled three-story building structure. The self-powering capability of the

GMRSI is beneficial as it eliminates the need for an external power supply. This enhances the system’s 

autonomy and reliability, especially during power outage or in remote applications. Firstly, the research

includes the design and fabrication of the GMRSI and the scaled building model, providing the  foundation

for vibration control testing. Secondly, control algorithms are developed to achieve two primary objectives:

minimising transmissibility to the top floor and enhancing self-powering capability through effective energy

harvesting. Lastly, numerical simulations and experimental validation are conducted under harmonic and

seismic excitation to evaluate the performance of the GMRSI.

2. DESIGN OF SEMI-ACTIVE INERTER SYSTEM

Figure 1(a) illustrates the CAD design of the GMRSI. The GMRSI features a gimbal structure composed

of a “Yoke” and a “Joystick”. The Yoke features a slotted arch and two coupling joints, which connects to 

the motor and flywheel through overdriving gearboxes. The Joystick has a T-shaped configuration, with

bearings incorporated to allow sideways motion. A universal joint divides the longer section  of the Joystick,

facilitating integration with the scaled building structure via a linear bearing. The shorter section of the

Joystick includes coupling joints to interface with the flywheel and motor through gearboxes.

The GMRSI operates by transmitting motion through its gimbal structure. When the bottom half of the

Joystick’s longer section rotates about the x-axis, the bearing allows free rotation around this axis, while the

Yoke's constraints drive Flywheel 1 to create inertance and Motor 1 for energy harvesting. Similarly, rotation

about the y-axis engages the Yoke's slot and the Joystick's bearings to drive Flywheel 2 and Motor 2. This

dual-axis capability enables the GMRSI to generate inertance and harvest energy simultaneously in two

degrees of freedom. The inertance is dynamically regulated by magnetorheological variable inertia flywheels

(MRVIF) serving as Flywheels 1 and 2. These MRVIFs can adjust their net inertia by engaging or

disengaging the outer casing from the inner casing using a magnetorheological (MR) clutch mechanism.

Energy harvested from DC Motors 1 and 2 powers the MR clutches, ensuring self-sufficient operation.
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Figure 1(b) presents the CAD model of the GMRSI-based building vibration control system, integrating

the GMRSI with a scaled building structure designed following Mill’s scaling laws [5]. The Joystick is 

connected to the ground floor plate via a linear bearing, while  the scaled building structure and the GMRSI

are mounted on a plywood ground plate. This ground plate is fixed on a 6-DOF vibration test platform

capable of generating sinusoidal and seismic excitations along the x and y axes. These excitations induce

motion of the ground floor plate, activating the GMRSI to mitigate vibrations and harvest energy in both

axes. The semi-active control strategy implemented in the GMRSI is designed to minimise the

transmissibility of ground excitations to the top floor, enhancing vibration control and energy efficiency.

Figure 1. CAD model of: (a) The Gimbal Magnetorheological Semi-active Inerter (GMRSI); (b) The
GMRSI-based building vibration control system.

3. METHODOLOGY

The prototype of the GMRSI was fabricated, and experimental testing was conducted under sinusoidal

excitation to establish the mathematical relationship between the current supplied to the MRVIF and the

inertance of the semi-active inerter. Subsequently, numerical simulations were carried out to calculate the

top floor transmissibility under sinusoidal excitation with continuously varying inertance.  These simulations

identified the optimal inertance that minimises top floor transmissibility within the 0-10 Hz frequency range.

Using this optimal inertance and the experimentally derived inertance-current relationship, a control strategy

for the GMRSI's inertance was developed. The strategy uses the frequency of oscillation, calculated from

the measured ground acceleration signal via Fast Fourier Transform, as the input. Concurrently, a control

strategy for the energy harvesting system was devised to enable self-sufficiency. Finally, numerical

simulations were conducted to evaluate the performance of the GMRSI-based structural vibration control

system under sinusoidal and seismic excitations. The GMRSI-based building vibration control system

prototype was then constructed and experimentally tested to validate its performance.
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Short abstract: Cable-stayed bridges are important lifeline structures that are very sensitive to vibration, and semi-
active control systems could be very useful to ensure their high performance and adaptability. The present study 
takes a novel approach where an evolutionary algorithm named the nondominated sorting genetic algorithm 
(NSGA-II) has been used and further developed to create an optimal replicator dynamic controller for 
magnetorheological (MR) dampers to achieve an effective system for vibration control. The proposed 
methodology has been applied to a benchmark cable-stayed bridge and found to be very effective.  

Keywords: Data-driven approach, Semi-active control, Game theory, Replicator dynamic, Optimization. 

1. INTRODUCTION

Long-span cable-stayed bridges are slender structures with high flexibility and low structural damping, 
which make them vulnerable to vibration. Also, due to wide spacing of their supports, Spatially Varying 
Ground Motions (SVGM) during earthquakes are important to consider in the seismic analysis [2]. 
Magnetorheological (MR) dampers could be effective in reducing the dynamic response of cable-stayed 
bridges under non-uniform seismic loads [3]. Dyke et al. [3] proposed the use of a clipped-optimal algorithm 
to calculate the command voltage applied to magnetorheological (MR) dampers during earthquakes. To 
account for the nonlinear behaviour of MR dampers, researchers have recently developed intelligent 
controllers that rely on data-driven approaches with artificial intelligence and game theory. Soto et al. 
conducted comprehensive research on the vibration control of high-rise structures and highway bridges with 
MR dampers [5, 6]. They developed an innovative intelligent data-driven control algorithms based on agent 
technology and replicator dynamics concept of evolutionary game theory integrated with a multi-objective 
optimization algorithm, NSGA-I [7]. While the replicator dynamic controller has proven effective for 
controlling structures other than highway bridges and has been successfully used for high-rise building 
structures, its efficiency for cable-stayed bridges is yet to be determined.  

2. OBJECTIVES
The aim here is to develop an optimal data-driven control technique that combines replicator dynamics from 
evolutionary game theory and a multi-objective optimization evolutionary algorithm to maximize control 
system performance by addressing multiple objectives. To achieve it, a replicator dynamics algorithm has 
been integrated with the Non-dominated Sorting Genetic Algorithm II (NSGA-II).  

3. MATERIAL AND METHODOLOGY

An international ASCE benchmark for a controlled cable-stayed bridge is considered here as a case study. The 
overall view of the cable-stayed bridge is shown in Fig. 1. The bridge has a total length of 1205.8 m, is 
composed of two towers, 128 cables, and additional 12 piers on the approach bridge from the Illinois side. 
The main span is 350.6 m in length, the length of the side spans is 142.7 m each, and the approach on the 
Illinois side extends to 570 meters [1].  

Fig.1.Overall view of the cable-stayed bridge (left); and location of sensors (top-right) [7] 
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Dampers are installed between the deck and the towers; eight between the deck and Pier 2, and another eight 
between the deck and Pier 3. In this case, Piers 2 and 3 are treated as towers. All dampers are oriented to provide 
forces in the longitudinal direction. The well-known modified Bouc–Wen model is employed to simulate the 
mechanical behavior of MR damper [8]. To compare the control performance of different available control 
systems, a total of 18 evaluation criteria (J1 to J18) provided in the benchmark problem [1] is considered here. 

4. RESULTS AND DISCUSSION
Non-stationary ground motions, characterized by differences in time and amplitude, are considered here for 
SVGM analysis. The following ground motions have been used with time delays to the different supports: El 
Centro (1940), Mexico City (1985), and Gebze (1999).  

Table 1: Comparison of evaluation criteria among different control strategies (for El Centro earthquake) 

Fig.2. From left to right: 3D plot of the trade-off between dynamic parameters and performance criteria – the 
maximum shear at base (J1-x) and the maximum pier shear at deck level (J2-x); and the vibration responses.  

5. CONCLUSIONS
Traditional structural control methods often consider a single performance criterion and overlook the potential 
conflicts between multiple objectives. To address this, a multi-objective approach that combines replicator 
dynamics with the Non-dominated Sorting Genetic Algorithm II (NSGA-II) was proposed here. For the selected 
case study, the proposed control system resulted in: (a) 46% reduction in deck displacement compared to passive 
control systems during the El Centro earthquake; (b) 33% reduction in shear forces at the tower base compared to 
active control systems during the same event; (c) significant reductions in peak shear forces and moments at 
critical sections in all cases; and (d) improved overall deck displacement under various seismic excitations. 
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Short abstract: Magnetorheological devices are expected to operate across wide temperatures in

automotive applications. As temperatures decrease the magnetorheological fluid viscosity will increase

near-exponentially which will reduce the difference between on state and off state behaviour of the fluid,

and in turn reduce the range of control possible for the MR device. This paper quantifies the low

temperature viscosity and explores approaches to reducing low temperature viscosity

Keywords: Low temperature viscosity, additive

1. INTRODUCTION

MagnetoRheological Fluids (MRF) in their simplest definition are magnetically responsive particles

suspended in a carrier fluid which can near-instantaneously [1] change from a fluid to a solid in the presence

of a magnetic field. This behaviour is valuable in the transmission or absorption of force, such as in damping

and isolation applications, or in torque transmission. In these applications it is preferable to have a large

difference between the fluid behaviour in the absence of a magnetic field, and the solid behaviour in the on

state as this enables device control over a wide range of conditions and inputs. The solid behaviour of a

magnetorheological fluid is determined almost entirely by the volume fraction of magnetically responsive

particles, and the strength of the magnetic field, while the factors influencing fluid behaviour in the absence

of a magnetic field include, but are not limited to the amount and size of magnetically responsive particles,

the type and quantity of supplemental chemical additives, the type and quality of the carrier fluid  and,

critically, the operating temperature.

A common commercial example of such a device using magnetorheological fluids is the automotive shock

absorber [2]. Automotive applications have a wide temperature operating range, the lower limit of which is

determined by the lowest plausible ambient temperature conditions and the upper of which is determined by

highest plausible ambient temperature combined by heat from work done either by the component in

question, or a neighbouring component which can result in device temperature excursions far greater than

the ambient temperature alone.

MRF carrier fluids can be diverse, and span aqueous, hydrocarbon and silicone fluids, however all are

characterised by having a liquid viscosity which is highly sensitive to temperature, demonstrating a negative,

exponential relationship between temperature and viscosity [3]. A consequence of this temperature – viscosity

relationship is that the off-state viscosity can drastically increase in low temperature conditions, while the on-

state performance is broadly unchanged. This results in a narrower device control range. This paper describes

the research and optimisation of magnetorheological fluids to improve fluid behaviour at low temperature.

2. OBJECTIVES

The objectives of this paper is to quantify the low temperature viscosity of ~25 % (v) iron

magnetorheological fluids in the absence of a magnetic field, and improve on the state of the art by making

changes to the carrier fluid and additive chemistry to enable wider device control ratios in low temperature

conditions.

3. MATERIAL AND METHODOLOGY

A number of magnetorheological fluid formulations were tested with ~25 % (v) CIP concentration. These 
are fully formulated fluids containing thixotropic and performance additives in a hydrocarbon carrier fluid. 
The hydrocarbon carrier fluid, performance additives and thixotropic additive were modified in turn to 
quantify the impact on low temperature viscosity.

Low temperature viscosity measurements were taken on an Anton Paar MCR 302e equipped with a Peltier 
device and 50mm diameter plate on plate geometry
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4. RESULTS AND DISCUSSION

Modification of the MRF carrier fluid from a 4 cSt to a 3 cSt fluid yielded an 18 % decrease in viscosity

at – 40 deg. C. A further 30 % reduction was possibly with inclusion of supplemental low temperature flow

additive chemistry taking the overall reduction in low temperature viscosity to 44 %.

Figure 1: Low temperature viscosity measurements of baseline and

optimised MRFs

5. CONCLUSIONS

It is obvious that a reduction in off-state viscosity of a magnetorheological fluid enables a wider device

control ratio and as a consequence, many magnetorheological fluids use low viscosity, highly refined or

synthetic hydrocarbon carrier fluids to minimise fluid viscosity. We can see from work here that there is

significant further optimisation possible though selection and evaluation of suitable supplementary additive

chemistry. These findings have important implications for commercial application in automotive and

aeronautical where the ability to maintain performance in low temperature is a critical acceptance factor.
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Short abstract: In this paper a constitutive model is presented for characterizing electrorheological fluid

material under large amplitude oscillatory shear strain. Compared with the previously developed

constitutive models, the present model provides more accurate predictions of dynamic mechanical

properties for both small and large shear strain amplitudes in both time and frequency domains.

Keywords: Dynamic mechanical properties, ER fluids, Large strain amplitude, Constitutive model.

1. INTRODUCTION
Due to the ability of electrorheological (ER) and magnetorheological (MR) fluids to provide field-dependent

rheological behaviour and reversible and rapid response, they have been used in many applications particularly in

development of adaptive vibration absorption and isolation devices. For large amplitude oscillatory shear,

dynamic properties of the ER fluid material not only depends on the electric field intensity (E) and frequency (ω),

it also depends on the shear strain amplitude ~ . The Fourier transformation technique is generally  widely used

method to quantify the behavior of viscoelastic material [1]. According to this method, the output stress response

under the harmonic shear strain input can be written as:
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Under small amplitude oscillation, G'2n+1 and G"2n+1 in Eq. (1) are negligible compared with their counterparts

G'1 and G"1 which represent storage and loss moduli in linear viscoelastic region. The nonlinear behavior of ER

and MR fluid materials were also previously investigated by other researchers. For instance, for a single field

intensity and frequency, Laun et al. [2] applied the Bingham-Hooke model to describe the material properties of

MR fluids in both linear and nonlinear regimes as:

where τy , G0 , ηB,   λ and  γB represent yield stress, elastic modulus, Bingham viscosity, relaxation time and

constant shear deformation, respectively. While the model provided reasonable accuracy for small amplitude

motion, it deviated from the experimental data for large deformation [2].   In the present paper, the linear and

nonlinear viscoelastic properties of an ER fluid material is investigated under small and large amplitude oscillatory

shear strains for low to moderate excitation frequencies and different applied electric field intensities. A

constitutive model is then formulated to predict the experimental data and extrapolate the mechanical behavior in

regions hat cannot be measured due to test setup limitations.

2. PROPOSED CONSTITUTIVE MODEL
Building upon Eq (2), the following model is proposed for the stress response under the oscillatory shear strain

to achieve more accuracy particularly in the nonlinear regime:

in which η, μ, K, D and G0 are frequency and field dependent characteristic  parameters,~ , ~  and 
~
  are the

shear stress,  strain amplitudes and shear strain rate amplitude (  ~~
= ), respectively. The typical stress-

shear strain rate hysteresis loop based on Eq. (3) is shown in Figure 1 for frequency of 0.1 Hz and electric

field of 1.9 KV/mm. In the nonlinear regime ( 0  ), an amplitude-dependent relationship defines the shear 

stress response, governing the material's behaviour from the initial loading stage through unloading . Thus, 
the yielding stress is considered to be negligible. The model, however, can predict the transition between the 
linear and nonlinear regimes.
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Figure 1: Typical hysteresis loop of the proposed model, f= 0.1 Hz, E=1.9 KV/mm for stress-strain rate.

Using the experimental data provided in Ref [3] for the ER fluid formulated by dispersing cornstarch in corn oil

(40 mPa·s viscosity) with a particle weight fraction of 30%, the frequency and field dependent model parameters

are identified using least square minimization technique.

3. RESULTS AND DISCUSSION
Sample results for loss and storage moduli vs shear strain amplitude and shear force vs time responses

are shown in Figures 2 and 3. As it can be realized, results using presented predictive model is capable of

capturing the dynamic properties of the ER fluid material resonably well in boh time and frequency domains

at different electic filed filed intensities and shear starin amplitudes small and large strain amplitudes.

Detailed discussion are available in Ref [3].

Figure 2. Complex modulus and shear stress of the ER fluid versus ~ for different electric field intensities and

frequencies; Symbols represent the experimental results and the solid lines represent simulation results using the

proposed model. □ E=0.7 KV/mm;   E=1.3 KV/mm; ○ E=1.9 KV/mm.

Figure 3: Time history of the shear force for  %8462.3~ =  and E=1.3 KV/mm

5. CONCLUSIONS
The proposed constitutive model can be effectively used to predict linear and nonlinear viscoelastic

properties of MR/ER fluids damper under large deformation.
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Theoretical and Experimental Study on the Influencing Factors of Yield 
Stress of MR Fluid under Squeeze-Shear Mode 
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Short abstract: This study investigates the factors influencing the yield stress of magnetorheological (MR) 
fluids under squeeze-shear through theoretical modelling and experimental analysis, including squeeze 
stress, magnetic field strength, particle concentration and magnetic field intensity. In the squeeze-shear 
mode, the yield stress of the MR fluid increases with the increase in squeeze stress, magnetic field strength, 
and particle size, while it decreases with the rise in temperature. 

Keywords: MR fluid, yield stress, squeeze-shear mode, influencing factors. 

1. INTRODUCTION
Magnetorheological (MR) fluids are widely used in intelligent drive equipment because of their

controllable rheological reaction. Yield stress is one of the most important performance parameters of MR 
fluids, and its magnitude determines the performance of MR devices. There are three main working modes 
of MR Fluids: squeeze, shear and flow. The yield stress of MR fluids in a single mode is low, and it is found 
that the introduction of squeeze pressure can greatly increase the yield stress of MR fluids. However, the 
theoretical research on yield stress of magnetorheological fluids in squeeze-shear mode is insufficient, and 
there is a lack of instruments to measure yield stress of MR fluids in composite mode. This work aims to 
study the influencing factors of yield stress in MR fluids under squeeze-shear mode. 

2. CALCULATION OF YIELD STRESS UNDER SQUEEZE-SHEAR MODE
The classical dipole method, finite element method, and magnetic energy analysis are used to analyse the

interaction between particles in the squeeze-shear composite mode, and a fusion dipole model is proposed. 
A mathematical model of the magnetic energy density of the particle chain under the combined magnetic 
field and squeeze was established by analysing the characteristics of the particle chain (Figure1). By 
analysing the micro yield process of MR fluid, the yield stress of MR fluid in composite mode is calculated 
and then the constitutive model of MR fluid in composite mode is established (Equation 1).  

(a) magnetic field distribution (b) X-axis distribution (c) Y-axis distribution

Figure 1: Magnetic field distribution of particles 
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3. MEASUREMENT OF YIELD STRESS UNDER SQUEEZE-SHEAR MODE
The structure of the measuring system is designed, and the mathematical expression of yield stress in the

measuring system is derived. The magnetic circuit of the measuring system is simulated by Ansys Maxwell 
software, and the rationality of the magnetic circuit is verified. The accuracy and stability of the system are 
proved by experiments. The test system is shown in Figure 2. 
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Figure 2: Yield stress measurement system under squeeze-shear composite mode 

4. RESULTS AND DISCUSSION
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Figure 3: Yield stress 
under different squeeze 

stress 

Figure 4: Yield stress 
under different magnetic 

field strengths 

Figure 5: Yield stress 
under different particle 

size 

Figure 6: Yield stress at 
different temperatures 

4.1.SQUEEZE STRESS 
When the squeeze pressure is 600 kPa, the yield stress of the MR fluid is 1.5 times that of the yield stress 

without squeeze. As the squeeze stress increases, the increasing trend becomes more pronounced because 
with the increase in squeeze, the intermolecular forces and frictional forces between the particles rise . 

4.2. MAGNETIC FIELD STRENGTH 
The shear yield stress of MR fluid increases with the increase of magnetic field strength, but the increase 

speed slows down. This is because the magnetic interaction between particles becomes stronger with the 
increase of magnetic field strength. When the magnetic field strength reaches a certain level, the interaction 
between magnetic particles approaches saturation, which slows down the growth rate of yield stress.  

4.3. PARTICLE SIZE 
In the squeeze-shear mode, the yield stress of the MR fluid increases with the increase in particle size. 

This is because the surface area of the particles increases gradually with the radius, and the increased surface 
area will receive more electromagnetic force, which leading to more magnetic energy. 

4.4. TEMPERATURE 
With the increase in temperature, the yield stress of the MR fluid gradually decreases. However, the 

change in yield stress with temperature is relatively small. As the temperature rises, the magnetization 
intensity of the soft magnetic particles gradually decreases, which leads to a reduction in the yield stress.  

5. CONCLUSIONS
In the squeeze-shear mode, the stress of the MR fluid increases with the increase in squeeze stresss, 

magnetic field, and particle size, while it decreases with the rise in temperature. 
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Synthesis, Rheological Characterization, and Tunable Viscoelasticity of 
Magnetorheological Elastomers in Compression  
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Short abstract: Magnetorheological elastomers (MREs) are composite materials consisting of a silicone 
rubber matrix embedded with ferromagnetic microparticles, offering tunable viscoelastic properties under 
an applied magnetic field. This study synthesizes MREs with isotropic and two types of anisotropic particle 
orientations and evaluates their rheological properties using quasi-static compression and dynamic 
vibration tests. Results indicate that vertically aligned anisotropic MREs exhibit the most significant 
tunability in elastic modulus and damping properties. These findings highlight the potential of MREs for 
adaptive applications in vibration control, seismic isolation, and haptic feedback systems. 
Keywords: magnetorheology, particle alignment, dynamic viscoelasticity, equivalent damping coefficient, 
hysteresis loop 

1. INTRODUCTION
MREs are functional materials composed of a silicone rubber matrix with dispersed ferromagnetic

microparticles [1,2]. These materials exhibit tunable viscoelastic properties under an applied magnetic field. 
By utilizing the variable viscoelasticity of MREs, various applications such as multi-layer MRE sheets for 
seismic isolation, MRE joints for rotating shaft bearings, and MRE mounts for vibration control have been 
developed [3-5]. Furthermore, MREs show potential applications in haptic feedback systems. This study 
aims to develop high-performance MREs and evaluate their variable viscoelastic properties to determine 
their suitability for such applications. 

2. OBJECTIVES
• To synthesize MREs with enhanced tunable viscoelastic properties.
• To design and fabricate a testing system for evaluating MREs in compression mode.
• To analyze the impact of magnetic field strength on the elastic modulus of MREs.
• To explore the frequency dependence of the viscoelastic properties of MREs.

3. MATERIAL AND METHODOLOGY

3.1 Fabrication of MREs
MREs were fabricated using heat-curable silicone rubber (KE-1241, Shin-Etsu Chemical) as the matrix 

and carbonyl iron particles (CS, BASF) with an average particle size of 6 μm as the dispersed phase. The 
materials were mixed in a 30 wt% silicone rubber to 70 wt% carbonyl iron ratio, degassed, and poured into 
a brass mold (30 mm diameter, 10 mm depth). The elastomers were cured using a heat gun, producing disk-
shaped samples of 30 mm in diameter and 10 mm in thickness. As shown in Figure 1, MREs with three 
different particle orientations types of were prepared:  isotropic MREs, anisotropic MREs (Vertically 
Aligned), and anisotropic MREs (Horizontally Aligned). 

3.2 Testing Methods 
In Quasi-Static compression test, the near-static viscoelastic properties were evaluated. MREs were 

compressed to 10% strain at a slow, constant rate (10% strain/1 min) and then released back to 0% strain. 
The vertical stress σ versus strain ε hysteresis loop was recorded, and the elastic modulus was determined 
from the hysteresis slope during strain increase. In dynamic vibration test, sinusoidal displacement vibration 
tests were conducted at a fixed frequency (f = 1 Hz) with different strain amplitudes (1% to 5%). The stress-
strain hysteresis loop was analyzed to determine the dynamic elastic modulus Ed and equivalent damping 
coefficient Ceq. In frequency-dependent dynamic tests, the frequency dependence of MREs was evaluated 
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by varying the vibration frequency from 1 Hz to 20 Hz while measuring the strain-stress response. The 
impact of frequency on Ed and Ceq was investigated. 

Figure 1: Different orientations of iron particles: a) isotropic; b) vertically anisotropic; c) horizontally 
anisotropic. 

4. RESULTS AND DISCUSSION
In Quasi-Static compression tests, the stress-strain curve of isotropic MREs shifted upward with

increasing magnetic field, but the elastic modulus showed minimal change. For vertically aligned anisotropic 
MREs, the elastic modulus significantly increased with the applied magnetic field, with a change of 
approximately 66% for B = 0.7 T. Horizontally aligned anisotropic MREs exhibited similar behavior to the 
isotropic samples, with minimal changes in stiffness. In the strain amplitude sweep tests, the dynamic elastic 
modulus, Ed, increased by approximately 2.4 times for vertically aligned anisotropic MREs at B = 0.7 T, 
particularly at a strain amplitude of 1%. The equivalent damping coefficient, Ceq, increased by about three 
times under the same conditions. In contrast, isotropic and horizontally aligned MREs exhibited only minor 
changes in stiffness and damping. In frequency dependence tests (f = 1-20 Hz), the results showed that Ed 
remained largely independent of vibration frequency, indicating that stiffness was primarily influenced by 
the applied magnetic field and strain amplitude. In contrast, Ceq decreased with increasing frequency, 
demonstrating that MREs exhibit non-viscous damping behavior. The hysteresis loop area remained nearly 
constant across frequencies, confirming that damping behavior is not velocity-dependent. 

5. CONCLUSIONS
This study demonstrated that MREs with vertically aligned anisotropic particle structures exhibit the

highest tunability in elastic modulus and damping properties under a magnetic field. The findings suggest 
that these materials are highly suitable for applications requiring variable stiffness and adaptive damping. 
However, the frequency-dependent analysis indicates that MREs are more effective for low-frequency 
damping applications rather than high-frequency vibration control.  
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Short abstract: The study is devoted to attempts to find experimental conditions in which a non-monotonic

dependence of the shear stress on quasi-static shear strain is observed for a structured magnetorheological

(MR) fluid of known composition. Such parameters as the concentration and size of magnetic particles,

the size of the working gap between the rheometer static and shear plates, the strength of the external

magnetic field, material and surface roughness of the plates are varied. Rheometric measurements are

supported by the observation of the microstructure of the field structured low concentrated specimens using

X-ray computed microtomography.

Keywords: MR fluid, breaking, microstructure, quasi-static creep.

1. INTRODUCTION AND OBJECTIVES

Despite more than half a century of active research on magnetorheological (MR) fluids, there are still a

number of important but unresolved aspects of the macroscopic response of these materials to external

influences from a fundamental physics point of view. One of these is the clarification of the mechanism of

fracture of the MR fluid structured in the magnetic field under shear stress. A number of theoretical models

and computer simulations have been published on this subject, considering both aggregates of magnetic

microparticles in the form of simple linear chains, cylinders or ellipsoids, and branched labyrinth structures

[1-3]. The expected response under quasi-static shear of a structured MR fluid is a monotonic stress growth,

the slope of which determines the regions of pre- and post-yield behaviour [2]. It has been reported that

under certain conditions the models show a non-monotonic dependence of the shear stress on the

macroscopic shear [1, 3]. As pointed out in [3], the state of the system with a decreasing dependence of

stress on shear strain is mechanically absolutely unstable, since the smallest internal deformation fluctuations

should grow rather than dissipate. Hence the difficulty in detecting such a state in experimental studies. In

fact, almost all published experimental studies show a monotonic dependence of shear stress on strain/time.

However, in some cases (see e.g. Fig. 3a in [4]) an overshoot can also be observed in the plots of the measured

results presented, but has not been taken into account by the researchers. In this context, the present study is

devoted to attempts to find experimental conditions under which a non-monotonic dependence of shear stress

vs. quasi-static strain is observed for a structured MR fluid of the simplest possible and known composition.

At the same time, since the conditions of interaction between the MR fluid and the working surfaces vary in

the work, the study is also relevant to application-oriented aspects.

2. MATERIALS AND METHODOLOGY

In the above context, MR fluid made from silicon oil, BASF CC grade carbonyl iron powder and Sigma -
Aldrich iron and magnetite powders was investigated. Parameters such as the concentration and size of the 
magnetic particles (~0.5-40 vol%, ~0.1-50m), the size of the working gap between the static and rotating plates 

(0.1-1 mm) and the strength of the external magnetic field (flux density up to 500 mT) were varied. An Anton 

Paar Physica MCR 502 WESP rheometer equipped with an MRD cell was used. Both standard titanium 

plates and modified surfaces with different roughness and magnetic properties were used as measurement 

geometries. To evaluate a quasi-stationary shear deformation of the MR fluid, the sample was first structured, i.e. 

placed under the influence of a magnetic field for a certain time. The sample was then loaded with a slowly 

increasing strain from 0 to 300% and the corresponding shear stress was measured on the moving rotor.

In order to clarify and visualise the morphology of structures formed by magnetic particles of low 
concentration MR fluid, the silicone oil of the carrier medium was replaced by a two-component PDMS 
polymerised in a magnetic field in a configuration representing the working gap of the rheometer. 
Corresponding microstructural investigations were carried out using the laboratory X-ray microtomography 
setup, and the reconstruction process was performed using in-house developed software packages [5].
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4. EXPERIMENTAL RESULTS

Quasi-static strain-stress curves obtained for the structured MR fluids are presented in Figures 1 and 2.

When using magnetic PLA plates for low concentration samples (<3 vol.%) a non-monotonic shear stress

change is observed. Under other conditions (MR fluid composition and plate material) a monotonic response

is noticed. Microstructural observations show that samples with a concentration of <3 vol.% contain single

chain-like aggregates rather than dense clusters, which are characteristic of samples with higher parti cle

concentrations. However, for another type of rheometer plates, non-monotonic behavior is not observed as

well for MR fluid with single chain-like aggregates. This suggests a different interaction of particle structures

with different types of surfaces. Further results of the experimental analysis will be presented at the

conference.

Figure 1: Quasi-static strain-stress curves

obtained for the structured MR fluid with 1.5

vol.% particles  using measuring geometry

with different magnetic properties and surface

roughness.

Figure 2: Normalized quasi-static strain-stress

curves obtained for the structured MR fluid with

different particle concentrations using a measuring

geometry made of magnetic PLA. The inset shows

the particle clusters at two different powder

concentrations (structuring field is 250 mT).

5. SUMMARY

The response of a field-structured MR fluid to applied quasi-static shear differs for different measurement

geometry surfaces used, for samples with different concentrations of magnetic particles and for different gap

sizes between the plates of the measurement geometry. The experimental results indicate that the observed

differences are related to different slip conditions of the particle structures under dif ferent settings rather

than to different mechanisms of particle aggregate failure, although the morphology of the structures is an

important aspect to consider in addition to the properties of the surface geometry. In addition to the

fundamental importance, from an applied point of view, the results are essential for the choice of MR fluid

and operating conditions for devices using magnetic control of the static yield stress. In particular, it is stated

that the rheological characterisation of the MR fluid should use a measurement geometry with magnetic

properties and roughness identical to the intended working surface of the MR device.
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Magneto-Rheology Helps Us to Cure Hypertension
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Short abstract:  Hypertension is a silent killer. Curing hypertension requires lowering blood viscosity and

suppressing turbulence. Unfortunately, these tasks conflict with each other. A lower isotropic viscosity leads to

higher Reynold number, worse turbulence. When a strong magnetic field is applied along patients’ blood flow,

red cells are polarized and aggregated into short chains. The blood viscosity becomes anisotropic, reduced

significantly along the flow direction but increased substantially in perpendicular directions. Turbulence is

suppressed; stable laminar blood flow lowers patients’ blood pressure quickly and effectively. Our clinical trial

has confirmed that this magnetorheological technology is safe and effective to cure hypertension.

Keywords: Blood viscosity, turbulence, disturbed blood flow, magneto-rheology, hypertension.

1. INTRODUCTION

According to World Health Organization, hypertension is a major cause of premature death worldwide [1].

Sever hypertension comes with headaches, chest pain, shortness of breath, flushing, and visual changes etc. Left

untreated, high blood pressure can lead to dangerous complications like heart attack or stroke. Despite

medications and lifestyle changes, many hypertensive patients do not achieve adequate blood pressure control.

As there are billions of people suffering hypertension, effective medical treatment to cure hypertension is

always in high demand.

What causes hypertension? Hypertension patients are classified into two categories: primary and secondary

hypertension.  Secondary hypertension occurs quickly and can become severe as it is triggered by some other

health conditions such as kidney disease, obstructive sleep apnoea, congenital heart defects etc. Primary

hypertension, also called essential hypertension, is the one for most patients, developing over time with no

identifiable health cause. However, from fluid dynamics, the cause of high blood pressure is high blood

viscosity and turbulence in blood flow. While the health situation for hypertension patients may be different, all

of them must have high blood viscosity and turbulent blood flow.

Unfortunately, these two tasks conflict with each other under conventional approaches. For example, when

the blood viscosity is reduced and isotropic, the turbulent blood flow becomes worse because the Reynold

number /eR vD =  is increased.  Presently neither medicine nor treatment is available to suppress turbulence

in blood flow.

It is thus clear that unconventional scientific approach is critically needed. Here we report our new

approach with magneto-rheology (MR) [2]. Instead of conventional viscosity reduction, we will make blood

viscosity anisotropic: it is significantly reduced along the flow direction but substantially increased in the

directions perpendicular to the flow. Hence, the blood flow becomes stable laminar, turbulence is suppressed,

and the high blood pressure can be lowered effectively,

2. OBJECTIVES

Utilizing magneto-rheology (MR) to reduce patients’ blood viscosity and suppress turbulence in their blood 

circulation as the treatment to cure their hypertension.

3. MATERIAL AND METHODOLOGY

In our new MR approach, a strong magnetic field is applied along the blood flow direction (Fig.1). The red 
blood cells are polarized by the magnetic field and aggregated into short chains parallel to the blood flow. The 
blood viscosity along the flow direction is thus significantly reduced, while the viscosity in the directions 
perpendicular to the blood flow is increased substantially, so that the turbulence is suppressed, and a steady 
laminar blood flow is achieved. With such anisotropic viscosity, the blood circulation is greatly improved and 
the workload for heart is reduced. Hence the blood pressure is lowered down to the normal range quickly. To 
implement such therapy, we invented a magnetic hematology device, which can apply a strong magnetic field 
along patients’ blood flow direction to optimize blood flow and cure hypertension (Fig.2a).

Our clinical trials have 215 subjects in the second stage of hypertension participated in. Our magnetic 
hematology device has a bore of 10 cm diameter made to go through the frame and poles of the electromagnet. 
The device can have a stable magnetic field close to 1.0 T inside the bore along the bore’s axis direction. The 

trial for each subject takes about 20-30 minutes. We measure the subject’s blood pressure first. Afterwards, the 
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subject places his/her right arm into the bore of the electromagnet for treatment while we monitor the blood

pressure with the left arm. The magnetic treatment will last about 15 minutes. To see how long the effect lasts

and check any side effect, we ask the subject to return and measure the blood pressure again 24 hours after the

treatment

Fig.1. Magneto-rheology improves blood flow. (a) As the blood passes a strong magnetic field parallel to the

flow, the red cells are aggregated into short chains along the flow direction. (b) Microscopic image showing that

the red blood cells are randomly distributed in plasma before the magnetic field is applied. (c) Microscopic

image of a short red-cell chain formed under 1.3T magnetic field.

4. RESULTS AND DISCUSSION

In Fig. 2b, a typical blood pressure reduction pattern under the magnetic treatment is plotted.  The subject

initially had blood pressure 150/88 mmHg. Within 11 minutes of magnetic treatment, his blood pressure was

down to 111/70 mmHg; reduced 26% for systolic pressure and 21% for diastolic pressure. Next day, 24 hours

after the treatment, he returned for the follow up, finding his blood pressure 129/78 mmHg, still 12-14% lower

than the original blood pressure. There were no side effects. The subject told us that he enjoyed the therapy. All

215 tests are quite like this one. The MR technology is safe and effective for everyone. On average, in 15-20

minutes the therapy lowers the blood pressure by 21.4%, 24 hours after the treatment, the blood pressure is still

12.6% lower than the original one.  Our placebo tests have also confirmed that without magnetic field, the blood

pressure cannot be lowered. The effect is produced by improvement of blood flow with magnetic field. The MR

treatment also improves blood oxygen function. We expect that this technology will effectively help people to

cure hypertension, preventing cardiovascular diseases. The device is 100% safe and effective.

Fig.2 Clinical trial results. (a) The magnetic hematology device for clinical trials. (b) A typical blood pressure

reduction under the magnetic field treatment.

5. CONCLUSIONS
The magneto-rheology and magnetic hematology device are safe and effective in lowering blood pressure for

hypertension patients.
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Intercomponent Synergetic Effect of Carbon-based Materials for 
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Short abstract: In this context, we present the synthesis and investigation of a novel double-layered hollow 
nanoparticle, consisting of hollow carbon spheres coated with a titanium dioxide layer (HCs@TiO2). The hollow 
carbon spheres serve as the “core”, effectively reducing the overall density of the material and improving its 
sedimentation resistance. The amorphous TiO2 shell was strategically designed to function as a vital buffer layer, 
thereby reducing leakage current density and increasing yield stress. Furthermore, we synthesized a core-shell 
structure of C@Fe3O4 composite particles with an urchin-like morphology, facilitating remarkable 
electrorheological (ER) and magnetorheological (MR) performance.  
Keywords: core-shell structure; electrorheological; magnetorheological; carbon material; smart material 

1. INTRODUCTION

Electrorheological (ER) and magnetorheological (MR) materials are stimuli-responsive smart materials that
have been used in various applications, including smart actuators[1], haptic devices[2], fluid transportation 
systems[3], and vibration isolators[4].  Due to the induced microstructural transitions[5], the shear stress, shear 
viscosity, and shear modulus of ER fluids (ERF) and MR fluids (MRF) can be reversibly altered in response to 
an electric field or magnetic field. However, ERF and MRF have recently encountered significant limitations due 
to their restricted stability and yield stress.  

Carbon-based materials, known for their low density and remarkable chemical, thermal, and mechanical 
stability, have emerged as promising candidates for improving the performance of the ERF. Nonetheless, the 
intrinsic electron hopping motion inherent in carbon materials results in a significant leakage current density, 
which adversely affects the ER performance. This study prepared a hollow carbon spheres coated with a titanium 
dioxide layer (HCs@TiO2), where the hollow carbon spheres serve as “core”. The hollow structure effectively 
reduces the overall density of the ER material and improves its sedimentation resistance. The amorphous TiO2 
shell was strategically designed to function as a vital buffer layer, thereby contributing to a reduction in leakage 
current density and an increase in yield stress. Transmission electron microscopy (TEM) images indicate that both 
the thickness of the shell and the dimensions of the spheres can be adjusted. Additionally, dielectric and nuclear 
magnetic resonance (NMR) spectroscopy were employed to demonstrate that the TiO2 shell not only restricts 
electron mobility but also significantly improves the wettability of silicone oil. Furthermore, core-shell-structured 
C@Fe3O4 composite particles with an urchin-like morphology were synthesized. This design enhances the 
interaction forces among the particles due to the presence of spiny structures. Consequently, the C@Fe3O4 
suspension simultaneously facilitates impressive ER and MR response.  

2. OBJECTIVES

A novel ER and MR material was designed and synthesized to simultaneously achieve elevated yield
stress and extended lifetime by incorporating a heterostructure shell and a core-shell structure. 

3. MATERIAL AND METHODOLOGY

First, polystyrene (PS) particles were synthesized to serve as sacrificial templates[6]. Subsequently, the
obtained PS particles and dopamine were added to a Tris-HCl buffer solution. After stirring for 24 hours, the 
PS@PDA particles were formed. Following this, the hollow carbon particles (HCs) were synthesized through a 
high-temperature pyrolysis process of the PS@PDA particles. Finally, the prepared HCs were coated with a 
titanium dioxide shell (HCs@TiO2) through the hydrolysis of tetrabutyl titanate[7].  
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4. RESULTS AND DISCUSSION

4.1. FIGURE AND FORMULA EXAMPLES
As shown in Figure 1, the maximum shear stress of the HCs@TiO2 ERF reaches 7.8 kPa at an electric field 

strength of 3 kV/mm, which contains 15 wt.% of the ER material. This enhancement is attributed to improved 
polarization and additional electrostatic accumulation within the hybrid shells. Furthermore, the yield stress of 
this ERF is the highest reported to date among studies involving carbon -based materials. 

Figure 1: Shear stress vs time of HCs@TiO2 ERFs. 

5. CONCLUSIONS

Carbon nanomaterials-based composites with abundant morphology and excellent physicochemical
properties have been reported as potential candidates for developing ER activity. Carbon shells, as derivatives, 
have been utilized to prepare electrorheological (ER) materials or to combine with magnetic substances for the 
creation of ER/magnetorheological (MR) bifunctional particles, due to their tunable surface properties. 
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Short abstract: We present a super macroporous hydrogel foam actuator designed for rapid actuation. We

investigate the effects of macroporosity on its physical, viscoelastic, and electroresponsive properties,

achieving significantly faster response times compared to conventional hydrogels actuators.

Keywords: electroactive, porous, conductive, hydrogel, actuator

1. INTRODUCTION

Soft actuators have emerged as promising alternatives to conventional rigid metallic electronics for

bioelectronic and human-machine interfaces [1,3]. Stimuli-responsive hydrogels are promising candidates for

actuators due to their biocompatibility, inherent softness, and responsiveness to various external stimuli. Among

them, electro-responsive hydrogels have gained significant interest due to their controllable and remote actuation

[1-3]. However, current hydrogel-based actuators suffer from slow response times (minutes to hours) due to

diffusion-limited water transport within the hydrogel matrix [3]. Therefore, the development of a hydrogel-based

actuator with rapid response times (~s) is required [2-4]. Herein, we propose a super macroporous (SMP) hydrogel

foam actuator driven by electroosmosis, exhibiting significantly enhanced actuation speed.

2. OBJECTIVES

The main objective of this study is to develop an SMP hydrogel and investigate the effects of super

macroporosity on actuation response, swelling, and viscoelastic properties.

3. MATERIAL AND METHODOLOGY

Acrylamide (AAm), 2-Acrylamido-2-methylpropanesulfonic acid (AMPS), N, N′-Methylenebis(acrylamide)

(MBAA crosslinker), and photoinitiator (V50) were dissolved in Milli-Q water to prepare hydrogel

precursors. Subsequently, the foaming agent, albumin, was added to the hydrogel precursor solution and

vortexed at 3200 rpm for 120 seconds to form hydrogel precursor foams with final concentrations of 1, 2, 4,

8, and 16 w∙v-1%. The hydrogel precursor foams were then injected into a mold (20×10×1 mm3) and immediately

exposed to ultraviolet light (395 nm, 90 s) to initiate free-radical photopolymerization (Fig. 1a).  The hydrogel

foam precursors were stained with Rhodamine B (1 µg/mL) to enhance visualization. Foam air bubbles were

characterized using fluorescence imaging (Revolve), and their diameters were measured with Fiji. The porosity

of the hydrogels was characterized by using scanning electron microscopy. Furthermore, the effects of super

macropores on the hydrogel actuation response, swelling properties and viscoelastic properties were studied.

4. RESULTS AND DISCUSSION

The hydrogel foam actuator is highly porous (air bubble sizes ~100-300 µm), which was hypothesized to

enhance actuation response times by facilitating ion mobility and diffusion.  While bubble size was not

affected by varying albumin concentration (Fig. 1b), it significantly influenced foam formation and phase

separation. Low concentrations (<2 w∙v-1%) were insufficient to fully foam the hydrogel precursor, whereas

higher concentrations (8-16 w∙v-1%) resulted in poor-quality foams with reduced stability. Therefore,

albumin concentrations of 2 and 4 w∙v-1% were selected for further studies. The SMP hydrogel foam actuator

exhibited a threefold increase in bending rate (θ∙s-1) (Figs. 1c and d) and higher swelling properties (200%)

(Fig. 1.e). Finally, inducing macropores resulted in a lower storage modulus, indicating reduced elastic

stiffness, which further enhanced the bending deformation response (Fig. 1f).

5. CONCLUSIONS

The developed SMP hydrogel foams exhibit enhanced rapid response and, therefore, have the potential 
for use in advanced soft actuators, soft robotics, and human-machine interface applications.
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Figure 1: SMP foam hydrogel actuator. a) Hydrogel foam precursor preparation. b) Representative

fluorescence images of hydrogel foam precursors with varying albumin concentrations (Scale bar represents 300

μm) and quantification of foam air bubble diameter distribution. c) Experimental set-up and hydrogel bending

behavior experiments at 3.5 V/cm. d) The effects of electric fields on the bending behavior of hydrogel foam 4

w∙v-1%. e) Swelling properties of hydrogel and hydrogel foam. f) The effect of foaming and various albumin

concentrations on the shear moduli the hydrogels.
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Abstract In the present study, a phenomenological based viscoelastic model has been formulated to predict the 
behavior of hybrid magneto-rheological (MR) elastomeric-fluid composites, namely MRF-MRE, in Cylinder and 
Cube shapes. For this purpose, the hybrid MREs, incorporating MR fluid within pure elastomeric matrices (MRF-Es) 
as well as within MRE matrices (MRF-MREs) were characterized under various loading conditions, including strain 
amplitudes (2.5–15%), frequencies (0.088–10Hz), and currents (0–8 A). The proposed viscoelastic model accurately 
predicts the field-dependent behavior of these hybrid MRF-Es, and MRF-MREs as function of applied current, loading 
frequency, and strain amplitude.  

Keywords: Magnetorheological (MREs), Magnetorheological Fluids (MRFs), Viscoelastic Models, Characterization   

1. INTRODUCTION

The development of a material model to predict the dynamic behavior of MR materials is of paramount importance 
for the development and design of MR-based adaptive systems, as well as for synthesizing control strategies. A field-
dependent viscoelastic model based on the modified Kelvin-Voigt model has been developed to predict stress-strain 
response behaviour of the hybrid MREs. Under the harmonic strain excitation 𝜀𝜀(𝑡𝑡) = 𝜀𝜀0 sin(2𝜋𝜋𝜋𝜋𝜋𝜋), the generated 
total stress based on the Kelvin-Voigt model consists of elastic and viscous parts 𝜎𝜎(𝑡𝑡) = 𝐸𝐸′(𝑓𝑓, 𝐼𝐼, 𝜀𝜀0) 𝜀𝜀(𝑡𝑡) +
𝐸𝐸′′(𝑓𝑓, 𝐼𝐼, 𝜀𝜀0) 𝜀𝜀̇(𝑡𝑡). In contrast to conventional viscoelastic models based on excitation frequencies (𝑓𝑓) [1, 2], storage 
modulus (𝐸𝐸′) and loss modulus (𝐸𝐸′′) are additionally functions of strain amplitude (𝜀𝜀0) and applied current (I) as well. 
Based on the model found by Vatandoost et al. [3], and the observed experimental data from characterization, a 
phenomenologically based model is developed to reasonably predict the dynamic viscoelastic and hysteresis behaviour 
of the hybrid MREs with embedded MR fluid in compression mode while considering the variation in excitation 
frequency, strain amplitude, and applied current. The proposed phenomenological model to describe the elastic and 
loss moduli can be presented in Eqs. (1) and (2): 

𝐸𝐸′(𝑓𝑓, 𝐼𝐼, 𝜀𝜀0) = (𝛽𝛽1′𝐼𝐼2 + 𝛽𝛽2′𝐼𝐼 + 𝛽𝛽3′) �
𝑓𝑓
𝑓𝑓0
�
𝑏𝑏

𝜀𝜀0�𝛽𝛽4
′𝐼𝐼+𝛽𝛽5

′� (1) 

𝐸𝐸′′(𝑓𝑓, 𝐼𝐼, 𝜀𝜀0) = (𝛽𝛽1′′𝐼𝐼2 + 𝛽𝛽2′′𝐼𝐼 + 𝛽𝛽3′′) �
𝑓𝑓
𝑓𝑓0
�
1+𝑒𝑒

�𝑒𝑒−𝛽𝛽4′′𝜀𝜀0� (2) 

2. OBJECTIVES

The main goal of this research is to develop a material model for predicting the field-dependent viscoelastic
behaviour of various types of hybrid MREs, including MRF-MREs and MRF-Es, as well as MREs of different shape 
and shape factors, under a wide range of excitation frequencies, strain amplitudes, and applied magnetic fields.  

3. METHODOLOG

The proposed phenomenological model consists of six constant parameters for the elastic modulus (𝛽𝛽1′ , 𝛽𝛽2′ , 𝛽𝛽3′ , 𝑏𝑏,
𝛽𝛽4′ , 𝛽𝛽5′ ) and five constant parameters for the loss modulus (𝛽𝛽1′′, 𝛽𝛽2′′, 𝛽𝛽3′′, 𝑒𝑒, 𝛽𝛽4′′). These parameters are subsequently 
identified through minimization of the merit functions 𝐽𝐽′ and 𝐽𝐽′′ to minimize the error between the predicted and the 
respective experimental measured moduli. The error minimization problem is solved using a combination of the 
genetic algorithm (GA) and the Sequential Quadratic Programming (SQP) technique. GA is first executed to obtain a 
solution near the global minimum. Using the solution from GA as the initial point, the SQP technique, which is a 
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gradient based nonlinear optimization algorithm, is subsequently employed to accurately capture the precise global 
minimum solution. The above-mentioned methodology was performed for all different MR samples and 
corresponding coefficients were identified and tabulated. 

4. RESULTS

Fig. 1 as an example compares the measured elastic modulus of Cube MRF-MRE data with the values predicted
by the phenomenological model at a strain amplitude of 2.5% and frequencies of 1Hz and 10Hz across varying levels 
of applied current. Fig. 2 compares the measured and modelled stress-strain hysteresis characteristics of Cube MRF-
MRE sample at a strain amplitude of 2.5% and current of 6 A for frequencies of 1Hz and 10Hz. Examination of the 
results in Fig. 1 and Fig. 2 show that the proposed model for elastic modulus can reasonably predict the variation of 
storage modulus with respect to the applied current and correctly represent the magnetic field stiffening effect. 
Furthermore, as the frequency increases, the elastic modulus increases, indicating the presence of a strain-rate 
stiffening effect also seen through the increase in slope in Fig. 2. Additionally, the impressive tunability of the MRF-
MRE sample is demonstrated, where at a frequency of 10Hz, the elastic modulus increases from 0.3 MPa at 0 A to 
almost 1.73 MPa at 8 A, a relative increase of 475%. It should be noted that relatively similar predictions were also 
observed for MRF-E samples. Furthermore, the proposed model predicts the elastic modulus with an average error of 
less than 5% across all MR samples. 

       Figure 1: Effects of current on the elastic modulus               Figure 2: Experimental vs. Kelvin Voigt modelled  
       at a strain amplitude of 2.5% and frequencies of a)1Hz        stress-strain hysteresis at a strain amplitude of 2.5% 
       and b)10Hz for the Cube MRF-MRE 30mm sample              and current of 6A for frequencies of a)1Hz and b) 

     10Hz for the Cube MRF-MRE sample 
5. CONCLUSION

The results show that the proposed viscoelastic model can reasonably predict the dynamic properties of the MRF-
E and MRF-MRE samples with minimal error. For future research, exploring the modeling of hybrid MRE samples 
in shear mode, as well as in combined shear and compression modes, remains largely unexplored and could offer 
valuable insights. 
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Short abstract: Recently, soft flexible robotic grippers have attracted research and engineering interest.
Such gripper can be used for tasks which are beyond the reach of conventional rigid body ones. A variety
of materials  and actuation technologies incl.  magnetorheological  (MR) materials  have been used for
developing grippers for grasping and object manipulation purposes. The study explores the development
of using a magnetorheological elastomer based gripper that is capable of adapting to a variety of objects
shapes. In the study the authors reveal the gripper’s operating principle, the actuation mechanism and the
results  of  a  testing programme to examine the soft  gripper’s  performance with respect  to loads and
shapes.   
Keywords: magnetorheological elastomer, gripper, soft, robotic. 

1. INTRODUCTION

To begin with, robotic end-effectors provide robots with the capability to interact with the environment.
They give robots particular functions without which they would be useless in the industrial environment.
End-effectors  are  referred  to  as  End-Of-Arm-Tooling  (EOAT).  Various  types  of  robotic  end  effectors
include tools, magnets, clamps, grippes and the like. Grippers have given robots the abilities similar to
human hands. In general, grippers are used in applications that require, e.g. lifting, touching, manipulating,
grabbing, etc. Material handling, assembly, component transfer, loading, etc. can be managed by means of
capable (pneumatic, mechanical, hydraulic, electrical, magnetic) robotic grippers. Therefore, a soft gripper
whose actions are driven by applying magnetic fields of sufficient strength ot it belongs to a category of
specific  EOATs.  In  comparison with  conventional  rigid  grippers,  the  soft  grippers  allow to  reduce the
robotic system’s complexity, minimize the risk of damaging the objects, are capable of accommodating a
variety of shapes while maintaining the same level of control as the rigid ones [1-3].

Thus,  the  purpose  of  the  work  undertaken  by  the  authors  was  to  examine  the  possibility  of
manufacturing a low-cost soft soft MRE gripper that can be used for a variety of tasks. The authors reveals
the gripper’s underlying concept, the prototype, and demonstrate the gripper’s basic operating principles.

2. RESULTS

Briefly, the authors developed a soft MRE based gripper that can be used for handling objects with
irregular shapes. 

a) b)

Figure 1: Soft MRE gripper: a) undeformed, b) deformed
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The MRE composite material was manufactured in-house using the silicone elastomer (Ecoflex Gel)
that was mixed with carbonyl iron powder (CIP) particles with an average particle size of 3 μm, stirred and
poured into the 3D-printed mould. The prepared material sample was then cured for 12 h hours. The design
of the gripper is based on the idea of a hexagon-shaped MRE shell that gets deformed in the presence of
magnetic field. The shape of the shell with the solenoid is illustrated in Fig. 1a. In the absence of magnetic
field the opening at the top of the shell is at its maximum aperture. The solenoid when activated induces
magnetic flux in the solenoid-shell structure that produces a force acting on the MRE material pulling it
towards the core surface of the solenoid. At the same time, as the material gets deformed, the shell opening
cross-section area is significantly reduced – see Fig. 1b. The solenoid is cylindrical – 100 mm in dia., core
diameter – 40 mm, no. of wire turns – 500. The pulling current was found to be 3 A (or 1500 AT). The
current  level  is  sufficient  to  ensure  the  gripper  is  operated  in  a  reversible  and  repeatable  manner.
Moreover, a rig was prepared for testing the gripper’s ability to handle various loads and objects.

3. CONCLUSIONS

The purpose of this study was to examine  the possibility of manufacturing a low-cost soft soft MRE
gripper that can be used for a variety of tasks and load handling. The gripper was manufactured out of a
MRE material (based on the mixture of silicon gel and CIP particles). The prototyped device was found to
operate in a reversible and repeatable manner, thus confirming the initial concept.
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Short abstract: Magnetorheological grease (MRG) is a smart material that exhibits tuneable rheological properties 
in response to magnetic fields. However, its high initial viscosity can limit performance. This study investigates 
MRG formulated with irregular flake-shaped electrolytic iron particles (EIP) to enhance its properties. MRG 
samples with 30-70 wt.% EIP were tested under varying magnetic fields. Results show that rheological properties 
depend on EIP concentration, with MRG containing 70 wt.% EIP exhibiting a greater magnetoviscous effect and 
storage modulus than MRG with 70 wt.% carbonyl iron particles. This suggests that EIP can improve MRG 
efficiency, making it suitable for potential applications such as seismic damper, brakes, and clutches.  
Keywords: electrolytic iron particle; magnetorheological grease; magnetoviscous effect; viscosity, storage 
modulus 

1. INTRODUCTION

MRG was first discovered by Rankin et al. in 1999 [1] by introducing grease as the viscoplastic medium 
in MRF to overcome sedimentation issue of MRF. It consists of magnetic particles dispersed in a carrier 
grease, which serves as a thixotropic medium to suspend the magnetic particles. The main drawback of MRG 
is its high initial viscosity [2] which reduces the storage modulus on the performance of material, leading to 
inefficiency of the devices during operation. The rheological properties of magnetorheological grease 
(MRG), including viscosity and storage modulus can be improved by optimizing the composition of magnetic 
particles. Therefore, in this study, a new MRG was made featuring irregular flake-shaped electrolytic iron 
particles (EIP) to study the effects of EIP composition in improving the performance of MRG.  

2. OBJECTIVES

This study explores how the incorporation of irregular flake shaped EIP affects the rheological 
behavior of MRG, focusing on viscosity and viscoelastic properties. The overarching goal is to optimize EIP 
composition to achieve MRG with superior magnetorheological performance. 

3. MATERIAL AND METHODOLOGY
 A series of MRG with different ratios, varying from 30 to 70 wt.% were prepared in order to examine 

the behaviour of varied composition of magnetic particles on rheological properties. Irregular shape of EIP 
purchased from Industrial Metal Powder (India) and grease (NPC Highrex HD-3 Grease, Nippon Koyu Ltd., 
Japan) as medium were used to fabricate MRG using a high-speed mechanical stirrer (HS-30 D, DAIHAN 
Scientific Co., Ltd.). In order to fabricate the MRG, 30 wt.% of grease is stirred for 5 minutes to loosen the internal 
structures of the base grease. Then, different ratios of EIP were added into the stirred grease and continuously 
stirred with mechanical mixing stirrer at 300 rpm for 2 hours to ensure homogenous distribution of MRG. It is 
remarked that all the samples preparation conducted in this study was carried out at room temperature. The 
summary of the fabricated samples in this study as tabulated in Table 1.  
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 Table 1: Compositions of MRG samples 

4. RESULTS AND DISCUSSION

Figure 1: Effect of varying EIP composition on MRG properties: (a) Magnetoviscous effect and (b) 
relationship between storage modulus and magnetic flux density. 

The relationship between viscosity and magnetic flux density was determined using rotational mode. 
Figure 1(a) illustrates the magnetoviscous effect of MRG at different EIP compositions, analyzed using 
rotational mode. The results show that viscosity increases with both magnetic flux density and EIP fraction 
at constant shear rates, attributed to the formation of a more structured particle network as EIP concentration 
rises.Furthermore, in oscillatory mode, the relationship between storage modulus and magnetic flux density 
was investigated. As shown in Figure 1(b), MRG-E 70 exhibits a noticeable increase in storage modulus 
with increasing magnetic field strength. In contrast, MRG-E 30 and MRG-E 50 maintain a steady storage 
modulus between 0.1 T and 0.5 T. This stability is likely due to the lower EIP concentration in MRG-E 30 
and MRG-E 50, which prevents the formation of strong chain-like structures and results in a low yield stress 
that is easily surpassed under oscillatory shear. In contrast, MRG-E 70 demonstrates a significant increase 
in storage modulus due to its higher magnetic particle concentration, leading to stronger inter-particle 
interactions and a more pronounced response to the applied magnetic field. 

5. CONCLUSIONS

The performance of MRG with the irregular shaped EIP was expressed in terms of magnetoviscous effect 
and storage modulus. Experimental results showed that the rheological properties of irregular shape MRG 
in terms of viscosity and storage modulus were dependent on the wt.% of EIP dispersed in the grease 
medium. The findings indicated that the incorporation of 70 wt.% of EIP can enhance the performance of 
MRG.  
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Short abstract: This study presents an analytical model, formulated within the framework of nonlinear

continuum mechanics, to predict the coupled magneto-mechanical-thermal behavior of transversely

isotropic magnetorheological elastomers (MREs). The model is based on a modified Helmholtz free energy

function, extended to explicitly incorporate temperature as an independent variable. Consequently, the total

free energy is expressed as a function of temperature, the deformation gradient, the magnetic field, and the

particle orientation parameters. Through the derived constitutive equations, the proposed model can

accurately capture the response of MREs under various combinations of magnetic, mechanical, and thermal

loading conditions.

Keywords: Magnetoreological Elastomer, continuum-based model, temperature effect.

1. INTRODUCTION

Magnetorheological elastomers (MREs), a class of smart functional materials, have attracted considerable

attention in recent years. MREs possess the remarkable ability to alter their mechanical properties in response

to an externally applied magnetic field, making them highly suitable for a broad spectrum of advanced

engineering and biomedical applications. These materials are composed of a soft elastomeric matrix

embedded with microscale ferromagnetic particles. The unique magnetorheological (MR) properties of

MREs arise from the presence of these ferromagnetic inclusions, a phenomenon commonly referred to as the

MR effect. Research has demonstrated that MREs with aligned particles—referred to as transversely

isotropic MREs—exhibit enhanced MR behavior, particularly when the external magnetic field is applied in

the same direction as the particle alignment. To fully exploit the potential of MREs, it is essential to develop

accurate constitutive models capable of capturing their magneto-mechanical coupling behavior. Such models

must reliably describe the material response across a broad range of magnetic field  strengths, mechanical

loading conditions, and temperatures. A comprehensive review of the major modeling approaches for MREs

has been presented in a recent study [1]. Among these, the continuum-based modeling approach stands out

by offering a robust, physics-based mathematical framework for predicting the nonlinear behavior of MREs

under diverse conditions. Ultimately, integrating constitutive modeling with experimental data will facilitate

more reliable and cost-effective design processes for magnetorheological systems.

2. OBJECTIVES

Motivated by existing gaps in the literature, this study aims to develop a robust continuum-based model

to predict the coupled magneto-mechanical-thermal response of transversely isotropic magnetorheological

elastomers, explicitly incorporating temperature as an independent variable.

3. MATERIAL AND METHODOLOGY

In this study, a modified Helmholtz free energy function is formulated to incorporate magnetic induction 
B and the particle alignment direction a, in addition to the deformation gradient F [2]. By applying the first 
and second laws of thermodynamics, the corresponding constitutive equations are derived, and the 
dependence of the total modified energy function on temperature T is established. Once the dependence of 
the total energy function on temperature is established, it becomes necessary to determine the temperature 
distribution throughout the MRE sample. The system under consideration is a cylindrical, transversely 
isotropic MRE specimen with a height of 10 mm and a diameter of 20 mm. To obtain the temperature as a 
function of the material coordinates, the heat conduction problem is solved in cylindrical coordinates. It is 
worth noting that a practical thermal boundary condition is adopted: the bottom surface of the  cylinder is 
maintained at a prescribed temperature, while all other surfaces are subjected to free convection boundary
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conditions. Incorporating the temperature distribution function enables the proposed model to capture the

response of MREs under varying thermal gradients. Moreover, in addition to the influence of magnetic

induction on the shear modulus, the steady-state temperature also affects the off-field stiffness of MREs—

such as in scenarios where the sample is placed in a thermal chamber and allowed to reach thermal

equilibrium. Consequently, the shear modulus can be expressed as a function of both magnetic induction and

temperature. In this study, both the effects of temperature gradients and steady-state temperature conditions

are taken into account.

4. RESULTS AND DISCUSSION

The solution of heat conduction results if temperature distribution function as following equation:

𝑇(𝑟, 𝑧) = ∑𝐸𝑛

∞

𝑛=1

𝐽
0
(𝜆𝑛𝑟) sinh(𝜆𝑛𝑧) −

ℎ

ℎ𝐿 + 𝜅𝑒𝑓𝑓
𝑧 + 1 (Eq. 1)

Thus, the modified energy function can be defined as:

𝜓(𝑭,𝑩, 𝑇, 𝑨) = 𝑐0 [𝑇 − 𝑇0 − 𝑇ln (
𝑇

𝑇0
)] − (𝑇 − 𝑇0)𝑀1(𝑭) +

𝑇

𝑇0
𝑊2(𝑭, 𝑩, 𝑨) (Eq. 2)

By applying the constitutive equations in conjunction with the mechanical boundary conditions

corresponding to torque–twist loading, the material constants can be identified, and the overal l response of

transversely isotropic MREs under coupled magneto-mechanical-thermal conditions can be predicted. The

resulting torque–twist response, along with the corresponding temperature distribution within the MRE, is

presented in Figure 1.

Figure 1: a) The temperature distribution for fixed base temperature of -5°C, b) Torque-twist response under

different B at fixed room temperature

5. CONCLUSIONS

The proposed continuum-based model is capable of capturing the coupled magneto-mechanical-thermal

behavior of transversely isotropic MREs under quasi-static loading conditions.
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Short abstract: In this study, we proposed a hybrid smart structure with a combination of

magnetorheological (MR) fluid and elastomer by using a soft ultraviolet-reactive resin (UVR) and

magnetic particles. In this method, a key material is an MR ultraviolet resin (MRUVR) that is a mixture of

the soft UVR and magnetic particles. As a basic study, we experimentally investigated the

manufacturability of its cure process and elastic properties of the cured MRUVR. The results of the

compression tests show significant increasement of the elastic modulus for some prepared MRUVR.  

Keywords: Magnetorheological fluid, Magnetorheological elastomer, Ultraviolet cure

1. INTRODUCTION

Soft robotics [1] is an attractive field for many applications of robot hands targeting to manipulate

delicate objects, e.g., natural products or biological objects.  In the soft robotics, several types of smart

materials and smart structure have been utilized to achieve lightweight and flexible handling devices. For

example, magnetorheological (MR) fluid [2] is a candidate for fluidic soft robot owing to its rapid response,

wide range of its viscosity change and simple structure. However, leakage of the fluid is one of drawbacks

for the MR fluid-based mechanisms. On the other hand, MR elastomer [3] is a flexible solid material. Its

elastic properties can be controlled with intensity of external magnetic field. This material is also attractive

as a 3D printable material [4] for the soft robots. However, the range of its elastic change is relatively low

due to the limitation of volume fluxion that can be applicable for stable material production.

2. OBJECTIVES

To overcome the above drawbacks of the MR fluids / elastomers, and utilized their advantages in the soft

robot devices, we propose a hybrid smart structure with a combination of the MR Fluid and Elastomer in

this study. In this smart structure, an MR fluid is completely packed with an MR elastomer without air cavity.

To achieve this goal, a 3D printing technique is utilized. The conceptual drawing of its production process

is shown in Fig.1. In this method, a key material is an MR ultraviolet resin (MRUVR) that is a mixture of a

soft ultraviolet-reactive resin (UVR) and magnetic particles. Before its curing, it works as an MR fluid. On

the other hand, it becomes an MR elastomer after curing.

Figure 1: Conceptual drawing of 3D printable Hybrid Smart Structure with

Magnetorheological Fluid / Elastomer.
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3. MATERIAL AND METHODOLOGY

As a basic study, we experimentally investigated the manufacturability of cure processes of the MRUVR

and elastic properties of the cured MRUVR. Figure 2 shows the magnetic particles used in this study. Five

to fifteen vol% of iron particles (Iron powder, Kyowa Pure Chemical, average diameter: 74 μm (#200) and

47μm (#300, Fig.2)) are mixed in a soft UV resin (SK Rubber-like Resin, SK Honpo, shore hardness: A45),

and stirred with an overhead stirrer (RW16, IKA). After stirring, ultraviolet ray was exposed to the mixture

for 0.5 – 3.0 minutes with a LED handy light (light diameter: 30 mm). After curing, compression tests were

conducted with a universal testing machine (MCT-1150; AND Corp.).

4. RESULTS AND DISCUSSION

After the exploration of the curing process, 5 – 10 vol% were selected as stable preparation conditions for both 

particle sizes. Figure 3 shows experimental results of the compression tests for 5 vol% of #200 and curing time

of 1 minute. Horizontal and vertical axes show strain and stress on the MRUVR sample. The results of the

compression tests show significant increasement of the elastic modulus.

Figure 2: Magnetic particle (#300) Figure 3: Experimental result for #200

5. CONCLUSIONS

In this study, we proposed a hybrid smart structure with a combination of MR fluids and elastomers by

using a soft UVR and magnetic particles. As a basic study, we experimentally investigated the

manufacturability of its cure process and elastic properties of the cured soft MRUVR.
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Short abstract: This study investigates the mechanical properties of polydimethylsiloxane (PDMS) 
nanocomposites reinforced with graphene oxide (GO) and reduced graphene oxide (rGO). PDMS (15:1

base-to-curing agent ratio) was reinforced with varying GO concentrations (0.3%-0.6% by weight) and

0.3% rGO. Using an Instron mini tensile testing machine, enhancements in Young's modulus, tensile 
strength, ultimate tensile strength, and elongation at break were evaluated. Results revealed optimal 
performance at 0.5% GO and superior reinforcement with 0.3% rGO compared to equivalent GO 
concentrations. This work builds on prior studies highlighting the role of nanofillers in improving 
elastomer strength for advanced applications.

Keywords: PDMS nanocomposites, graphene oxide, reduced graphene oxide, mechanical properties, 
tensile testing

1. INTRODUCTION

Polydimethylsiloxane (PDMS) is a widely used elastomer known for its excellent flexibility, low modulus, 
and thermal stability, making it a preferred material in applications ranging from biomedical engineering to 
microfluidics and coatings. However, its relatively low mechanical strength and stiffness often limit its use 
in high-performance applications. To address these challenges, the incorporation of nanofillers such as 
graphene oxide (GO) and reduced graphene oxide (rGO) has emerged as an effective str ategy to enhance the 
mechanical properties of PDMS. These nanofillers provide superior reinforcement due to their high surface 
area, excellent mechanical properties, and strong interfacial interactions with the PDMS matrix.  Recent 
advancements in nanocomposite technology have demonstrated significant improvements in tensile strength, 
Young's modulus, and elongation at break for PDMS reinforced with GO and rGO. For instance, studies 
have shown that GO can act as a multifunctional filler, improving not only the mechanical properties but 
also the thermal stability and self-healing capabilities of PDMS-based composites(Krishnakumar et al., 2020; 
Moorthi et al., 2022). Moreover, rGO has been highlighted for its superior reinforcement capabilities 
compared to GO due to its higher electrical conductivity and better dispersion within the polymer 
matrix(Bellier et al., 2022; Khan et al., 2020). These enhancements make GO- and rGO-reinforced PDMS 
nanocomposites promising candidates for advanced engineering applications such as flexible electronics, 
coatings, and sensors. This study evaluates the mechanical properties of PDMS nanocomposites with varying 
concentrations of GO (0.03g–0.06g) and rGO (0.03g) using an Instron mini tensile testing machine, aiming 
to quantify improvements and determine optimal filler concentrations for maximizing performance.

2. OBJECTIVES

 The objective of this study is to investigate the development of electro-active elastomers with tunable properties 

responsive to electric current. Building upon previous research, including our own work demonstrating significant 

strength improvements in nano-cellulose matrices with low graphene oxide (GO) content, this study aims to 

evaluate the mechanical properties of polydimethylsiloxane (PDMS) nanocomposites reinforced with varying 

concentrations of GO (ranging from 0.3% to 0.6% by weight) and reduced graphene oxide (rGO) (0.3% by 

weight). Using an Instron mini tensile testing machine, we will quantify enhancements in Young's modulus, tensile 

strength, ultimate tensile strength, and elongation at break. The study seeks to identify optimal GO concentration 

for maximum performance, compare the reinforcement efficacy of GO and rGO in PDMS nanocomposites, and 

establish a relationship between filler concentration and mechanical property improvement. This research 

contributes to the development of high-performance, electrically responsive PDMS-based materials for advanced 
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engineering applications, with potential implications for smart materials and adaptive structures.

3. MATERIAL AND METHODOLOGY

The study utilized polydimethylsiloxane (PDMS) Sylgard 184, graphene oxide (GO) synthesized via a

modified Hummers' method, and reduced graphene oxide (rGO) prepared through chemical reduction of GO,

with isopropyl alcohol (IPA) as the dispersing agent. The nanocomposite preparation involved dispersing

GO and rGO in IPA through ultrasonication, mixing with PDMS base at various concentrations (0.03g,

0.04g, 0.05g, and 0.06g for GO; 0.03g for rGO), mechanical stirring, and addition of curing agent at a 15:1

base-to-curing agent ratio. The mixture was then cured at 80°C for 30 minutes in an oven to produce the

final nanocomposite samples.

4. RESULTS AND DISCUSSION

Table 1 shows the improved mechanical properties of PDMS (15:1) when reinforced with graphene oxide

(GO) and reduced graphene oxide (rGO). The best results were achieved with 0.05g GO and 0.03g rGO.

Table 1: Mechanical Properties of PDMS (15:1) Reinforced with Graphene Oxide (GO) and Reduced

Graphene Oxide (rGO)

Property Base PDMS

(15:1)

+0.3% GO +0.4% GO +0.5% GO +0.6% GO +0.3% rGO

Young's

Modulus (MPa)
1.1 1.8 1.9 2 1.85 2.2

Tensile Strength

(MPa)
3.5 4.2 4.3 4.4 4.25 4.7

Ultimate Tensile

Strength (MPa)
4 5 5.1 5.2 5.05 5.5

Elongation at

Break (%)
160 170 172 175 173 175

The work will be further extended to evaluate if a current circulating through the elastomer will modify in any 

way the strain or the strength of the material when subjected to tensile forces. Further work will be directed 

towards the scaling the stiffness of the material when subjected to compressive forces.

5. CONCLUSIONS

In conclusion, this study demonstrates the significant enhancement of PDMS mechanical properties through

the incorporation of GO and rGO nanofillers. Specifically, a GO concentration of 0.05g yielded optimal

performance among GO-reinforced samples, while 0.03g rGO exhibited superior reinforcement compared to

the equivalent GO concentration. Future work could explore the long-term durability and stability of these

nanocomposites, as well as investigate the effects of different reduction methods on rGO's rein forcement

capabilities to further optimize the mechanical properties of PDMS-based materials.
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Short abstract: In this study, the vibration characteristics of a magnetorheological elastomer (MRE)

membrane under a varying magnetic field are analytically investigated. The MRE membrane, with a known

magnetization, deforms into a spherical cap under a uniform magnetic field, inducing tension proportional

to the magnetic field. This magnetic-induced tension alters the membrane’s natural frequencies. By 

modeling the field as a pressure acting perpendicularly to the membrane, we analyze how changes in the

magnetic field modify the tension and, consequently, the natural frequencies. The results aim to elucidate

the tunability of MRE membranes for adaptive structural applications.

Keywords: Membrane, Magnetorheological Elastomers, Tension, Natural Frequency, Pressure.

1. INTRODUCTION

Membranes are thin and flexible structures that primarily resist loads through in-plane tension rather than

bending stiffness. These lightweight structures are widely applied in acoustic devices, sensors, and adaptive

structures due to their high sensitivity and tunability. Membranes offer advantages such as low mass and

responsiveness to external stimuli, making them ideal for dynamic environments.  Fabricating the membrane

from a magnetorheological elastomer imparts magnetic properties that complement its inherent mecha nical

characteristics. This integration transforms the membrane into an active component capable of modifying its

mechanical and dynamic responses under an applied magnetic field, enabling it to function as a remotely

adjustable element. Such adaptability enhances its utility in applications requiring precise control over

vibrational and structural behaviour.

Numerous studies have explored magnetoactive membrane designs for various applications, particularly

acoustic metamaterials [1-3]. This shows the importance of investigating the dynamic behaviour of such

systems. In this paper, we examine a thin, circular membrane made from a magnetorheological elastomer,

analyzing the influence of an applied magnetic field on its dynamic properties. The research aims to indicate

how magnetic stimuli can modulate the membrane’s vibrational characteristics, contributing to the 

advancement of adaptive material technologies.

2. OBJECTIVES

The primary factor influencing the vibration propagation properties of MRE membranes is the applied

tension. The first type of tension is externally imposed through boundary conditions using a fixture.

However, with the introduction of magnetic effects, the magnetic field can also modify the internal tension

of the membrane, thereby altering its stiffness or flexibility. The natural frequencies can be effectively tuned

by adjusting the membrane's tension. The following section will employ a linear analytical approach to derive

equations describing magnetically induced tension and its impact on the membrane’s natural frequencies.

3. MATERIAL AND METHODOLOGY

A circular, flat, thin MRE membrane is considered. Upon applying a magnetic field perpendicular to the

membrane, the magnetic field can be treated as an equivalent pressure field, denoted as 𝑃0 [3]:

𝑃0 = 𝜇0ℎ𝑀∇𝐻 (1)

where 𝜇0 is the vacuum permeability, ℎ is the membrane’s thickness (0.5mm), 𝑀 is the magnetization of the

material (assumed to be a constant and equal to 300 
𝑘𝐴

𝑚
), and ∇𝐻 is the magnetic field gradient. This equation

can be derived from magnetic energy density. On the other hand, by considering wave equation in

membranes1 and solving the eigenvalue problem with fixed boundary conditions, the first natural frequency

can be expressed as:

1 𝑇∇2𝑤 = 𝜌
𝜕2𝑤

𝜕𝑡2
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𝑓𝑛 =
2.405

2𝜋𝑎
√
𝑇

𝜌ℎ
(2)

where 𝑇, 𝜌, and 𝑎 are tension (10 
𝑁

𝑚
), density (2800 

𝑘𝑔

𝑚3), and radius of the membrane (50mm), respectively.

Assuming linear stress and strain in the deformed membrane, which is assumed to take the shape of a

spherical cap, and using Hook’s law, the magnetically induced tension may be derived as:

𝑇𝑚𝑎𝑔 = [
𝐸ℎ𝑎2𝑃0

2

24(1 − 𝜈)
]
1
3 (3)

where 𝐸 and 𝜈 are Young’s modulus (1 MPa) and Poisson’s ratio (0.49), respectively. Based on the principle

of superposition, the total tension in the membrane is the sum of the magnetically induced tension and the

mechanically applied pre-tension. As the strength of the magnetic field changes, the equivalent pressure field

𝑃0 is altered, allowing for control over the membrane’s overall tension.

4. RESULTS AND DISCUSSION

The variation of the first natural frequency of the MRE membrane concerning the applied magnetic field

gradient is presented in Figure 1. The trend demonstrates a clear increase in natural frequency as the magnetic

field gradient increases. This behaviour indicates that the induced magnetic tension plays a significant role

in altering the membrane’s dynamic characteristics and suggests that the additional magnetic-induced tension

enhances the membrane’s stiffness, leading to a higher resistance to deformation and, consequently, an 

increase in natural frequency. The nonlinearity arises from the nonlinearity of the equations. This result

highlights the feasibility of tuning the membrane’s vibrational properties through external magnetic control, 

which is particularly beneficial for applications requiring adaptive frequency response, such as vibration

control, tunable resonators, and smart material systems.

Figure 1: First natural frequency shift under varying magnetic field gradient

5. CONCLUSIONS

This study demonstrates that the natural frequency of an MRE membrane can be effectively tuned by

adjusting the applied magnetic field. The induced magnetic tension increases the membrane’s stiffness, 

leading to a higher resistance to deformation and a corresponding rise in natural frequency. The results

highlight the potential of MRE membranes for adaptive structural applications, enabling precise control over

vibrational properties in smart material systems.
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Short abstract: Biomimetics is gaining increasing attention, particularly in applications such as solar panel

cleaning and spacecraft maintenance. Among these developments, gecko-inspired robots that utilize

adhesion mechanisms to traverse surfaces are being actively researched. However, contamination

significantly deteriorates the adhesion performance of these mechanisms. This study investigates the use

of ridge-shaped permanent magnet elastomers that combine flexibility with magnetic properties to facilitate

particle adhesion and detachment. By measuring adhesion and detachment quantities of particles, we found

that the ridged structure allowed particles to be removed and self-cleaning to be realized compared to

smooth surfaces.

Keywords: Permanent magnet elastomer, Gecko robot, Self-cleaning, Biomimetics.

1. INTRODUCTION

Gecko-inspired robots that utilize van der Waals forces can climb walls and ceilings[1]. These robots hold

promise for applications such as cleaning solar panels and inspecting buildings. However, maintaining adhesion,

especially on contaminated surfaces, remains a significant challenge.

Previous studies have explored the use of magnetorheological elastomers with micro-ridge structures. Such

microstructures can realize self-cleaning by applying magnetic fields[2]. Although the shape of such a

microstructure changes when an external magnetic field is applied, it returns to its original shape by relying solely

on its elastic force. This is because the dispersed magnetic particles are soft magnetic materials. In order to realize

more effective self-cleaning, this study proposes the use of permanent magnet elastomers containing neodymium

particles, which provide residual magnetization, flexibility, and shape control.

Figure 1 demonstrates the particle capture and release using the ridge-shaped permanent magnet elastomer.

The ridges of permanent magnet elastomers can capture particles when tilted and release them when they are

returned to their original shape. In the present study, to understand the self-cleaning mechanism, the amount of

particles captured and released was evaluated by measuring the weight of detached glass particles with varying

ridge dimensions.

Figure 1: Particle adhesion and detachment using ridge-shaped permanent magnet

elastomer.

2. MATERIAL AND METHODOLOGY

In this study, permanent magnet elastomers were fabricated using SILPOT184 (manufactured by Dow 
TORAY) as the dispersing medium and neodymium particles (manufactured by Magnepunch) with an average 
size of 5 μm as the dispersed phase. To create the ridge structures, molds were made by precisely carving grooves 
of equal height and width into PTFE using a design knife. The dispersing medium and particles were mixed, 
poured into the molds, and thermally cured to produce micro-ridges.

The self-cleaning ability of micro-ridge permanent magnet elastomers was evaluated using glass particles 
as simulated contaminants. Adhesion and detachment of the glass particles were assessed using the following 
procedure. First, a magnetic field was applied to tilt the ridges, allowing glass particles to adhere to the surface,
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and the weight of the attached particles was measured. Then, by adjusting the magnetic field to return the ridges

to an upright position, the weight of the detached particles was measured to evaluate self-cleaning performance.

Four types of permanent magnet elastomers were tested: three with ridge heights and widths of 200 μm, 300 μm, 

and 350 μm, and one without ridges. Glass particles with sizes ranging from 0.500 to 0.710 mm were used in the 

experiments.

3. RESULTS AND DISCUSSION

The measured adhesion and detachment amounts are shown in Figure 2. These values represent the averages

of five measurements conducted under each condition. In the case of w = 0 and h = 0, where no ridges are present

and the surface remains smooth, detachment due to surface shape changes does not occur, resulting in adhesion

measurements only.

Figure 2: Results of the experiment measuring adhesion and detachment amounts.

The experimental results indicated that, for the tested particle sizes, adhesion increased as ridge size

decreased in samples with ridges. Similarly, the ratio of detached to adhered particles was higher for smaller

ridge sizes. These findings suggest that reducing ridge size enhances both particle adhesion and detachment,

thereby improving the self-cleaning performance of micro-ridge permanent magnet elastomers. Furthermore,

the ridge-free sample exhibited the lowest adhesion, indicating that the presence of ridges promotes particle

attachment. However, since adhesion still occurred in the ridge-free sample, micro-ridge permanent magnet

elastomers, which facilitate particle detachment, are considered effective for self -cleaning applications.

4. CONCLUSIONS

The experimental results confirmed that modifying the ridge size affected both particle adhesion and

detachment. Additionally, it was demonstrated that micro-ridge permanent magnet elastomers are effective for

self-cleaning applications. While this study focused on self-cleaning, the ability to control particle attachment and

detachment has potential applications in various fields.
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Short abstract: The magnetic properties of elastomers based on silicone matrix and iron microparticles

assembled in aggregates of different morphology are experimentally investigated. For this purpose,

elastomer samples with various concentrations of magnetic filler are structured in a magnetic field of

various strength. The influence of the shape and size of the particle aggregates on the magnetic

characteristics of the samples is revealed. Moreover, the influence of the angle between the direction of

particle aggregates, i.e. the field applied in the process of crosslinking the polymer matrix, and the direction

of the field applied during magnetic measurements on the macroscopic magnetic properties of the

composite is investigated. Magnetic measurements are supported by the evaluation of the real

microstructure of the samples using X-ray computed microtomography and corresponding digital image

processing methods. 

Keywords: elastomer, magnetization, microstructure, anisotropy, field angle.

1. INTRODUCTION AND OBJECTIVES

Composites based on magnetic particles and an elastic polymer matrix are called magnetic elastomers.

Depending on the size and concentration of magnetic particles and the elasticity of the matrix, such materials

can have a significant magnetorheological (MR) effect and are traditionally referred to as MR elastomers

[1]. Regardless of the above parameters and the magnitude of the MR effect, the presence of a magnetic

component makes such composites magnetically sensitive. The application of an external homogeneous

magnetic field during the polymerisation process makes it possible to obtain anisotropic material due to the

structuring of particles in the initially liquid polymer matrix. It is obvious that the induced anisotropy

significantly changes the magneto-mechanical response of composites to an external magnetic field.

Recently, the influence of the mutual orientation of particle aggregates and the external magnetic field

applied during magneto-mechanical tests on the macroscopic mechanical properties of MR elastomers was

systematically investigated, see e.g. [2]. At the same time, the known results of measuring magnetization

curves and determining the corresponding magnetic properties of magnetic elastomers as a function of the

mutual orientation of the particle structures and the external field are limited to theoretical predictions, see

e.g. [3]. The known experimental publications consider parallel and perpendicular orientations only [4,5].

On the other hand, varying the concentration of magnetic filler and the magnitude of the magnetic field

applied during material crosslinking makes it possible to obtain a composite with different morphology of

particle aggregates, see e.g. [6]. However, the relationship between the morphology of particle aggregates

and the macroscopic properties of the material has not been sufficiently investigated to date. The question

of the influence of the spatial orientation of different particle structures relative to the direction of the

magnetic field applied in the experiment remains open. Accordingly, this study examines the influence of

the angle between the direction of particle aggregates of different morphologies and the direction of the field

applied during magnetic measurements on the macroscopic material response. Measurements of the magnetic

characteristics of various composite samples are accompanied by microstructural studies.

2. MATERIAL AND METHODOLOGY

The study examines elastomeric composite samples based on two-component polydimethylsiloxane 
matrix (silicone and crosslinker NEUKASIEL RTV 230 and A149).  Sigma-Aldrich iron powder with a 
particle average diameter of 44 μm are used as magnetic filler. The specimens are fabricated by mechanical 

mixing of all components, vacuum degassing and crosslinking at room temperature. The structuring magnetic 
field is provided by the electromagnet of a vibrating sample magnetometer (Lake Shore VSM 7407s), which 
is further used for magnetic measurements. The spatial orientation of particle structures relative to the 
direction of the external field in magnetic measurements was changed by rotating the VSM rod with the 
sample holder around the vertical axis. Microstructural investigations are conducted using the own laboratory 
X-Ray microtomography setup and reconstruction process is performed calculating a three-dimensional 
model from the individual radiographs with a software package developed in house [7].
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3. RESULTS AND DISCUSSION

Figure 1 shows visualization of the different internal microstructure of a magnetic elastomer with the

same microparticle content. A composite with short chains formed by structuring in a low (<10 A/m)

magnetic field (b) and a composite with long chains formed by structuring in a high magnetic field (>) (c)

are shown next to the isotropic sample (a). Figure 2 shows the dependence of the initial magnetic

susceptibility ini on the tilt angle of the particles  relative to the direction of the magnetic field applied

during the magnetic measurements. The values of ini are obtained from the magnetization curves of these

samples. The smaller the tilt angle of chain aggregates relative to the applied field, the higher the initial

magnetic susceptibility. The composite with long chains has the highest susceptibility. At higher tilt angle

(>60o), the susceptibility of anisotropic composites is comparable to that of isotropic material. The obtained

results are obviously related to the demagnetizing factor of chain aggregates and its variation with the change

of the tilt angle of the chains. It should also be noted that a similar trend is observed for filled composites

(~10 vol.%) with thick clusters and/or network-like aggregates of particles, i.e. composites with a

morphology fundamentally different from individual chains. These results will be demonstrated at the

conference.

Figure 1: Microstructure of specimens with

~0.13 vol.% particles in VSM specimen

holder: a) isotropic composite, b) short

chain composite, c) long chain composite.

Figure 2: Initial magnetic susceptibility of samples

with ~0.13 vol.% particles as a function of the angle

of spatial orientation of particle chains relative to the

external magnetic field.

4. SUMMARY AND OUTLOOK

The morphology of the structures of magnetic microparticles and their orientation relative to the external

field has a significant influence on the magnetic properties of anisotropic magnetic elastomers . Quantitative

correlations between the size of the structures and the obtained dependencies of the magnetic properties of

the composite on the spatial orientation of the structures remain to be carried out.
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Short abstract: This paper develops a new magneto-rheological (MR) torque feedback device (TFD) for 

Steer-by-Wire (SbW) systems. The new MRTFD utilizes a comb profile MRF channel to extend the 

operational area of the fluid, thereby improving performance characteristics. Modeling and optimization 

are conducted to achieve a compact and optimal design. Experiments and assessments are planned to 

validate the feasibility of the MRTFD. The study is expected to provide an effective and compact 

MRTFD for SbW systems in particular and green haptic technology in general. 

Keywords: brake, comb-shaped, feedback, magneto-rheological, Steer-by-Wire. 

1. INTRODUCTION

It is widely recognized that SbW systems offer safety and fuel efficiency benefits over traditional

mechanical steering systems. However, it lacks tactile steering feedback, which impacts driver control. 

Therefore, it is necessary to integrate an TFD into SbW systems for enhanced steering feel experiences. 

MRF, a smart material responsive to magnetic fields, has recently emerged as a promising candidate for 

semi-active feedback systems. Most MRF-based TFDs operate similarly to MR brakes, enabling precise 

torque control according to steering angle by adjusting magnetic field strength. Over the past years, 

extensive research on MRBs has been conducted by numerous scholars [1-4], serving as a basis for the 

advancement of MRTFDs. In this study, we develop a new compact MRTFD with superior performance 

characteristics for SbW systems. This new MRTFD features a comb-shaped channel configuration to 

increase the active area of MRF in a specific operational space, producing improved feedback torque and 

dynamic range. 

2. OBJECTIVES

Based on the previous analyses, the objectives of paper are as follows:

 Develop a new MRTFD with comb-shaped channel to enhance feedback torque and dynamic range.

 Conduct the modeling and optimization to achieve the compact and optimal design for a specific SbW

system.

 Validate the feasibility of the comb-shaped channel MRTFD through experiments and evaluations.

3. MATERIAL AND METHODOLOGY

Figure 1 shows the configuration of the new comb-shaped channel MRTFD. A magnetic sleeve with

axial comb profile is securely attached to a non-magnetic material shaft, serving as the rotor element. 

Comb teeth are positioned on the inner face of the cylinder, engaged with the corresponding profile on the 

rotor to form a comb-shaped MRF channel. Upon exposure to magnetic field, the MRF solidifies, resulting 

in the expected feedback torque generated by heightened friction between the rotor and MRF. 

The total feedback torque Tf is determined as the sum of yield stress torque Tτ, viscous torque Tη and 

Coulomb friction torque at lip seal Tls [4]: 

2f lsT T T T    (1) 

 2 2 2

. .2 3 3 sin sin
3

j j j j j j y jT T l r r l l 


       (2)
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 


         
   (3) 

where τy and η are the MRF properties, ω is the spindle speed, and r, l, θ and tg are geometric dimensions.

Figure 1: Configuration of the comb-shaped channel MRTFD. 

The methodologies planned to be implemented in the paper are as follows:  

 Analysis and review. Configurations of MRTFDs are first reviewed, followed by analyses of their respective

advantages and disadvantages, then the comb-shaped channel structure is proposed.

 Modeling, simulation and comparison. Based on the mathematical model, a design optimization problem is

formulated. The comb-shaped channel MRTFD model is then simulated and optimized using ANSYS

software, and the results are subsequently compared with previous studies.

 Experimental validation. The MRTFD is designed, prototyped and experimentally verified on a test rig.

4. RESULTS AND DISCUSSION

Figure 2 shows the simulation results for the comb-shaped channel MRTFD. The distribution of

magnetic flux is observed to extend across the MRF channel segments, consequently enhancing the 

feedback torque. Based on these modeling and simulation, a design optimization is planned to be 

conducted, considering performance criteria such as feedback torque, dynamic range , time constant and 

power consumption. 

Figure 2: Simulation of magnetic flux lines and magnetic flux density. 

5. CONCLUSIONS

In this study, a new compact MRTFD featuring comb-shaped channel for SbW systems is presented.

The modeling and simulation results show the feasibility of this concept. In the next phase, the MRTFD 

will undergo optimization, prototyping, testing, and comprehensive evaluation to validate its functionality. 
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Short abstract: To address the inherent trade-offs among key performance indicators of

magnetorheological fluids (MRFs), such as shear yield strength, sedimentation stability, zero-field

viscosity, and redispersibility. This research investigates the development of a bidisperse particle system

MRF by directly compounding flake-shaped FeSiCr amorphous alloy particles with carbonyl iron particles.

The results demonstrate that the incorporation of flake-shaped FeSiCr particles not only enhances the shear

yield strength of the MRFs across the entire magnetic field range but also significantly improves

sedimentation stability and wear resistance characteristic during long-term operation. Most importantly,

the combination of superior comprehensive performance and a simple manufacturing process significantly

enhances the engineering applicability of the bidisperse particle system MRFs, making it a promising

candidate for practical applications in intelligent vibration control systems.

Keywords: magnetorheological fluids, flake-shaped particles, FeSiCr amorphous alloy, bidisperse particle

system, comprehensive performance.

1. INTRODUCTION

Magnetorheological fluids (MRFs) are intelligent fluids whose rheological parameters such as viscosity

and shear yield strength can be instantaneously and reversibly controlled by a magnetic field.  Typically

composed of soft magnetic particles, carrier liquids and functional additives. Particles are the key

components that determine the properties of MRFs. The element, morphology, particle size, content and

dispersibility of soft magnetic particles are widely regarded as the starting point of particle regulation.

However, the influence of these factors on the key performance indicators is extremely complex, typically

resulting in the improvement of one or two performance indicators accompanied by the deterioration of other

performance indicators. Therefore, resolving the contradiction between key performance indicators of MRFs

and preparing MRFs with high shear yield strength, satisfactory zero-field viscosity and excellent

sedimentation stability is an urgent bottleneck problem that needs to be addressed for the development of

MR damping technology.

2. OBJECTIVES

The main purpose of this research is to solve the contradiction between shear yield strength, zero-field 
viscosity and sedimentation stability of MRFs by particle systems control.

3. MATERIAL AND METHODOLOGY

3.1. Preparation of MRFs

For the preparation of bidisperse MRFs, flake-shaped FeSiCr particles and CIPs were pre-mixed in 
varying proportions and added together to a beaker containing dimethyl silicone oil, maintaining a particle 
content of 65 wt.%. The mixture was thoroughly stirred at room temperature to achieve uniform suspension, 
thereby preparing a series of MRFs for experimental research.

3.1. Characterization of particles and MRFs

The morphology and compositional analysis of particles were thoroughly investigated using a JSM-7900F 
ultra-high resolution field-emission scanning electron microscope (FE-SEM) coupled. The phase structure 
of particle was extensively characterized using a Bruker D8 Advance X-ray diffractometer (Cu target and 
2.2 kW ceramic X-ray tube) produced by Bruker Corporation. The magnetic properties of particles evaluated 
over a range of -15000 to 15000 Oe using a Lakesore-7400s vibrating sample magnetometer (VSM) at 40°C. 
The rheological performance of MRFs containing varying concentrations of bidisperse particles were
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investigated at 40°C using an Anton Paar MCR-301 rheometer (parallel plate system with PP-20 geometry,

1 mm test gap distance, and magnetic field intensity ranging from 0 mT to 545 mT).

4. RESULTS AND DISCUSSION

Figure 1a shows that the flake-shaped FeSiCr particles have a typical amorphous structure and are

consistent with PDF cards numbered 34-0396. Figure 1b shows that the flake-shaped FeSiCr particles have

excellent soft magnetic properties, and the saturation magnetization is comparable to that of CIPs. Figure 1c

shows that the MRFs prepared by simple flake-shaped FeSiCr particles has extremely high shear yield

strength under low magnetic field, and also has a shear yield strength comparable to that of CIPs-based

MRFs phase under high magnetic field. In general, the superiority of flake-shaped FeSiCr as MRFs particles

is demonstrated. Figure 1d and 1e respectively show that with the addition of flake-shaped FeSiCr particles,

the sedimentation stability and zero-field viscosity of MRFs are improved to varying degrees. Figure 1f

shows that the shear yield strength increases first and then decreases with the increase of the relative content

of flake-shaped FeSiCr in the bidisperse particle system. The shear yield strength can be improved under the

full magnetic field at a specific ratio. Figure 1g shows that MRFs-50/50 has excellent operational stability

under both high and low magnetic fields. Figure 1h shows that the particle morphology of MRFs-50/50 does

not change after 72 h of ball milling, indicating that the flake-shaped FeSiCr has excellent wear resistance.

Figure 1: Properties of flake-shaped FeSiCr particles and bidisperse MRFs composed with CIPs. XRD (a),

VSM (b), shear yield strength of monodisperse MRFs (c), sedimentation stability of bidisperse MRFs (d),

zero-field viscosity of bidisperse MRFs (e), shear yield strength of bidisperse MRFs (f), operational stability

of MRFs-50/50 (g), wear resistance of MRFs-50/50 (h).

5. CONCLUSIONS

This study employs a micro-size FeSiCr amorphous alloy flake, which is directly compounded with CIPs 
to form a bidisperse particle system MRFs. The results demonstrate that the incorporation of flake-shaped 
FeSiCr not only achieves high yield stress under both low and high magnetic fields but also ensures 
sedimentation stability over long-term storage. The large-sized FeSiCr particles, which possess wear-

resistant characteristics, enhance the durability of the MRF while preventing excessive increases in zero -
field viscosity. This study’s straightforward preparation method for MRFs with high comprehensive 

performance lays a foundation for industrial development of predominant performance MRFs.
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Short abstract: As the aerospace industry shifts to electrifying aircraft, magnetorheological actuators are

promising replacements for flight control. They offer high torque density, and high dynamic motion

possibilities while being free of jam failure modes exhibited by conventional electromechanical actuators.

However, wear mechanisms of magnetorheological fluid have only been tested in controlled laboratory

environments. These tests do not accurately reflect realistic operating conditions in aircraft flight control

applications. To address this, a new test bench was designed to evaluate the fluid's wear in realistic conditions

and provide a clearer understanding of the actuator’s durability.

Keywords: Testing, Wear, Magnetorheological Fluid, and Magnetorheological Actuator .

1. INTRODUCTION

Aircraft control surfaces are currently actuated by hydraulic actuators due to their robustness, reliability,

and high force-to-weight ratio. However, these actuators use corrosive fluids and require expensive

maintenance [1]. The aerospace industry is shifting towards More Electric Aircraft (MEA), requiring the

development of electrical actuators for control surfaces [1]. Existing electromechanical actuators are not

ideal replacements due to risks of mechanical jamming, which can immobilize control surfaces and

compromise reliability [2]. Magnetorheological actuators (MRA) are promising alternatives, as they

eliminate mechanical contact between the input and output and thus the risk of jamming [2]. While prior

durability studies have validated the feasibility of MRA technology [3] and studied its primary wear

mechanisms [3,4], the test conditions employed do not accurately reflect the operational environments

encountered in aerospace. In order to fill existing knowledge gap, the research proposes a novel test bench

design that is able to simlulate magnetorheological fluid (MRF) wear in aircraft operating conditions. Table

1 compares operating conditions of real-world flight controls applications, test benches described in previous

work on MRF aging and the proposed test bench.

Table 1 : Differences between operating conditions of real-world flight controls applications, previous

work on MRF aging and the proposed test bench

Realistic Conditions Previous Work [3,4] Proposed Test Bench

Temperature
Fluctuating Constant Controlled

-40°C to 80°C [5] >0°C -15°C to 80°C

Output shaft rotation Yes No Yes

MR clutch Reliable design MRF leaks observed Commercial design

2. KEY FEATURES OF THE TEST BENCH

Figure 1 illustrates the main components of the test bench in a simplified schematic.  The MR clutch is

immersed in a heat-transfer fluid (HTF) within a sealed chamber.

Figure 1 : Main components of the test bench 
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A mixture of ethylene glycol and distilled water is used as the heat-transfer fluid. A temperature sensor

is installed inside the chamber to monitor the heat-transfer fluid’s temperature. The temperature regulation 

system is comprised of two independent sub-systems for heating or cooling, depending on the desired

operating temperature for a given aging test. The heating subsystem is provided by an electric heater, and a

solid-state relay is used to modulate heating power between 0 and 100%. The heater inside the chamber heats

the HTF surrounding the MR clutch. A refrigeration unit, which contains the HTF’s reservoir and pump, is 

installed separately to circulate cold heat-transfer fluid inside the chamber. Commercial temperature control

units (Red Lion PXU) use standard PID control to always keep the HTF at the desired temperature during

an aging test. The temperature controllers can activate either the heating system or the cooling system,

depending on the desired operating temperature (setpoint). The input and output rotation speeds of the clutch

are controlled independently with electric motors. A wireless pressure sensor is added to the MR clutch to

monitor pressure increase inside the clutch caused by out-gassing as the fluid wears.

3. ASSEMBLY OF THE TEST BENCH

Figure 2 below illustrates the fully assembled test bench.

Figure 2 : Assembled test bench

Preliminary tests were conducted to validate the proper integration of each subsystem.

Before wear tests begin, the test bench’s physical limitations must be evaluated. Indeed, the true range 

of torque, rotational speed, and HTF temperature will be determined to observe heat and mechanical losses. 

These evaluations will ensure the test bench’s capacity to meet its requirements. Future presented results 

will also include real-time MRF wear curves obtained during the test bench’s operation. 

4. CONCLUSIONS

A test bench was designed and assembled to respond to the discrepancies in MRF wear studies between the

laboratory testing and the real operating conditions of an aircraft. A test sequence was elaborated with the project’s 

partners and the test bench will shortly conduct initial MRF wear tests.
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Short abstract: To effectively enhance the vibration isolation performance of magnetorheological whole-

satellite isolation systems under micro-amplitude working conditions, this study designed a novel damper

based on magnetorheological fluid porous fabric (MRF-PF). Prototype development and performance

analysis were systematically conducted. The vibration isolation capability was ultimately validated through

the establishment of a two-degree-of-freedom (2-DOF) simulation platform for whole-satellite vibration

isolation..

Keywords: Magnetorheological fluid porous fabric, Whole-spacecraft vibration isolation, Vibration control,

Magnetorheological damper.

1. INTRODUCTION

Intense broadband micro-amplitude vibrations throughout the life cycle of a satellite can seriously affect

the safety of load-sensitive components such as satellites. The complex mechanical environment causes local

damage and failure of key components, which in turn greatly affects the function and service life of the

satellite. Whole-spacecraft vibration isolation (WSVI) technology has been proposed and thoroughly studied.

Currently, the WSVI technology mainly consists of two ways of realisation, the first one is to add

damping materials on the basis of the traditional cone-shell adapter. The second one is to change the structure

of the cone shell adapter to improve the vibration isolation performance of the platform. The method of

changing the structure of the cone-shell adapter generally replaces the original rigid cone-shell adapter with

a multi-degree-of-freedom active or semi-active vibration isolation platform. Semi-active vibration isolation

systems can be classified into galvanic, magnetorheological, solenoidal and pneumatic forms according to

their operating principles. where the magnetorheological material can be controlled by an external magnetic

field. A reversible change in output damping is achieved within a few milliseconds. It can be used in semi -

active vibration isolation systems.

In this paper, a shear magnetorheological broadband micro-amplitude damper is designed based on MRF-

PF. The damper was designed to construct a WSVI platform. The machining and assembly of the relevant

damper prototype are carried out in this paper. Finally, the vibration isolation performance of the platform

is verified by simulation.

2. MRF-PF DAMPER

Magnetorheological materials are the most important working medium in dampers and our team has

developed a high performance MRF-PF(Li et al, 2023, 2024; Yan et al, 2022). Using a conventional

magnetorheological fluid as a base, the porous nature of the MRF-PF composite was exploited to enhance

the performance. Figure 1 illustrates a magnetorheological composite damper structure designed for a WSVI

platform.

Piston

Piston rod

Coil

MRF-PF
Magnetic 

field line

Figure 1: Example graph for the extended abstract.
Performance testing of damper is mainly based on Materials Test Systems (MTS).  Take the excitation 

frequency of 5Hz under the working condition of 0.5mm amplitude as an example. The damping force curves for 

different current outputs are shown in Figure 2. It can be seen that the damper is capable of a wide range of 

damping force variations.
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Figure 2: Partial damper test data under 0.5mm amplitude excitation.

3. WSVI PLATFORM DESIGN AND VALIDATION

A six-degree-of-freedom Stewart magnetorheological WSVI platform is designed, and its structural

design and simplified mechanical model are shown in Figure 3. The vibration isolation platform is a multi-

degree-of-freedom Stewart platform consisting of six MRF-PF dampers. The dampers are mounted and fixed

at a specific tilt angle between the upper and lower platforms. An interference fit at the articulation is used

to fully transmit the micro-amplitude vibrations to the flexible satellite.

Uplinked 

platform

Down 

platform

MRF-PF damper

x

y
z

satellite

WSVI

A B

Figure 3:A:Structure of WSVI; B: Simplified dynamic model of WSVI
In this paper, the acceleration response under random excitation is simulated and analysed using the Sky-

hook damping Control (SH) algorithm as well as the Acceleration Driven Damper Control (ADD) algorithm.

In order to quantitatively evaluate the vibration isolation effect of different control algorithms under random

acceleration excitation, the root-mean-square (RMS) values of acceleration under different operating

conditions are listed in Table 1.

Table 1: RMS value of satellite acceleration under random excitation

Direction 0A SH (rate of change) ADD (rate of change)

Horizontal 3.443 2.411 (29.97%) 2.519 (26.87%)

Vertical 7.053 5.283 (25.1%) 5.329 (24.44%)

The vibration isolation effect of both control strategies on satellite vertical/horizontal wide-frequency

random excitation is greater than 24%, indicating that the proposed magnetorheological damper and

vibration isolation platform have good wide-frequency vibration isolation performance.

5. CONCLUSIONS

In this paper, the performance of the MRF-PF damper is verified and the micro-amplitude vibration

isolation performance of the WSVI platform is simulated and analysed. In the next work, the WSVI

experimental platform will be built to experimentally verify the vibration isolation performance of the

platform.
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Experimental study of centrifugal pumping of magnetorheological fluid
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Short abstract: This study investigates the potential of using a centrifugal pump to handle magnetorheological

fluid with the ultimate goal of integrating such a pump directly into a magnetorheological clutch to increase

magnetorheological clutch life and stabilize performance over time. Experimental characterization reveals that

the standard scaling laws for centrifugal pumps provide accurate predictions of performance with changes in

rotation speed, but do not fully account for geometric effects when scaling pump size. Results also suggest that a

centrifugal pump of 46 mm in diameter such as tested here could effectively circulate magnetorheological fluid

at 540 mL/min on a commercial magnetorheological clutch.

Keywords: Magnetorheological, pump, centrifugal, sedimentation, durability

1. INTRODUCTION

Magnetorheological (MR) actuators have shown great potential to replace high-maintenance and

environmentally harmful hydraulic actuators in aerospace flight control applications [1]. However, some

challenges remain to be mitigated: (1) MR fluid have a finite lifetime [2], and (2) the density difference

between carbonyl iron powder and carrier fluids leads to sedimentation [3]. Theses two challenges results in

an actuator performance that can vary over time depending on the state of the fluid. A mitigation is to force

MRF circulation in the shear interfaces of the clutch to distribute wearing on the entire fluid volume within

the clutch and to mitigate the impact of sedimentation by continuously remixing the fluid.

In this study, a centrifugal pump is investigated to circulate MRF with the ultimate goal of integrating

such a pump directly into a magnetorheological clutch in the future. This paper has two objectives of:

(1) determining whether MRF pumping adheres to the usual centrifugal pump scaling laws despite high

particle concentrations to ease the design of MRF centrifugal pump, and (2) assessing the feasibility of

centrifugal pumping in a 70 mm diameter, commercial drum-type MR clutch.

2. METHODOLOGY AND EXPERIMENTAL TEST BED

A theoretical model of the hydraulic circuit formed by the shear interfaces of the commercial MR clutch

is produced to set a targeted pressure versus flow rate curve. A matching centrifugal pump design is proposed

and shown in Figure 1a. The pump design is scaled to two different sizes, built, and tested. The diameters of

the tested impellers are 23 mm (D1) and 46 mm (D2). The two pump prototypes are characterized on the

pump characterization test bed shown in Figure 1b. The MRF flow rate is measured in open loop with a load

cell while the head is measured with a differential pressure sensor. The pump curves are measured by starting

the pump with the restrictor valve wide open and gradually closing it .

Four pump curves are measured (1050, 1250, 1500 and 2000 RPM) for the D2 impeller, and two are

measured (2250 and 2750 RPM) for the D1. Three of the D2 pump curve (1050, 1500 and 2000RPM) are

used to develop a semi-empirical model. The other D2 pump curve (1250 RPM) is used to validate the

developed model. Dimensionless pump curves are generated from the experimental results with the

dimensionless capacity coefficient CQ and heat coefficient CH. The pump curve obtained from the semi-

empirical model of the D2 impeller and the hydraulic system model are plotted together to determine the

operating point and consequent flow rate through a shear interface of the commercial drum clutch.

(a) (b)

Figure 1: (a) MRF centrifugal pump (b) Pump characterization test bed. 
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3. RESULTS AND DISCUSSION

The dimensionless pump curves for different rotation speeds are presented in Figure 2a. Since the D1 and

D2 pump design are geometrically similar, all curves should overlap regardless of impeller size or rotational

speed. However, the results show a noticeable difference between the D1 and D2 curves  with the bigger

pump, D2, demonstrating better performance. It is hypothesized that the pump efficiency varies non-linearly

when using two-phase fluids like MRF. Nevertheless, for a given impeller size, the curves are similar,

confirming that scaling laws can accurately predict performance changes with varying rotation speeds.

The D2 pump curves are used to generate a semi-empirical pressure-flow model of a pump. Figure 2b

shows the pump curves obtained from the model and the pressure-flow data at 1250 RPM that was kept for

validation (not used for model calibration). The agreement between the model and validation data is strong,

with a relative error of only 2%. Finally, Figure 2b also shows the pressure losses of a MRF flow across the

shear interfaces of the commercial MR clutch. The pressure range produced by the pump would enable high

flow rates in the clutch. For example, at 1500 RPM, the flow rate would be 540 mL/min which is, for a clutch

with internal cavity volume of 30 mL, is plenty sufficient to assure fluid mixing.

(a) (b)

Figure 2: (a) Dimensionless pump curve for centrifugal pump with MRF (b) Operating point of centrifugal

pump with D2 impeller in a commercial MR clutch.

4. CONCLUSIONS

This work studied the potential of centrifugal pumping MRF. Two centrifugal pumps have been designed and

bench-tested. Usual centrifugal pump scaling laws accurately predict performance changes with varying rotation

speeds. However, they are less reliable for predicting performance variations when the impeller diameter is scaled,

here by a factor of two, because of significant changes in pumping performance. Further investigations should

validate the effect of flow rate on fluid mixing and explore two-phase flow computational fluid dynamics to better

understand pump performance.
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Short abstract: This study explores the influence of magnetic fields on the melting process of temperature-

sensitive magnetic fluid (TSMF) for phase change thermal energy storage applications. Without a magnetic

field, melting occurs primarily through conduction, resulting in a slower process. However, the melting

rate significantly increases under both uniform and non-uniform magnetic fields due to magnetically driven

convection enhancing heat transfer. The findings highlight the potential of TSMF to improve phase

transition efficiency, making it a promising material for adaptive thermal management and energy-efficient

cooling systems. 

Keywords: Magnetic fields, melting process, phase-change, temperature-sensitive magnetic fluid.

1. INTRODUCTION

The increasing demand for cooling, driven by urbanization and rising global temperatures, underscores

the need for efficient thermal energy storage solutions [1]. Cold thermal energy storage (CTES) systems

improve cooling efficiency by shifting energy consumption away from peak periods, reducing grid strain

and operational costs [2]. Phase change materials (PCMs) are widely used in CTES for their high latent heat

storage capacity, but their low thermal conductivity limits heat transfer efficiency  [3].

To enhance PCM performance, researchers have explored nanofluids, including magnetic nanofluids,

which enable heat transfer control via external fields [4,5]. Temperature-sensitive magnetic fluids (TSMF),

composed of ferromagnetic nanoparticles with a low Curie temperature, exhibit magnetization changes with

temperature, making them a promising material for thermal management [6]. While TSMFs have been

studied for heat transfer applications, their melting behavior under external magnetic fields remains largely

unexplored.

2. OBJECTIVES

This study aims to investigate the potential of TSMF as a PCM for CTES systems by examining  its

melting behavior under uniform and non-uniform magnetic fields. Specifically, the research will focus on

measuring temperature variations and analyzing the thermomagnetic convection effects to assess the

feasibility of TSMF for enhanced thermal energy storage applications.

3. MATERIAL AND METHODOLOGY

This experiment investigates the behavior of TC3030W, a water-based TSMF from Ferrotec Materials

Technology, under different magnetic field conditions.

As shown in Figure 1, the setup comprises a Peltier controller (1) that regulates temperature, a computer

(2) and data logger (3) for monitoring, and a constant temperature bath (4) serving as a heat sink. A magnetic

field generator (5) applies uniform or non-uniform fields to analyze thermomagnetic convection. Insulation

(6) reduces external thermal interference, while the measurement section (7) houses the TSMF in a Teflon

container. The setup investigates heat transfer during the melting process under magnetic influence.
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Figure 1: Schematic diagram of the experimental set-up.

4. RESULTS AND DISCUSSION

In the analysis of the melting behavior of TC3030W, the presence of a magnetic field significantly

influences heat transfer. The melting time for the TSMF (TC3030W) is shown in Table 1 for different 

magnetic fields. Without a magnetic field, the material melts in 90.1 min, indicating a slower heat transfer 

mechanism mainly driven by conduction. However, when a uniform magnetic field is applied, the melting 

time drastically decreases to 20.5 min, demonstrating a substantial 77.2% reduction. This implies that the 

magnetic field induces strong internal convection within the TSMF, enhancing thermal transport. Similarly, 

a non-uniform magnetic field results in a melting time of 20.7 min, showing a comparable 77.0% decrease. 

The minimal difference between uniform and non-uniform fields suggests that both configurations 

effectively improve heat transfer, likely by generating fluid motion through magnetically driven convection. 

The movement of magnetic particles under the field facilitates a more efficient redistribution of heat, thus 

speeding up the melting process. This behavior highlights the potential of ferrofluids for adaptive thermal 

management applications, where regulated heat transfer is essential.  

Table 1: Comparison of the melting time for the TSMF (TC3030W).
Magnetic Field Time (min) Abs. Diff. w/ no magnetic field (min) Rel. Diff. w/ no magnetic field (%)

Without 90.1 - -
Uniform 20.5 -69.6 -77.2

Non-uniform 20.7 -69.4 -77.0

5. CONCLUSIONS

This study demonstrated that the application of a magnetic field significantly enhances the heat transfer

efficiency of TSMF by inducing thermomagnetic convection. Both uniform and non-uniform magnetic fields 

accelerated the melting process, reinforcing the potential of TSMF for adaptive thermal management in 

cooling applications. Future research should explore on developing the properties of TSMF and optimizing 

magnetic field configurations and thermal properties for improved performance. Additionally, investigating 

the effects of different magnetic field strengths and orientations, as well as integrating TSMF into real -world 

thermal energy storage systems, will further enhance its practical applications.
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Short abstract: This paper introduced the structure and force versus shear/flow-rate/electric-field test
results of a damper prototype based on giant electrorheological fluid(GERF). Unlike most ER dampers
have been investigated, this prototype functions in a hybrid mode of shear and flow. Tension test results
show that the damping force of this prototype has a strong dependence on shear/flow rate and applied
electric field - with low shear/flow rate, applied electric field dominates the damping force; while with
high shear/flow rate, the effect applied electric field on damping force gradually dwindles.
Keywords: electrorheological(ER) fluid, damper, damping force, shear mode, flow mode.

1. INTRODUCTION
ER Technology has entered a new era since the development of GERF[1][2]. Although ER fluids

possessing novel properties have been emerging in recent years, GERF consisting Ba-Ti-O nano-particles
coated with urea is still one of the most widely used ER materials in research and industry due to the well-
designed synthesis process and commercialized fabrication.

In this paper we proposed a damper prototype functions in a hybrid mode of shear and flow with GERF
as the working medium, followed by a series of preliminary tests concerning the relationship between
damping force, shear/flow rate and electric field. It is worth a mention that the peak velocity in the test has
reached 0.6m/s, which is very close to an authentic velocity an automotive damper would be dealing with
in practice, thus the results might be of reference value to engineering applications.

2. OBJECTIVES
This paper aims to provide a brief introduction to the structure of a ER damper prototype and its

performance under different shear/flow rate and electric field. The design and data could, if effective,
provide a deeper insight into the mechanism of ER dampers and be reference for further researches.

3. MATERIALAND METHODOLOGY

3.1. STRUCTUREAND PROTOTYPE
Fig.1 shows the internal structure of the prototype with the shell being translucent. In this prototype,

the shell works as the negative electrode and the positive electrode is set within the piston head. There are
6 insulating, smooth cylinders embedded on the positive electrode to keep the 0.8 mm gap between
electrodes. Besides, the effective area of the electrode is approximate 1,778 mm2.

When the damper being stretched or compressed, electrodes move relative to each other while GERF
flows through the gap in-between them, thence the ER fluid is working in a hybrid mode of shear and flow.

Figure 1: Structure of the prototype. Figure 2: Photograph of the prototype. 

E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada 

101

Guest
Rectangle



3.2. TESTMETHODOLOGY
The damper prototype was tested with an automotive shock absorber testing system. Four sets of quasi-

sinusoidal waves with an amplitude of 50mm(±25mm) were applied, the peak velocity of each reaches
0.05, 0.1, 0.3 and 0.6m/s, respectively. Within each set, forces without electric field and with applied
voltage from 1k to 3kV were recorded.

4. RESULTSAND DISCUSSION
Fig.3 shows the relationship between damping force and displacement with peak velocities mentioned

above, while Fig.4 provides a deeper look into the dependence damping force on shear/flow rate and
applied electric field.

Results show that the damping force of this prototype has a strong dependence on shear/flow rate and
applied electric field - with low shear/flow rate, applied electric field dominates the damping force; while
with high shear/flow rate, the effect applied electric field to damping force gradually dwindles.

Figure 3: Damping force results with peak velocity of 0.05/0.1/0.3/0.6 m/s (from left to right).

Figure 4: Damping force results with shear/flow rate derived from velocity and prototype dimensions.

5. CONCLUSIONS
Knowing that high shear/flow rate has an innegligible effect on the performance of an ER damper,

further investigations concerning ER fluids as well as damper designs for potential shocks should take high
rate into consideration. How to decrease the shear/flow rate at which ER fluids work so as to make the
damping force more tunable and controllable could be as well another important issue in future researches.
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On the operational speed limit of magnetorheological clutches 
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Short abstract: Using magnetorheological clutches in power transmission applications, such as automotive 

powertrains, implies that the fluid enters solid-body rotation for relatively long durations, with or without 

magnetic field influence.  In such conditions, centrifugal acceleration could cause sedimentation and thus, 

affect intended functionality. Preliminary observations suggest that sedimentation occurs when crossing a 

threshold of centrifugal acceleration. This paper quantitatively assesses the threshold behavior under 

controlled laboratory conditions and investigates the influence of the fluid’s formulation on the threshold 

occurrence. Experimental results indicate a 100g threshold for the tested proprietary fluid, whereas 

centrifugal acceleration always triggered sedimentation for a fluid without additives. 

Keywords: Magnetorheological Fluid, Clutch, Centrifugal, Sedimentation, Additives 

1. INTRODUCTION
Magnetorheological (MR) clutches have been studied extensively in robotics [1] and vibration control applications 

[2]. However, there is comparatively much less research in power transmission applications, even though their 

high torque controllability suggests a strong potential for vibration control and/or impact management. Compared 

to robotics and vibration control applications, power transmission applications such as found in automotive 

powertrains present unique operating conditions, with higher rotating speeds and where fully-locked or fully-

unlocked modes may be held for extended periods of time (hours vs seconds). Preliminary experiments with 

overspeeding various MR clutch designs beyond the operating limits seen in robotics and vibration control 

suggests the existence of a clutch-specific “speed threshold”.  Once such a threshold is exceeded, a significant 

increase in viscous drag torque is measured.  As shown in Figure 1 (a), upon disassembling an over speeded 

clutch, it is found that the fluid had became a near solid-state (“hard cake”) in the clutch’s outer periphery. The 

normally homogenously suspended carbonyl iron particles (CIPs) separate to form distinct solid and liquid phases. 

The mechanism responsible for this behaviour is the centrifugal acceleration that acts on the particles, throwing 

them out to the outer wall of the fluid cavity, as illustrated in Figure 1b. 

The objective of this paper is to conduct an experimental study of the behaviour of the speed threshold 

phenomenon in simplified laboratory conditions. The test conditions replicate centrifugal acceleration found 

in a clutch for power transmission applications, but in a centrifuge machine. Different fluid formulations are 

also tested in order to understand possible effects of MR fluid additives on the rotational speed threshold. 

Operating variables of clutch geometry, slippage speed, and magnetic field are left out for future work. 

2. MATERIAL AND METHODOLOGY
Two fluid formulations are tested. Both fluids have a target value of 40%v/v CIP concentration.  The first 

fluid is a proprietary fully formulated fluid, incorporating conventional MRF additives such as antiwear, 

thixotropic and surfactant agents. The second fluid contains no additives other than a minimal quantity of 

dispersant, which facilitates the process of remixing prior to each test. This manipulation ensures repeatable 

properties between samples. Nevertheless, owing to the simplicity of its formulation, the second fluid is 

regarded as a fluid without additives.  

Centrifugation of both fluids is conducted using the LUMiSizer, a centrifuge equipped with a light 

transmission sensor. At each timestamp, the LUMiSizer measures the amount of light passing through the 

fluid sample and outputs a curve. The presence of solid content results in the obstruction of the light passing 

Hard Cake 

Figure 1: (a) Resulting hard cake between the clutch drums (b) Clutch cross-section schematic of centrifugation
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through the vial, which decreases the local measurement of light transmission. An example of the LUMiSizer 

output is shown in Figure 2 (a). The results are presented in a color gradient, with the red lines indicating 

the beginning of the test and the green lines marking the end. The red dash lines indicate the meniscus of 

fluid and the bottom of the vial, to measure the total height of fluid. The green dash line indicates the CIP 

sedimentation front, and the blue dash line indicates the additives sedimentation front. Given that the height 

of fluid remains constant and the sedimentation front progresses towards the bottom, it is possible to calculate 

the evolution of the CIP concentration in the hard cake. This metric is illustrated in Figure 2 (b), and helps 

understanding the sedimentation speed, the time before sedimentation starts and the final concentration in 

the cake compare to the initial homogeneous concentration (red dash line). 

Figure 2: (a) LUMiSizer’s raw result - Fluid with additives at 40g for 15ks (b) Extracted sedimentation metric 

3. RESULTS AND DISCUSSION
The evolution of the concentration of CIP in the hard cake is compared for both fluid under increased

centrifugal acceleration up to 100g. Results are shown in Figure 3 for a 1 hr (3600 s) timeframe. 

Figure 3: Evolution of CIP concentration in the cake for (a) Fluid Without Additives (b) Fluid with Additives 

As shown in Figure 3 (b), there is a time delay before sedimentation actively starts. The delay gradually 

reduces as centrifugal acceleration increase, eventually becoming almost null at about 100g. On the contrary, 

all samples of the fluid without additives on Figure 3 (a) started to sediment as soon as centrifugal 

acceleration is applied. For the curves below 100g for the fluid with additives, sedimentation progresses 

gradually until a maximum sedimentation concentration is reached. Above 100g, the sedimentation starts 

suddenly and quickly reaches its maximum concentration, with a comparable speed to the fluid without 

additives. The additives therefore have a significant ability to resist or retard centrifugal sedimentation, 

setting a speed threshold above which sedimentation is instantaneous. 

4. CONCLUSION
As shown by the centrifugation tests, the additives have the ability to retard the onset of sedimentation

for some time delay. For the tested fluid with additives, a delay is observed until a threshold of 100g is 

reached, beyond which sedimentation starts suddenly with a rate comparable to the fluid without additives. 

Results suggests that the fluid formulation and presence of additives explains, at least in part, the rotational 

speed threshold observed in rotary MR clutches. Future work should focus on the impact of the clutch 

geometry and magnetic field on centrifugal sedimentation. 
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Development of Autonomous Mobile Robot with Semi-active Universal
Joint using Rotational Magnetorheological Fluid Damper 
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Short abstract: Autonomous Mobile Robots (AMRs) typically travel on level ground, but some are designed and 

developed to operate in uneven environments. We have developed a magnetorheological fluid (MRF)-based semi-

active universal joint (SAUJ) as a horizontal stabilization unit for stable delivery equipment that can be attached 

to AMRs. Furthermore, an optimal path planning approach was conducted to match the characteristics of the 

SAUJ. In the optimal path planning, the trajectory was generated considering changes in ground angle and sway 

caused by centrifugal acceleration. 

Keywords: Magnetorheological fluid, Rotational MR fluid damper, Autonomous mobile robot, Path 

planning 

1. INTRODUCTION

AMRs are typically designed to operate on level terrain. However, some AMRs are specifically developed

to navigate uneven and challenging environments, such as those encountered in agriculture, disaster response, 

and hazardous conditions that pose risks to humans. Navigating such rugged terrain presents significant 

challenges from various perspectives, including locomotion methods, structural design, sensing technologies, 

and path planning strategies. 

2. OBJECTIVES

As shown in Fig. 1, we have developed an AMR capable of traversing uneven terrain, with the long-term

goal of utilizing it as a charging station for unmanned aerial vehicles (UAVs). This paper reports on the 

development of a semi-active universal joint (SAUJ) using magnetorheological fluid (MRF) as a horizontal 

stabilization mechanism for the charging spot, as well as the optimal path planning for the AMR equipped 

with this mechanism. MRFs exhibit reversible and highly responsive MR effects, making them suitable for 

various engineering applications. We have previously developed MRF devices with rotor configurations [1] 

and utilized them as posture control elements, which serve as the basis for this study.  

Figure 1: Goal of this study 

3. METHODOLOGY

3.1. SAUJ on AMR

The SAUJ is a swing control unit that can be mounted on AMRs. Its basic structure consists of a universal 

joint equipped with rotational MR fluid dampers, which are placed on both the pitch and roll axes. The gap 

between the MRF layers has been optimized to improve torque performance [2]. The system uses an Arduino 

105

Guest
Rectangle



E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada 

Due for control, and by performing serial communication with ROS2, it can suppress swings during 

acceleration and deceleration. Due to its pendulum motion, the SAUJ is significantly affected by acceleration 

and centrifugal forces. 

3.2. Path planning for SAUJ

To achieve swing-suppressing path planning based on the map created by SLAM, the A* algorithm [3] 

was improved by considering the following elements. First, angle swing was introduced as a cost to reduce 

swing risks. Additionally, angle constraints were applied to avoid slopes steeper than 20 degrees, and vehicle 

width was considered to enhance safety. Finally, the generated paths were smoothed using spline 

interpolation, and constraints were added to ensure that centrifugal acceleration does not exceed a c ertain 

threshold, resulting in a path suitable for the SAUJ. 

4. RESULTS AND DISCUSSION

Figures 2 and 3 show the paths without/with the SAUJ control. From the results, it was observed that

with SAUJ control, the system could handle relatively sharp curves, whereas without SAUJ control, the 

generated trajectory tended to follow gentler curves. Additionally, although the trajectory without SAUJ 

control was shorter in distance, it deviated significantly from the original path, suggesting that the trajectory 

with SAUJ control is preferable in terms of safety. 

(a) Without SAUJ control (b) With SAUJ control

Figure 2: Results of path planning with/without SAUJ control 

5. CONCLUSIONS

In this study, we proposed the development of an all-terrain AMR equipped with a charging function for

UAVs. In this report, we developed the swing control unit (SAUJ), and an optimal path was planned 

considering its characteristics. As a result of the path planning, a path was created that suppresses the swing 

caused by the pendulum characteristics of the SAUJ and uneven ground. 
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Magnetorheological fluids under perturbating magnetic fields
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Short abstract: This study investigates the mechanisms underlying self-assembly in MR fluids under the 

influence of a perturbing magnetic field. By combining a static field with an orthogonal oscillatory 

component, we explore the assembly process through experiments conducted using a custom-made device 

operating at high frequency, particle-level simulations, and energy minimization calculations. The 

manuscript concludes by highlighting the role of time-varying magnetic fields in enhancing the 

magnetorheological effect and guiding cell growth within hydrogels. 

Keywords: Time-dependent field, Perturbating fields, Layer formation, Biocompatible Hydrogel, Self-

assembly.  

1. INTRODUCTION

Magnetorheological (MR) fluids subjected to steady magnetic fields are well known to form aligned

columnar structures that impart yield stress [1]. However, the application of time-varying magnetic fields 

facilitates the assembly of novel microstructures, enhancing their overall physicochemical properties.  The 

interplay between hydrodynamic forces and magnetic interactions in these dynamic environments gives rise 

to complex self-assembly mechanisms, enabling new functionalities that go beyond conventional MR effects 

[2]. In this study, we investigate the formation mechanisms of magnetic mesostructures in MR fluids under 

a perturbating magnetic field, specifically by combining a static field with an orthogonal oscillatory 

component (Figure 1a) [3]. 

2. OBJECTIVES

This study aims to understand the mechanisms governing the formation of magnetic layers in MR fluids

subjected to perturbating magnetic fields. The objective is to explore the role of interparticle interactions 

and field parameters in determining the material’s structural and mechanical responses for biomedical 

applications. To achieve this, we conducted experiments, energy landscape analyses, and particle-level 

simulations. 

3. MATERIAL AND METHODOLOGY

Perturbating magnetic fields are generated using a custom-built triaxial magnetic field generator [4] that

is connected to a fractal capacitor bank and capable of producing time-dependent magnetic fields along the 

three spatial dimensions, with frequencies up to 4 kHz. Through high-speed and confocal microscopy, we 

studied how field parameters and sample confinement influence the morphology of the assembled layers. 

Langevin Dynamics were also performed to predict the phase diagram in MR fluids self -assembly under 

perturbating magnetic fields and to explain the spacing between layers as a function of sample height. 

Additionally, energy landscape calculations were carried out to further elucidate the layered structure. 

Finally, these layered structures were embedded within a hydrogel matrix to serve as an anisotropic scaffold 

for directed cell growth. 

4. RESULTS AND DISCUSSION

4.1. Self-assembly and phase diagram

The final assembled structure under perturbating magnetic fields is essentially governed by two 

parameters: the perturbation angle (the ratio of the unsteady to static components) and the Mason number 

(the ratio of hydrodynamic to magnetic forces). At very low and high angles, the effective interaction is 

similar to that of a uniaxial steady field, leading to the formation of classical columnar structures. However, 

at intermediate angles, the effective interactions cause the particles to assemble into parallel layers along the 

field plane. Based on the Mason number we can distinguish between dynamic layer assembly (where 
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magnetic forces dominate) and time-averaged interactions (where hydrodynamic forces dominate). See 

Figure 1b.  

4.2. Influence of confinement

Through experiments, particle-level simulations, and energy minimization calculations, we demonstrate 

that the separation between layers can be controlled by sample confinement. Our results reveal a positive 

power-law relationship between layer spacing and sample height. 

4.3. MR effect and directed cell growth

Finally, we demonstrate that time-dependent magnetic fields serve as a powerful tool to enhance the 

magnetorheological response (Figure 1c), as well as to utilize magnetic layered patterns as scaffolds for 

directed cell growth within hydrogels (Figure 1d). When these layers are embedded in gelatin/laminarin 

hydrogels, the structures induce a high degree of cellular alignment, offering promising opportunities for 

engineering tissues with anisotropic organization. 

Figure 1: a) Perturbating magnetic field configuration, consisting of the superposition of a steady and an

orthogonal oscillatory field component. b) Particle level simulations phase diagram. Orange for layered 

structures and green for chains and columns. Dashed zones correspond to dynamic structures (magnetic 

force dominated). c) MR effect enhancement under perturbating magnetic fields. Normalized shear stress 

for steady (DC) and perturbating fields (PER), plotted along with rheo-microscopy images showing the 

different internal structures while shearing d) Confocal micrograph of the layered structures assembled 

along the oscillatory field plane within a hydrogel matrix. Fibroblasts, dyed in green, grow along the 

direction of the structure. 

5. CONCLUSIONS

Perturbating magnetic fields offer a novel approach to controlling microstructure formation and

enhancing the magnetorheological response. The findings suggest promising applications in biomedical 

engineering, particularly in developing anisotropic tissue structures.
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Modeling of Abrasive Magnetorheological Fluids for Drag Finishing

Fabian Sordon1, Jürgen Maas2
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Short abstract: The application of abrasive magnetorheological fluids for the cutting edge preparation of 

milling tools has been previously investigated. In this study, the behavior of abrasive MR fluids is analyzed 

through two modeling approaches: on the one hand a microscopic framework based on the well-established 

model of dipole-dipole interaction, and on the other hand from a macroscopic perspective using the 

Bingham-Papanastasiou model for the behavior of non-Newtonian fluids.  A computational fluid dynamics 

model is developed and implemented using COMSOL Multiphysics, enabling the approximation of the 

overall material removal rate during the process.  

Keywords: Abrasive magnetorheological fluids, drag finishing, computational fluid dynamics.

1. INTRODUCTION

Polishing applications utilizing magnetorheological fluids (MRF) have gained significant attention in

recent years [1]. Previous studies have introduced MRF drag finishing, also referred to as immersed 

tumbling, as an innovative method for the cutting-edge preparation of milling tools [2, 3]. The fundamental 

principle of MRF drag finishing involves the rotational and translational movement of a workpiece through 

a container filled with an abrasive MRF fluid following a circular trajectory. The lapping medium, composed 

of magnetorheological fluid and abrasive particles, is subjected to magnetic excitation via a magnetic circuit. 

Given the inherent inhomogeneities at the cutting edges of milling tools, MRF drag finishing h as 

demonstrated promising results in achieving high surface quality, reduced processing times, and controll able 

grinding effects. 

This study aims to model the behavior of abrasive MR fluids during the MRF drag finishing process  

under the influence of the magentic field. A microscopic model based on the dipole-dipole interaction theory 

is developed following [4] to characterize the magnetically induced yield stress. Additionally, a macroscopic 

modeling approach employing the Bingham-Papanastasiou model is established to account for the non-

Newtonian rheological behavior of the fluid. A CFD model is subsequently developed using COMSOL 

Multiphysics to estimate the overall material removal rate, utilizing a predictive material removal model 

from [6]. 

2. MODELING APPROACH

A dipole-dipole interaction model is applied in accordance with [4] to determine the yield point of the

MRF. The force exerted by a particle chain against shear 𝐹𝒔̂ is given by

𝐹𝒔̂ =
8

3
∙ 𝜇0 ∙ 𝜋 ∙ 𝑟p

6 ∙ 𝜒eff
2 ∙ 𝐻0

2 ∙
𝛾

(𝛾2 + 1)3/2
∙ ∑

1

𝑟𝑖𝑗
4 ∙ (3 +

2

𝑟𝑖𝑗
3 ∙ 𝜒eff ∙ 𝑟p

3)

𝑛

𝑗≠𝑖

, (1) 

where 𝑟𝑝 represents the particle radius, 𝑟𝑖𝑗  denotes the distance between two arbitrary particles, 𝜒
eff

 is the

effective magnetic susceptibility, 𝛾 is the shear strain and 𝐻0 is the applied magnetic field. The magnetically

induced yield stress 𝜏0
M is subsequently calculated as 𝜏0

M = 𝑃max ∙ 𝐹𝒔̂, where 𝑃max represents the maximum

number of particle chains per unit area. 

For macroscopic modeling, a Bingham-Papanastasiou-model is employed following [5], as expressed by 

𝜏 = 𝜂 ∙ 𝛾̇ + 𝜏0 ∙ [1 − exp(−𝑚 ∙ 𝛾̇)]. (2) 

Here, 𝜏 denotes the shear stress within the fluid, 𝜂 the dynamic viscosity, 𝜏0 the yield stress and 𝑚 describes

a constant exponent. The material removal MRRMRF is computed using the predictive equation from [6],

given with 

MRRMRF = 𝐶p,MRF ∙
𝐸

𝐾c𝐻V
2 ∙ 𝜏 ∙ 𝑣r, (3) 

where 𝐶p,MRF is a modified Preston’s coefficient, 𝐸 is the Young’s modulus, 𝐻V is the Vickers hardness, 𝐾c 

represents the fracture toughness and 𝑣r is the relative velocity.
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3. EXPERIMENT SETUP FOR ABRASIVE MAGNETORHEOLOGICAL FLUIDS

The rheological properties of the utilized abrasive MRF are determined using a specialized rheometer

introduced in [3]. Within the rheometer, the MRF is subjected to axial shear in a magnetic field ranging from 

0 T < 𝐵 < 0.5 T. A schematic diagram of the rheometer test bench is presented in Figure 1 a). For abrasive

processing experiments, a dedicated test bench for MRF drag finishing, as described in [2], is utilized . The 

setup, illustrated in Figure 1 b), consists of high-speed steel workpieces being traversed through a container

filled with abrasive MRF lapping medium, which is magnetically excited via a controlled magnetic circuit .  

Figure 1: a) Rheometer for abrasive MRF [3] and b) MRF drag finishing test bench introduced in [2].

4. RESULTS AND DISCUSSION

Experimental investigations are conducted using an abrasive MRF with volume fractions 𝜑cip = 45%

and 𝜑ap = 15%, incorporating monocrystalline diamond abrasives with a particle diameter  of 𝑑ap = 252 µm.

The results indicate a strong correlation between the measured and modeled yield stresses for the examined 

MRF compositions, as depicted in Figure 2 a).

CFD simulations reveal that an increase in magnetic flux density leads to a corresponding increase in 

shear stress while significantly reducing the velocity field near the moving workpiece, as illustrated in  

Figure 2 b) and c). Future studies will extend the analysis to include abrasive experiments and validate

material removal rate predictions based on Equation (3). 

Figure 2: a) Measured and modeled yield point of the abrasive MRF. b) Modeled velocity field around the

specimen within the MRF container for 𝐵 = 0.0 T and c) for 𝐵 = 0.4 T. 
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Model-based Investigation of the Sedimentation Behavior of
Magnetorheological Fluids under the Influence of Magnetic and

Acceleration Fields

Valentin Schreiner1, Ina Bregu2 and Jürgen Maas3
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Universität Berlin, Germany 
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Short abstract: The sedimentation behavior of magnetorheological fluids under acceleration fields is 

investigated by analyzing the relationship between magnetic flux density and the acceleration at which 

particle settling begins. An analytical approach based on the dipole-dipole model is employed to describe 

the forces acting at the particle level and to define a critical equilibrium state for calculating the chain 

stability criteria. Finally, experimental validation is conducted, providing insights into the fundamental 

mechanisms governing MRF sedimentation stability. 

Keywords: Sedimentation of magnetorheological fluids, stability criteria, centrifugal force and rotational 

speed. 

1. INTRODUCTION

A critical characteristic of magnetorheological fluids (MRFs) is the tendency of suspended particles to

settle under gravitational or other external forces over time. This process, known as sedimentation, can affect 

the performance and long-term stability of MRF-based systems, which is undesirable in most applications. 

However, it can also be used to precisely influence the mass distribution, such as in the balancing of rotors. 

The targeted manipulation of MRFs can be achieved by controlling a magnetic field, which allows the 

formation of particle chains and facilitates the transfer of shear stress, enabling controlled sedimentation.  

While several studies have examined this phenomenon experimentally, as shown in [1] and [2], this study 

utilizes an analytical approach using the dipole-dipole interaction model, as proposed in [3]. First, the chain 

formation under static loading conditions is investigated, where gravity is the only force driving 

sedimentation. Once the critical parameters for static conditions are defined and calculated, they establish 

the thresholds above which the particle chain remains stable. The model is then extended to account for 

dynamic rotational conditions, where centrifugal forces dominate and become the primary factor determining 

stability. The objective of this study is therefore to determine the relationship between the magnetic flux 

density and the centrifugal acceleration at which sedimentation occurs. 

2. ANALYTICAL APPROACH TO SEDIMENTATION STABILITY

The system considered in this study consists of a chamber filled with MRF. The chamber can rotate

around a fixed axis, and is therefore subjected to both gravitational and centrifugal forces. Additionally, a 

homogeneous magnetic field, parallel to the axis of rotation, is applied throughout the entire chamber. The 

superposition of gravitational, centrifugal, and magnetic forces creates a dynamic regime , which determines 

the behavior of the MRF inside the chamber. To analyze this behavior, a representative volume element 

consisting of a single chain of particles is considered, and its stability is investigated .  

The derivation of the magnetic forces acting on the particle chain is based on previous work using the 

dipole-dipole model [3]. Assuming uniform spherical particles of radius 𝑟p and a quasi-static applied

magnetic field 𝑯0, the resulting magnetic force on particle 𝑗 from particle 𝑖 can be expressed as:

𝑭𝑗
𝑖 = μ0 ⋅

8

3
⋅ π ⋅ 𝑟p

3 ⋅ χeff ⋅ 𝑯𝑖∇ {𝑯0 + χeff ⋅ 𝑟p
3 ∑ [

(𝑯0⋅𝒓𝑖𝑗)𝒓𝑖𝑗

𝑟𝑖𝑗
5 −

𝑯0

3𝑟𝑖𝑗
3]𝑛

𝑗≠𝑖 }.                   (1)

Here μ0 = 4π ⋅ 10−7 N

A2 represents the vacuum permeability, 𝜒eff is the effective magnetic susceptibility, and 𝒓𝑖𝑗

is the position vector between particles 𝑖 and 𝑗 in the chain. Since the position vector clearly depends on the form 

of the chain, the chain's configuration is derived to parametrize the position of each particle. To determine the 

chain’s form, the chain is modeled as a continuum, and the forces acting on a differential element of the chain are 

analyzed. The chain’s behavior is described using Newton’s laws of motion, where each loading scenario results 
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in a distinct second-order nonlinear differential equation. The results show that the chain adopts a hyperbolic 

cosine shape under static loading conditions, and an approximately parabolic shape under the influence of 

centrifugal forces. Once the position vectors are defined, the magnetic force can be computed using (1), and a 

critical equilibrium state can be established to calculate the critical parameters for the stability of the particle 

chain. 

3. EXPERIMENTAL SETUP OF THE PARTICLE CHAIN STABILITY

Two different experiments were conducted for each loading scenario. In the first experiment, a C -shaped

electromagnet was used to generate the required external magnetic field. To prevent particle clustering, the 

particle chain was placed between the two tapered ends of the electromagnet. The applied magnetic field 

was gradually decreased and the critical value 𝐻0,𝑐𝑟𝑖𝑡  at which the chain loses its stability is determined

experimentally. 

The second experiment involved a rotor with three chambers, each connected to the rotor, and only one 

housing the MRF. The chambers are rotated at a low angular velocity, with the imbalance vector recorded 

as a baseline. The angular velocity is incrementally increased while monitoring changes in the imbalance 

vector. A shift in the imbalance indicated the onset of sliding in the particle chain, which, as the form of loss 

of stability caused by Ω𝑐𝑟𝑖𝑡 , is calculated using the rotor's imbalance vector. The experimental results and

their comparison with the analytical model are presented in Figure 1. 

4. RESULTS, DISCUSSION AND CONCLUSIONS

A decrease in particle size enhances the sedimentation stability. Similarly, higher magnetic fields

improve the sedimentation behavior and particle chain stability. Under dynamic conditions, a higher 

coefficient of friction results in greater chain stabili ty, while an increase in angular velocity accelerates the 

sedimentation process, as shown in Figure 1 b). 

A key finding regarding the sedimentation behavior and stability of particle chains in both static and 

dynamic scenarios is that the optimal number of particles—slightly exceeding that of a straight chain—

minimizes the system's total energy. This results in a slight sag in the static case and small oscillation 

amplitudes in the dynamic case, with the latter being further dampened by the viscosity of the carrier oil. 

These results are depicted in Figure 1 a), where, at small particle numbers, there is strong correspondence 

between the experimental and modeled critical magnetic flux, while greater discrepancies are observed at 

higher particle numbers. This outcome highlights the mathematical limitations of the dipole -dipole model in 

accurately predicting the behavior of particle chains, particularly at higher particle numbers where chain sag 

becomes more pronounced. 

Figure 1: a) Analytical and experimental results for sedimentation stability under static and b) dynamic 

conditions. 
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Abstract: This study compares the hysteresis characteristics of two typical commercial Electrorheological 
and Magnetorheological dampers using Bouc-Wen and Spencer models. It examines the influence of 
mechanical analogues in these parametric models on the force-velocity curves of both dampers, reasoning 
why these curves take their characteristic shapes. Results indicate that the Spencer model captures 
hysteresis most effectively for both the dampers, particularly in high-velocity regions. 
Keywords: Mechanical analogues, hysteresis, parametric models, hybrid optimization.  

1. INTRODUCTION

To capture the response of an Electrorheological (ER) or Magnetorheological (MR) damper, several
parametric models such as the Bingham, Bouc-Wen and Spencer models have been studied extensively. 
These models include mechanical analogues, such as springs, dashpots, and friction elements, a combination 
of which aims to represent the physical behaviour of these dampers and individually capture a specific 
characteristic of force-velocity behaviour. However, the ability of these models in capturing hysteresis loops 
varies, making comparative analysis crucial. Therefore, this study analyzes the influence of mechanical 
analogues on force-velocity hysteresis curves to better understand their role in shaping damper behaviour. 

2. METHODOLOGY

Two experimental datasets were analyzed, corresponding to an MR damper (López Boada, 2023) and an
ER damper. Using this data, these dampers were characterized using two widely studied parametric 
models: Bouc-Wen and Spencer models. For parameter identification, a hybrid optimization combining 
Particle Swarm Optimization (PSO) with gradient descent was employed to improve optimization time and 
efficiency. Additionally, the force-velocity hysteresis curves obtained from each model were compared with 
experimental data to determine their accuracy in representing ER and MR damper behaviour.  

3. RESULTS AND DISCUSSION

Table 1 presents Bouc-Wen and Spencer model parameters for force-velocity plots in Figures 1-4 for
both ER and MR dampers. The superscript ( ER/MR) will be used to distinguish between the ER and MR 
damper parameters. Analyzing the parameter values in Table 1 shows a notably small stiffness value of 𝑘0

ER. 
Low stiffness causes gentler force slopes, indicating a gradual increase in force with displacement. In 
contrast, high stiffness results in steeper slopes, leading to abrupt force increments for smaller displacements. 
This distinction is seen in the Bouc-Wen force-velocity plots of ER (Figure 1) and MR (Figure 2) dampers. 

Table 1: Identified parameters for selected experimental data (Mujeeb, 2025). 

Damper Model 
Parameters 

𝑐0 (Ns/m) 𝑘0 (N/m) 𝑐1 (Ns/m) 𝑘1 (N/m) α (N/m) Β (𝑚−2) 𝛾 (𝑚−2) A 𝑛

ER Bouc-Wen 5106.60 0.01 - - 6128.34 494.58 0.01 118.38 1 
Spencer 5748.03 0.01 11214.72 0.01 1152.57 311.12 0.01 1322.02 1 

MR Bouc-Wen 1108.03 1718.24 - - 740.92 268.70 99.64 61.52 1 
Spencer 963.63 484.85 7648.72 7238.15 527.62 513.38 190.28 280.13 1 

In low-velocity regions [−0.1,0.1] m/s, the ER damper’s force-velocity loop is elliptical, inclined to the 
x-axis and has sharply tapered corners at higher velocities. The low stiffness (𝑘0

ER =  0.01  N/m) results in a
less pronounced steepness at low velocities, ensuring smooth force transition even in the post-yield region,
leading to smoother damping behaviour. Conversely, the MR damper’s hysteresis loop forms a rectangular
shape, exhibiting a steep and abrupt force increase due to its high stiffness (𝑘0

MR =  1718.24 N/m). This
causes rapid force changes at low velocities before transitioning to a gentler slope in the post -yield region.

Area covered by hysteresis loops reflect energy dissipation, larger loops indicate higher dissipation. This 
depends on hysteresis stiffness α, which influences loop size, while damping coefficient 𝑐0 controls force 
transition smoothness during changes in operational states. Thereby, for the ER damper, larger values of 
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𝛼ER =  6128.34 N/m and 𝑐0
ER = 5106.60 Ns/m create a large and smooth loop. In contrast, the MR damper, 

with lower values of 𝑐0
MR = 1108.03 Ns/m and 𝛼MR = 740.92 N/m, forms a smaller loop with sharper force 

transitions. Hence, for MR damper, the dominant influence of high stiffness 𝑘0
MR causes a steep pre-yield 

force increase, followed by an abrupt force transition in the small rectangular region controlled by 𝛼MR. 

Figure 1 Bouc-Wen model predicted versus 
experimental force-velocity plots of ER damper. 

Figure 2 Bouc-Wen model predicted versus 
experimental force-velocity plots of MR damper. 

While the Bouc-Wen model effectively captures low-velocity force transitions, it struggles at high 
velocities. The hysteresis loops become narrower and sharper towards extremities, failing to accurately 
capture the force transition when piston direction changes. To address this, the Spencer model enhances the 
Bouc-Wen formulation by introducing an additional stiffness 𝑘1 and damping 𝑐1, producing larger, rounder, 
and better-fitted hysteresis curves, particularly towards the extremities as seen in Figures 3 and 4. 

For the MR damper, a high damping coefficient (𝑐1
MR = 7648.72 Ns/m) smooths the mid-velocity region, 

while a large stiffness value (𝑘1
MR = 7238.15 N/m) maintains sharp transitions at high velocities. For the ER 

damper, a low stiffness (𝑘1
MR = 0.01 N/m) results in blunter extremities, whereas a large damping coefficient 

(𝑐1
MR = 11214.72 Ns/m) ensures smoother force transitions throughout the velocity range.   

Figure 3 Spencer model predicted versus 
experimental force-velocity plots of ER damper. 

Figure 4 Spencer model predicted versus 
experimental force-velocity plots of MR damper. 

4. CONCLUSION

The study explains the effects of mechanical analogues in Bouc-Wen and Spencer models, demonstrating
that the Spencer model provides a more accurate representation of ER and MR damper hysteresis, 
particularly in high-velocity regions due to the inclusion of additional damping and stiffness elements.  
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Short abstract: We live in a world and in a universe that are marked by systems of evolving patterns and 

structures. When energy is put into the constituents that make up these systems, remarkable transformations 

occur that cause the patterns, structures and their properties to appear different from the unchanging state 

that we call equilibrium. In this work, we discuss our findings on how control variables govern 

self‑organization that manifests as pattern formation in ferrofluids. We use measurables such as Voronoi 

entropy to interrogate the evolution of order in these patterns. 

Keywords: Ferrofluids, self-organization, Voronoi entropy

1. INTRODUCTION

Ferrofluids consist of stable suspensions of ferrimagnetic (magnetite) nanoparticles (MNPs) in a liquid.

The fluid responds to an external magnetic field in a symmetry-breaking event that features lattices of spikes. 

But the patterns disappear when the field is removed. This is a hallmark of a dissipative system. All life 

forms are self-organized and dissipative. This underscores our interest to explore the nanoscale origins of 

ferrofluid-based self-organized patterns as models for more complex systems. The history of patterning is 

encoded through surface ligand soft-soft interactions and kinetic barriers to dissipation imposed by low 

molecular weight poly(vinylpyrrolidone) (PVP). We report on the impact of control variables like alkane 

carbon number, magnetic field strength and nanoparticle loading. Measures of the Voronoi entropy are used 

to quantify order. With accompanying videos, we explain how we record the dynamic trajectories of the 

unusual ferrofluid patterns by a motion tracking algorithm that allows us to determine the time dependent 

evolution of the Voronoi entropy. 

2. OBJECTIVES

In this work, we explain how we use evaporating alkane and alcohol-water fluids to permanently trap

patterns that emerge when the fluids are exposed to different external magnetic field strengths. We also aim 

to uncover trends in the time evolution of the Voronoi entropy. 

2. Material and Methodology

3.1. Preparation of aqueous and alkane-based Fe3O4 ferrofluids

The MNPs are prepared via a basic co-precipitation reaction of ferrous and ferric chloride in water [1]. 

The resulting aqueous ferrofluid is blended with a small volume of PVP/n-butanol solution prior to the 

patterning experiment. The alkane based ferrofluid is prepared by precipitating the particles with ethanol, 

then collecting them with a magnet. The dried particles are then redispersed in octane via sonication [2].  

3.2. Acquisition of ferrofluid patterning videos and data processing details.

The ferrofluid is deposited onto a glass substrate. A cylindrical magnet is raised from underneath the 

sample until the desired field strength is reached. The pattern formation is recorded with a microscope and a 

CMOS camera. The recordings are fed to a motion tracking software, wherein each spike is individually 

tracked. Manual adjustments to the trajectories are performed if the tracking is inaccurate. A Python script is used 

to load the coordinates, compute the Voronoi entropy and render a Voronoi diagram f or each frame.
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4. RESULTS AND DISCUSSION

 Alkane-based ferrofluid patterns experience large fluctuations in Voronoi entropy, most evident when the 

lattice transitions from a square to hexagonal phase. PVP-containing ferrofluids experience gradual 

changes in entropy. These changes appear to be due to motions impeded by the mutual polymer-MNP 

interactions. Ultra-high resolution scanning electron microscopy reveals that spikes derived from alkane 

media comprise rhombic lattice assemblies of MNPs. PVP-MNP composites are disordered. The encoded 

spikes from both matter classes are permanent magnets, despite the latent superparamagnetism of the 

MNPs. 

Figure 1: Micrograph of alkane-based ferrofluid pattern (A). Micrographs with superimposed Voronoi 

diagrams of the square and hexagonal phases (B). The time index of these spike arrangements are indicated 

on the time evolution of the Voronoi entropy (C). 

5. CONCLUSIONS

In brief, this work outlines a novel method for gathering insights into pattern formation in ferrofluids.

We observed trends in the dynamic evolution of Voronoi entropy in both aqueous and alkane based ferrofluid 

pattern. In future work, we wish to explore the prediction of Voronoi entropy evolution with the aid of 

machine learning.   
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Short abstract: Micro-cantilevers are crucial in sensing applications due to their high sensitivity, enabling 

precise detection of forces and biomolecules. This study presents the fabrication of a magnetorheological 

elastomer (MRE) microcantilever consisting of 2 different ratios of Carbonyl Iron particles (CIP) with 

Polydimethylsiloxane using a 3D printed mold, leveraging the flexibility and cost-effectiveness of additive 

manufacturing. To evaluate its mechanical response, we measured the deflection of the cantilever under 

the influence of a permanent magnet. The results show more sensitivity of the microcantilever with higher 

ratio of CIP  under the variable magnetic field.  

Keywords: Magnetorheological elastomer, Microcantilever, MRE, Magnetic field. 

1. INTRODUCTION

Magnetorheological Elastomer (MRE) is a rubber-like solid material that is composed of a non-magnetic 

elastomeric matrix loaded with magnetic particles and the additives [1]. MREs can be regarded as the solid analog 

of Magnetorheological fluids. MREs are used in various applications where stiffness changeability is desired, 

such as vibration absorbers, vibration isolators, and sandwich beams [1]. The conventional method for fabricating 

MREs involves using matrix materials such as silicone rubber or thermosetting/thermoplastic polymers in their 

liquid form. Magnetic particles such as carbonyl Iron powders (CIP), along with any additional additives, are 

mixed into the liquid matrix—typically at room temperature. The resulting mixture is then poured into a mold and 

cured at an elevated temperature to form the final MRE structure [2]. In this paper, we present an easy method to 

fabricate isotropic MRE microcantilevers using 3D printed molds. Microcantilevers are increasingly being used 

in a variety of microelectromechanical systems (MEMS) like micro transducers, sensors, switches, actuators, 

resonators, and probes [3]. 

2. OBJECTIVES

The main goal of this paper is to present an easy method for fabricating MRE microcantilevers in two 

different concentrations of carbonyl Iron powder and validate their performance under an external magnetic 

field. 

3. MATERIAL AND METHODOLOGY

3.1. MATERIALS

Materials: The polydimethylsiloxane (PDMS) and its corresponding curing agent were purchased from Dow 

Corning (Midland, US). CIP was purchased from Sigma Aldrich. Permanent Magnet (NdFeB, Grade N52, 400 

mT) was purchased from K&J Magnetics Inc. (PA, US). MRF Preparation: The PDMS monomer and curing 
agent were mixed in a 10:1 ratio. CIP was added to the weight percentages of 10 and 20 in PDMS. The 
mixture was degassed using a vacuum for 10 mins. Mold preparation: The mold was 3D printed using a 
Formlabs 3D printer from clear resin. 

3.2. METHODOLOGY

The MRF was poured into the mold and kept in the oven at 70 °C for 20-30 minutes. The MRE in the shape of a 

microcantilever was then extracted from the mold with the dimensions of 2.5×0.5×0.3 mm 

(Length×Width×Thickness). Subsequently, the microcantilever was attached to a support, mounted on a 

CNC, and exposed to an external magnetic field generated by a permanent magnet, as shown in Figure 1. 

The distance to the magnet is then varied, and the resulting beam deflection is captured using the camera. At 

each step the magnetic field intensity was measured using the gauss meter probe (HSOKEW, China.) The 

same process was carried out for both the cantilevers with different mixing ratios of CIP and PDMS
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4. RESULTS AND DISCUSSION

Both the cantilevers exhibited increasing deflections as they moved closer to the magnet , which is plotted in 

Figure 2, with deviations from linearity becoming more evident at higher steps. This non-linearity suggests 

a stronger magnetic influence at closer proximities, likely due to material properties and nonlinear magnetic 

effects, which impact the mechanical response of the microcantilevers. Among the samples, the MRE 

cantilever with 20 wt% CIP demonstrated the highest deflection, confirming that higher iron content 

enhances magnetic responsiveness. A particularly interesting observation was that the 10 wt% MRE 

displayed deflections comparable to those of the 20 wt% for a substantial portion of the experiment. This 

finding implies that even a relatively low iron content (10 wt% CIP in PDMS) is sufficient for the material 

to exhibit smart material behaviour under a magnetic field. This could have practical implications for 

optimizing material composition in applications requiring flexible yet magnetically responsive structures.  

Figure 1: Setup for deflection measurement of the MRE 

microcantilever in magnetic field. 

Figure 2: Deflection of the microcantilevers with 

varying magnetic field intensity. 

5. CONCLUSIONS

Soft lithography using a 3D printed Mold is a fast and cheap approach to manufacture MREs. The 

microcantilevers fabricated using the described method showed expected behaviour of an MRE. This 

fabrication method offers a fast fabrication process, and cost effectiveness. Future work involves the direct 

3D printing of micro-cantilevers, which presents challenges such as the sedimentation of magnetic particles 

and the limited penetration of light in opaque media. Addressing these issues will require optimizing material 

compositions, refining printing parameters, and exploring alternative light delivery techniques to enhance 

precision and structural integrity. 
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Short abstract: Magnetorheological materials are widely used in engineering due to their ability to modify 

rheological properties under magnetic fields. This study evaluated the use of additives to improve the distribution 

of ferromagnetic particles in silicone elastomers, preventing accumulation at the sample’s bottom. Three additives 

were tested: silica, muscovite mica and kynar powder. The results show that up to 134kA/m, the sample with mica 

showed the greatest variation in storage and loss modulus. Above this field, silica demonstrated better reactivity. 

Microscopic and statistical analyses confirmed that additives ensured homogeneous particle distribution, with 

silica showing the most uniform dispersion along the sample’s thickness. 

Keywords: Ferromagnetic elastomer, smart sandwich beams, rheology, microscopy, magnetic field. 

1. INTRODUCTION

Smart materials, such as magnetorheological ones, exhibit adjustable rheological properties under 

magnetic fields, making them widely used in damping, vibration control systems [1] and as sandwich beam cores. 

However, a key challenge in producing such elastomers lies in the accumulation of ferromagnetic particles at the 

silicone base due to their higher density, that compromises the dynamic response of the structure [2]. 

This study investigates the influence of different additives in fabricating elastomers composed of silicone 

and ferromagnetic powder. Samples were naturally cured, without external orientation to avoid interference with 

particle deposition and then subjected to rheological, microscopic and statistical analyses. Previous studies using 

ABS and PLA square cross-linked cores were made and demonstrated that elastomers with 60% ferromagnetic 

powder by weight effectively altered dynamic behavior [2]. However, this work aims to adapt the concept for 

commercial honeycomb cores, where uniform particle distribution is even more critical. 

2. OBJECTIVES

The main objective of the study is to identify the best additive for the silicone and ferromagnetic powder

composite, for each magnetic field range applied (up to 600kA/m), which results in a desirable variation in 

the rheological properties of the final composite. Finally, the study also checks whether the sample's 

rheological applicability matches the main reason for adding an additive to the elastomer, which is to 

improve the distribution of the ferromagnetic powder throughout the core. 

3. MATERIAL AND METHODOLOGY

The samples were produced using metal and acrylic molds (both ⌀20x1.6mm). Their compositions are

silicone-based (100:3) and a further 3% by mass of additives was added. Finally, magnetic iron powder 

(MIP) was added to account for 60% by mass of the final composite, so that the results obtained would be 

significant in the magneto-rheological analysis, as experienced in previous work.  

Table 1: Density of the samples produced 

Sample Mass [g] Density [g/cm³]
Silicone + MIP 1.5629 2.6248 

Silicone + Silica + MIP 1.6339 2.8907 

Silicone + Mica + MIP 1.2348 2.7799 

Silicone + Kynar Powder + MIP 1.2972 2.8183 
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3.1. RHEOLOGICAL, MICROSCOPIC AND STATISTICAL ANALYSIS

After the samples were fully cured and demolded, they were subjected to a rheological analysis using the 

ANTON PAAR PHYSISCA MCR-301 rheometer, equipped with an MRD-180/1T magnetic cell capable of 

applying a magnetic field of 0.05 to 600 kA/m. The main interest of the test is to analyze and compare the 

storage and loss modulus in relation to the deformation caused by shear, at a constant temperature of 25ºC.  

To analyze the influence of the heterogeneous deposition of magnetic iron, the samples had to be viewed 

microscopically using an Olympus SZ61 stereoscope at 45x magnification and then a statistical analysis was 

carried out using ImageJ software to verify the influence of each additive on the deposition of MIP 

throughout the thickness of the sample. 

4. RESULTS AND DISCUSSION

One of the main results obtained when adding additive compounds to the final elastomer composition

was an increase in the specific mass of the elastomer, as shown in Table 1, and consequently a better 

distribution of the ferromagnetic powder throughout the thickness of the test specimen, as shown in the 

histograms below.  

Figure 1: Histograms of ferromagnetic powder distribution along the thickness of the sample without 

additives (left), with silica (center) and with muscovite mica (right) 

In addition, the rheological behavior of the samples was analyzed, where points of interest within the elastic 

regime of the material were studied, whose behavior is relatively predictable. Therefore, average values of storage 

and loss modulus were calculated for all the parameters found, and were compared with the values found for 0.05 

kA/m (reference). The difference from the reference, in percentage, was compared between all the materials and 

the one with the greatest variation is the one most recommended for use under the conditions imposed by the test. 

Figure 2: Percentage difference in G' and G'' in the elastic regime of the samples at 134 kA/m 

5. CONCLUSIONS

Microscopic and statistical analyses revealed that additives improve the distribution of ferromagnetic

particles, with silica offering the most homogeneous result. For fields up to 134 kA/m, mica is preferred due 

to its low density, while silica is ideal for higher fields despite its slightly greater weight. Now the challenge 

is to develop a manufacturing method of the sandwich beam that ensures that this homogeneity is maintained.
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Short abstract: A transmission structure based on the squeeze mode of magnetorheological fluids was
proposed. The flow function of magnetorheological fluids and the potential function of magnetic field
were derived, and the conjugate characteristics of the two functions were deduced. The distributions of
stress and magnetic field were analyzed by solving the functions, and the transmission principle of
eccentric squeezed magnetorheological fluids was concluded.
Keywords:Magnetorheological fluid, Squeeze mode, Eccentric structure, Transmission principle

1. INTRODUCTION
Magnetorheological transmission devices (MRTDs) use magnetorheological fluids (MRFs) as the

transmission medium. The transmitted torque is controlled by adjusting the external magnetic field[1]. Lu
designed a squeeze shear mode magnetorheological brake with multiple fluid channels[2]. Quamar proposed
a model applied the compressive forces of MRFs[3]. Wang designed a brake in which MRFs worked at
compression and shear mode[4].

2. OBJECTIVES
The purpose of this paper is to get hold of the principle of eccentric squeezed magnetorheological

transmission through basic theoretical analysis. The dependences of output torque and speed on structural
parameters and magnetic field will be concluded by numerical calculation in order to propose a design
method for more efficient and reliable MRTDs.

3. THEORETICALANALYSIS
Eccentric squeezed magnetorheological transmission is a kind of MRTDs that utilizes the rheological

properties of MRFs to achieve transmission control. There is an eccentric rotor inside the device, which
rotates to make the MRF in the squeeze mode as shown in Fig. 1. The motion of MRFs was simplified as a
two-dimensional incompressible potential flow by analyzing the relative motion of the device structure,
and the flow function is

� =
�
4� (���� − ����) (1)

The magnetic potential function was derived according to the characteristics of passive magnetic fields.

� =
��
� (�� − ��) (2)

The stress distribution of MRFs was analyzed based on the conjugate properties of the two functions
and the constitutive equation of MRFs, and then the transmission law of eccentric magnetorheological
transmission was obtained.

4. RESULTSAND DISCUSSION
1) The distribution of streamlines of MRFs and magnetic force lines is shown in Fig. 2(a), while the

distribution of squeezed MRFs induced shear stress and pressure is shown in Fig. 2(b). Streamlines and 
magnetic lines are perpendicular everywhere because the flow function and potential function are 
conjugated. The shear stress on the outer surface of the inner ring and the inner surface of the outer ring 
are generated, thereby the torque can be transmitted.
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Figure 1: Schematic diagram of eccentric squeezed magnetorheological transmission

(a) (b)

Figure 2: Distribution diagram of streamline and potential lines (a) and shear stress and pressure
distributions (b).

2) The larger the eccentricity, the greater the transmitted torque when other parameters are fixed.

3) The output torque and speed can be controlled by adjusting the magnetic field.

5. CONCLUSIONS
The output torque mainly depends on the magnetic field, eccentricity and the performance of MRFs.

The output speed of eccentric squeezed MRTDs can be controlled by the external magnetic field.
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Micro thermo-electromagnetic actuator platform design for Littrow
monolithic coupled system 
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Short abstract: Light propagation in photonic integrated circuits (PICs) without gaps minimizes power loss, 

though it requires robust actuation forces. Recent progress in integrating MEMS with silicon photonics has 

enabled novel techniques for tuning light propagation. Micro thermo-electromagnetic actuators, which exploit 

electromagnetic forces and thermal expansion, provide an efficient solution for waveguide beam steering. In this 

study, numerical analyses of a thermo-electromagnetic actuator platform for a monolithic coupled system, where 

a straight waveguide is seamlessly integrated with a concave diffraction grating, have been presented. 

Keywords: Micro-actuator platform, Thermo-electromagnet actuator, MEMS, Monolithic coupled system. 

1. INTRODUCTION

Guiding light along a desired path without altering material properties can be achieved by mechanically 

moving optical components [1]. This adjustment is made possible through MEMS actuators, which modify 

properties such as length, direction, and coupling angle. Thermo-electromagnetic actuators are particularly 

promising for integration with optical systems due to their capability to generate significant force and operate 

bidirectionally [2]. Despite these advantages, challenges such as managing power consu mption and 

controlling temperature rise are critical and require careful consideration. This paper introduces an actuator 

platform capable of achieving a significant ±2.5 µm deflection (total 5 microns) in a monolithic Littrow 

coupled system, as illustrated in Fig. 1. The platform successfully displaces the system's intersection of the 

straight waveguide to trapezoidal waveguide to direct light toward a concave diffraction grating (CDG) [3], 

and has been extensively simulated using COMSOL Multiphysics to verify its effectiveness. 

2. MATERIAL AND METHODOLOGY

The thermo-electromagnetic actuator platform, shown in Fig. 1, utilizes a permanent magnet to generate a 

Lorentz force when power is applied. This, combined with current-induced temperature increases in the 

wires, causes thermal expansion that helps achieve the desired deflection, as detailed in the system's load 

diagram (Fig. 2) and governing equations (Eq. 1) [4–6]. Using MATLAB, we developed initial design 

parameters, with subsequent refinement through COMSOL Multiphysics FEM analyses focusing on 

temperature rise, stress at supports, and displacement control to maintain the platform within a 4.3*4.3 mm² 

area. We designed wire widths narrower than their thickness to avoid out-of-plane displacements from 

thermal expansion. The project incorporates solid mechanics, electric current, and heat transfer, enhanced 

by Joule heating and thermal expansion interactions, assuming natural convection with the surrounding air. 

This platform interfaces with a Littrow monolithic coupled system, ending at a concave diffract ion grating 

(CDG), effectively manipulating the spectral response by adjusting the optical intersection position.  

𝐸𝐼𝑏𝑒𝑎𝑚
𝑑2

𝑑𝑥2
(
𝑑2𝑦(𝑥)

𝑑𝑥2
) + 𝑃 (

𝑑2𝑦(𝑥)

𝑑𝑥2
) +

𝐾𝑠
𝑛
∗ 𝑦(𝑥) = 𝑞(𝑥) = 𝐼𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ∗ 𝐵 (1) 

3. RESULTS AND DISCUSSION

This paper presents a thermo-electromagnetic actuator capable of achieving precise displacement at a 

designated intersection, requiring a minimal current of 0.0016 mA. Key design factors include the trade-offs 

between current increase, which boosts force but risks nonlinear behaviour and exceeds silicon's current 

density limits, and actuator lengthening, which raises both force and stress while expanding the platform's area, 

causing unwanted size increments in the wire extremities and elevated temperatures. Adding more wires also 

necessitates increased power and enlarges the platform further. With a magnetic field flux set at 1 Tesla, the 

platform's specifications are a length of 2430 microns, a width of 3 microns, and 680 wires, aiming for a 

monolithic system with approximately 645 N/m stiffness at the middle. These considerations are crucial for 

optimizing performance and minimizing the footprint in photonic systems , as detailed in Figures 3-5. 

123

mailto:m_kharaz@encs.concordia.ca
Guest
Rectangle



E R
M R 2 0 2 519th ERMR Conference, 7th July – 10th July 2025, Montreal, Canada 

 

Figure 1: Schematic of the Littrow monolithic 

coupled system. 

Figure 4-Deflection of the optical component 

alongside its length with 10 wires. 

Figure 2: One of the top wires under the upward 

magnetic pressure (q(x)), thermal induced (P), and 

spring force (Ks/n). 

Figure 5-Temprature profile of the optical 

component alongside its length. 
Figure 3: Simulation of the platform for 10 wires. 

5. CONCLUSIONS

In conclusion, we have presented a thermo-electromagnetic actuator that delivers substantial force to 

reposition the intersection of the straight waveguide and trapezoidal waveguide of a Littrow monolithic 

coupled system, enabling effective steering of light propagation over a broad spectral range. Owing to its 

monolithic design, the platform minimizes concerns related to system rotation. However, as the temperature 

increases, nonlinear behaviour becomes evident, and operation before the buckling threshold may alter the 

reflective index, potentially affecting system efficiency. Future investigations should consider alternative 

actuator designs to address these challenges while preserving the high-force capabilities demonstrated here. 
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Formation and Shielding Effectiveness of Ferrosoliton in the Presence of 

Dynamic Magnetic Field 
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Short abstract: This work is aimed to study the relationship between layer thickness and ferrosoliton behavior 

in the presence of an oscillating magnetic field and to enable the design of lightweight and material-efficient 

shielding systems. The experimental results indicate that taller ferrosolitons, which form at lower oscillation 

frequencies, possess a higher effective cross-section and generate stronger magnetization gradients. This 

enhances both the absorption and reflection of electromagnetic interference (EMI). In contrast, at higher 

frequencies, the reduced height of ferrosolitons results in weaker interactions, leading to a decrease in EMI 

shielding effectiveness (SE). 

Keywords: ferrofluid, ferrosoliton, oscillating magnetic field, EMI, shielding effectiveness.  

1. INTRODUCTION

Ferrofluids, colloidal suspensions of nanoscale ferromagnetic or ferrimagnetic particles in a carrier fluid,

have a wide range of applications due to their unique magnetic and fluidic properties. These applications 

span across engineering, medicine, and technology [1]. Ferrofluids find widespread usage in magnetic 

sealing, dynamic loudspeakers, computer hardware, electronic packaging, aerospace, bioengineering , and 

EMI shielding [2]. Ferrosolitons are nonlinear wave phenomena that can occur in ferrofluids under the 

influence of magnetic fields. These localized, stable wave structures are significant because they represent 

a unique interplay between the fluid dynamics and the magnetic properties of ferrofluids.  Ferrofluid-based 

systems can offer tunable shielding properties, particularly valuable in adaptive shielding applications by 

adjusting the oscillating frequency and layer thickness. This work investigates the relationship between layer 

thickness and ferrosoliton behavior in an oscillating magnetic field. The EMI SE for the Ku-band frequency 

is measured to determine the optimal layout of the ferrofluid thickness and magnetic field conditions.  

2. MATERIAL AND METHODOLOGY

A coil with 2000 turns of copper wire is connected to an AC/DC power supply, generating both a static

magnetic field and a dynamic magnetic field by adjusting the input current and oscillating frequency. The 

ferrofluid used in the experiment, EMG905, is oil-based and consists of nanoscale magnetite (Fe₃O₄) 

particles suspended in petroleum with an oleic acid dispersant. EMG905 has a saturation magnetization of 

44 mT, a density (ρ) of 1200 kg/m³, and a surface tension (γ) of 25.6 mN/m. The prepared ferrofluid is 

introduced into a Petri dish with a flat circular bottom measuring 20 mm in diameter and 10 mm in thickness. 

To observe the splitting patterns of the ferrofluid under various magnetic field conditions, cameras are 

positioned above and at the sides of the setup. A pair of linearly polarized antennas were installed inside an 

EMI shielding box with dimensions of 100 cm × 100 cm × 100 cm. The electromagnetic parameters of the 

sample were measured using a vector network analyzer (R&S ZNB40) connected to the box.  

3.RESULTS AND DISCUSSION

Figure 1 shows the images of the formation of the ferrofluid spikes subjected  to an oscillating magnetic 
field with verious frequency. In a ferrofluid layer with a thickness of 3 mm, the ferrofluid spike number 

decreases from 8 to 3 when the frequency increases from 15 Hz to 105 Hz. When the thickness increases to 

5 mm, the single spike (or so-called ferrosilicon) starts emerging at frequencies between f=45 Hz to 105 Hz. 

For the thickness of 7 mm, ferrosoliton is observed at a frequency between f=15 to 85. It’s noted that the 

spike is diminished at a higher frequency of 105 Hz because of the significant phase lag between the 

oscillating magnetic field and the superparamagnetic ferrofluid.  Figure 2 (a) compares the formation of 

ferrosolitons under various experimental conditions, focusing on oscillating frequency, layer thickness, and 

ferrosoliton height. At low frequencies, the ferrofluid has sufficient time to align with the magnetic field, 

forming taller spikes even in thicker layers. At high frequencies, the combination of phase lag and distributed 

magnetic force in thicker layers leads to shorter and insigificant spikes. Figure 2 (b) shows the EMI SE for 

the ferrosoliton generated from 9-mm thickness ferrofluid layer subjected to various oscillating magnetic 

fields. It's known that the SE is affected by the thickness of the layer, oscillating frequency, and height of 

the ferrosoliton. Thicker layers generally improve EMI SE. However, excessive thickness may cause energy 
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dissipation through secondary mechanisms like heat generation, reducing the efficiency of shielding at higher 

frequencies. Taller ferrosolitons, formed at lower oscillating frequencies, have a higher effective cross-

section and introduce stronger gradients in magnetization, improving both absorption and reflection of EMI. 

At higher frequencies, the reduced ferrosoliton height leads to weaker interactions, thereby lowering the EMI 

SE. The effects of the ferrofluid thickness, height of the ferrosoliton, and oscillating frequency on the EMI 

SE will be discussed comprehensively in the full manuscript. 

Figure 1: Instability of a ferrofluid layer with a thickness of (a) d=3 mm (b) d=5 mm (c) d=7 mm subjected 

to an oscillating magnetic field with a frequency of 15 Hz, 45 Hz, 85 Hz, and 105 Hz.  

Figure 2: (a) Formation of the ferrosoliton under various exper imental conditions. (b) Measurement of EMI 

shielding effectiveness for a 9-mm thickness ferrofluid layer with different types of ferrosoliton. The h in 

figure (a) stands for height. 

4. CONCLUSIONS

The thickness of ferrofluid and ferrosoliton's height play crucial roles in optimizing the shielding

effectiveness. Applications requiring high EMI SE should operate under conditions favoring taller and more 

stable ferrosolitons. The insights on frequency and thickness optimization can contribute to the development 

of energy-efficient shielding materials by reducing excess material usage while maximizing effectiveness.  
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Short abstract: An inerter is a single-port, two-terminal device generating inertance proportional to relative 

acceleration and delivering force aligned with motion. A helical-tube fluid inerter achieves inertance via 

external fluid motion, though only linear versions have been reported. This study introduces a rotary fluid 

inerter with two critical features: negative stiffness and variable damping. Meanwhile, by integrating a 

magnetorheological unit, the inerter can deliver variable damping characteristics in addition to its negative 

stiffness feature. This integration also enables magnetorheological devices to deliver force aligned with 

motion, improving vibration attenuation. A prototype was tested to verify these features. 

Keywords: rotary inerter, negative stiffness, variable damping, magnetorheological device, mathematical 

modelling  

1. INTRODUCTION

Vibrations challenge mechanical engineering applications, prompting diverse passive control solutions. Among 

these, inerters—one-port, two-terminal elements generating forces proportional to relative acceleration—can 

impart negative stiffness, lowering natural frequencies [1]. Inerters are broadly classified as flywheel- or non-

flywheel-based ones. Flywheel-based inerters convert linear motion into flywheel rotation but degrade over time 

due to component wear. Non-flywheel fluid inerters, like helical-tube designs, rely on fluid mass in an external 

channel yet remain limited to linear setups [2]. This restricts their suitability for rotary vibrations, such as in 

robotic arms. Due to adaptability to broad frequency scenarios, the effectiveness of passive systems is severely 

constrained [3]. Meanwhile, active and semi-active systems address multiple frequencies by providing adjustable 

forces. Magnetorheological fluid (MRF) dampers, for example, offer variable damping with low power demands 

and rapid response but cannot produce negative stiffness forces, reducing their control effectiveness [4]. To 

overcome these limitations, this paper introduces a novel rotary liquid inerter featuring both negative stiffness and 

adjustable damping via an integrated MRF element, enabling even more advanced rotary vibration control. 

2. OBJECTIVES

1. Design and prototype the proposed rotary fluid inerter.

2. Evaluate the negative stiffness and variable damping characteristics by experiments.

3. MATERIAL AND METHODOLOGY

As indicated in Figure 1(a), the variable damping rotary fluid inerter (VDRFI) is designed. When no current 

is applied to the coils, the MRFs remain in a fluid state, allowing unrestricted rotation between the rotor and 

casing. Conversely, when current is supplied, a perpendicular magnetic flux forms across the MRF gap, 

causing the MRFs to transition into a semi-solid state within milliseconds. This transformation generates a 

damping torque opposing the relative motion of the rotor and casing. By adjusting the input current, the 

magnetic field strength can be varied, thus regulating the damping level in the variable damping (VD) unit.  

(a)       (b) 
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Figure 1: The design of the proposed VDRFI: (a) the section view, (b) the schematic of the NS unit

Being detailed in Figure 1(a), the negative stiffness (NS) unit features two plates—one mounted on the shaft, the 

other on the casing—that partition its interior into two water-filled chambers connected by a helical tube. Seal 

grooves ensure water flows exclusively through the tube rather than around the plates. As detailed in Figure 1(b), 

when the rotating plate turns clockwise, the volume of chamber A contracts, pushing water out through the helical 

tube, and accelerating the fluid. After overcoming frictional and pressure losses, the water enters chamber B. This 

acceleration establishes inertance, which applies an inertial torque in the same direction as the shaft’s motion. 

Hence, the NS unit provides a negative stiffness effect. 

4. RESULTS AND DISCUSSION

The evaluation of the prototyped VDRFI includes frequency and current dependency tests. In the frequency test, 

the device is tested under harmonic displacement excitations with a fixed amplitude A= 40° and various 

frequencies f = 0.5, 0.75, 1.0, 1.25, and 1.5 Hz, while the supplied current is I = 0.5 A. In the current dependency 

test, the device is tested under various currents I= 0, 0.5, 1.0, 1.5, and 2.0 A, and the harmonic displacement signal 

is set with an amplitude A = 40° and a frequency f = 1.25 Hz.  

The response of the whole VDRFI to different frequencies is depicted in Figure 2(a). It is observed that all torque-

displacement loops incline left, appearing a negative stiffness characteristic. Following the increase of the 

excitation frequency, this tendency becomes more obvious. Figure 2(b) shows the results of the current 

dependency tests. It is seen an expansion of the torque-displacement loop in the vertical direction as the current 

increases, demonstrating the damping variability. The torque-displacement loops also behave with a negative 

stiffness feature, while no clockwise revolve is observed.  

(a) (b) 

Figure 2: Experimental results to evaluate the VD unit under: (a) frequency dependency test, and (b) current

dependency test

5. CONCLUSIONS

To fill the gap of missing in rotary liquid ineters and overcome the limitation of variable damping devices in 

generating forces aligned with the relative motion, this paper proposes a rotary VDRFI, which can simultaneously 

exhibit variable damping and negative stiffness characteristics. The proposed design has been prototyped and 

tested. The experimental results have verified its features. 
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Abstract: 

Magnetorheological elastomers (MREs) have garnered significant attention due to their tunable mechanical 

properties under the influence of magnetic fields [1-3]. This study explores the rheological and 

piezoresistive behaviour of anisotropic MREs synthesized using gelatine as the polymer matrix and 

magnetic iron particles as the dispersed phase. The anisotropic gelatine-based MREs were prepared by 

dispersing varying concentrations of iron particles within the gelatine matrix. Anisotropy was introduced 

by aligning the iron particles while the gelatine was still in a liquid state. 

Rheological measurements were conducted to evaluate the viscoelastic properties of the MREs under 

different magnetic field strengths. The results demonstrated a substantial increase in storage modulus with 

the application of a magnetic field, indicating enhanced stiffness and improved mechanical performance. 

Additionally, the influence of particle concentration on the rheological properties was systematically 

analysed, revealing a direct correlation between particle content and the magnetorheological effect. 

Piezoresistivity tests were performed on the anisotropic MREs to assess their electrical resistance changes 

under mechanical deformation. The aligned particles within the gelatine matrix exhibited significant 

piezoresistive behaviour, with resistance decreasing under compression. This property underscores the 

potential of these MREs for use in sensors and adaptive systems where both mechanical and electrical 

responses are critical. 

The findings of this study highlight the potential of gelatine-based MREs for applications in adaptive 

damping systems, soft robotics, and biomedical devices [4]. The biocompatibility of gelatine further 

extends the applicability of these MREs in medical and pharmaceutical fields. Future work will focus on 

optimizing the particle dispersion, alignment, and cross-linking density to enhance the performance and 

stability of the MREs. 

Keywords: Piezoresistivity, Magnetorheological elastomers, Anisotropy, Gelatine. 
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Short abstract: The current study is concerned with the electromagnetic interference shielding 
of magnetorheological elastomers (MREs). More specifically, the correlation between the spatial 
distribution of magnetic particles and the resulting electromagnetic shielding efficiency is studied. During 
preparation, both isotropic and anisotropic structures were obtained. For the isotropic MREs, the particles 
were coated with a thin layer of organosilane, using a surface-initiated atom transfer radical polymerization 
with the magnetic properties being preserved. Both the internal arrangement and the surface modification 
of the particles significantly affected the shielding properties. The best results were obtained for the 
isotropic MREs. 

Keywords: Particle modification, Electromagnetic interference shielding, Magnetorheological elastomers, 
Anisotropy. 

1. INTRODUCTION

This work deals with a promising application of MREs in the form of radioabsorbers [1]. Such materials are
able to absorb electromagnetic (EM) waves due to electrical/magnetic dipoles that interact with them [2]. Another 
method is the utilization of multireflection and absorption taking place on the interfaces of the radioabsorber [3]. 
The conventional radioabsorbers are usually hard and heavy materials. Today, there is a need for soft materials, 
i.e., clothes with EM shielding properties [4]. Such soft materials include composites filled with
micro/nanoparticles, which are effective due to the high surface area of the filler leading to a high interface
between filler and matrix, thus interaction with EM signal [5]. Magnetorheological elastomers (MREs) can be a
good candidate due to their magnetic and conductive fillers. However, MREs share some drawbacks, such as bad
compatibility of the polymeric matrix and the filler, consequently insufficient dispersion of the particles, and the
possibility of the filler’s corrosion, both of which affect the EM shielding. Creating core-shell structured particles
with a polymeric surface layer on the surface of carbonyl iron (CI) particles can be a good solution [1]. The
polymeric layer improves both the particles’ compatibility with a matrix and their resistance against corrosion
agents. So far, there are not many studies based on MREs with EM shielding properties, and the current study fills
critical gaps in the field, including the effect of particle distribution, coating, and filler concentration.

2. OBJECTIVES

The objectives of the presented paper include:
 To successfully coat the CI particles with a very thin layer of organosilane using a novel method.
 The investigation of spatial distribution of particles and their concentration on the EM shielding.
 The investigation of the effect of the coating on the EM shielding of the most promising MREs.

3. MATERIAL AND METHODOLOGY

The coating of the particles was poly(trimethylsilyloxyethyl methacrylate), which was performed via surface-
initiated atom transfer radical polymerization. The coating of the CI particles was confirmed via transmission 
electron microscopy (TEM). The magnetic properties of the bare and coated particles were investigated via 
vibrating sample magnetometry. The MREs were prepared by mixing the CI particles with a silicone elastomer 
under constant mixing, while for the anisotropic samples, the elastomers were cured under the presence of a 
magnetic field of 300 mT. The shielding efficiency of the MREs under investigation was determined using a PNA-
L network analyzer and waveguide method. Rectangular samples with dimensions fitting the insert 
of the corresponding waveguide were measured in the frequency range of 2.6–18 GHz. 

4. RESULTS AND DISCUSSION

The magnetic properties of the bare and coated samples are shown in Figure 1a. As can be seen, both
bare and coated samples have almost identical magnetization curves, with coated particles having a slightly
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higher susceptibility at lower fields but a slightly lower saturation magnetization, which is, however, 
insignificant (bottom inset). Usually, organic coatings hinder the magnetic properties of magnetic particles; 
however, due to the very thin layer of the coating (top inset), the particles preserved their original saturation 
magnetization. 

Figure 1: a) The magnetic curve of the bare CI (blue) and coated (purple) particles. The bottom inset 
magnifies the saturation region while the top shows a TEM. b) The EM efficiency for isotropic and 

anisotropic MREs as a function of frequency for different particle concentrations. 

Figure 1b displays the influence of the particle concentration and orientation on the shielding properties 
of the MREs. As can be seen, the samples with higher concentrations display better shielding properties. 
Furthermore, isotropic samples were able to block more signal. A possible explanation would be the better 
dispersibility/spatial distribution of the particles, which allows the absorption of more waves due to the 
higher number of reflections. Moreover, the particles of the anisotropic samples are arranged in chains, 
in the same direction as the EM wave, thus it can be assumed that the waves pass through them easier. 
As revealed in Figure 1b, the shielding properties increase with growing frequency; e.g., the isotropic MRE 
can interfere ~ 98 % (–16.3 dB) of incident electromagnetic signal, while the anisotropic only ~ 95 % (–
13.4 dB) of incident electromagnetic signal. Results on coated particles are preserved for the presentation. 

5. CONCLUSIONS

We investigated the effect of particle orientation within MREs on electromagnetic shielding. Isotropic
samples proved to have a higher efficiency. Capitalizing on the latter result, we improve the distribution by 
coating the filler with a thin layer of organosilane, which does not hinder the magnetic properties 
of the sample. Although the shielding efficiency does not reach commercial values, our material is soft, 
bendable and much lighter than existing solutions. 
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Short abstract: In this study, a glucose was used as a renewable precursor for preparation of a dispersed 

phase for electrorheological fluids. Using in sequence hydrothermal and thermal carbonization, the semi-

conducting microspheres were prepared using only water and heat without excessive chemicals. Moreover, 

using thermal carbonization enabled tuning of the particle conductivity and thus optimize performance of 

their electrorheological fluids. This approach led to electrorheological fluids with sufficient 

electrorheological effect using sustainable system at the same time. 

Keywords: Glucose; electrorheology; dielectric properties, sustainable.

1. INTRODUCTION

Electrorheological (ER) fluids (ERFs) are well-known intelligent systems, whose rheological properties

can be controlled through application of an external electric field. They are commonly composed of a 

dispersed phase consisting of particles with specific electric and/or dielectric properties, and a disper sed 

medium with low dielectric permittivity (for example silicone oil).  

Due to increasing effort on sustainability and a use of renewable sources for production of goods, this 

work is focused on utilization of glucose, as an abundant matter, as a precursor for production of a particulate 

material suitable for its usage as a dispersed phase for ERFs. One of the main drawbacks of ERFs is their 

low yield stress, which is commonly not sufficient for industrial applications.  This study joins together a 

sustainable dispersed phase for ERFs exhibiting high yield stresses at relatively low particle concentration.  

2. OBJECTIVES

The presented paper deals with possibility of preparation of particles suitable for their use as a disp ersed

phase in ERFs from renewable source. The precursor, glucose, is hydrothermally treated using only 

demineralized water and heat without any excessive chemicals. The hydrothermally heated glucose is further 

carbonized in an inert atmosphere at elevated temperatures giving arise to semi-conducting particles, whose 

conductivity can be further controlled by the carbonization temperature. Unique ERFs with high yield 

stresses at relatively low loading level of the particles can be thus prepared using renewable source as a 

dispersed phase. Moreover, the synthesis considering a usage only of demineralized water and heat source 

can be considered as a green synthesis. 

3. MATERIAL AND METHODOLOGY

For synthesis of the particles a glucose (α-D-Glucose, anhydrous, 96%; Sigma-Aldrich) and demineralized

water were used. For preparation of electrorheological fluids (5wt% particle concentration) silicone oil Lukosoil 

M200 ( = 200 mPa s) was used. 

The electrical conductivity of the prepared particle was measured using a two-point method and a Kethley 

6517K electrometer. Scanning electron microscopy (SEM; Tescan VEGA) was involve to observe 

morphology and size of the prepared particles. Further, electrorheological properties of prepared ERFs were 

investigated using a rotational rheometer Anton Paar and impedance spectroscopy was used to evaluate 

dielectric properties of the prepared ERFs. 

3.1. Particle preparation

A glucose (α-D-Glucose, anhydrous, 96%; Sigma-Aldrich) was mixed with a demineralized water and poured 

into an autoclave as demonstrated elsewhere [1]. The mixture was heated at 180 °C for 12 hours and the particles 

were then filtered with demineralized water and ethanol. The sample is further labelled as HTC-Glucose. Dried 

HTC-Glucose was then thermally treated using a tubular furnace at various temperatures. The average heating 

rate was 3.3 °C/min and the sample was held at the final temperature for one hour. 
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4. RESULTS AND DISCUSSION

Figure 1a depicts HTC-Glucose particles and Figure 1b their carbonized analogues treated at 500 °C.

Both particles exhibited spherical shape with a diameter of the particles below 500 nm, making them suitable 

candidates for use as a dispersed phase in ERFs also from the point of view of sedimentation stabi lity. 

Moreover, the possibility to tune their conductivity according to carbonization temperature is shown in 

Figure 2. While HTC-Glucose possessed electric conductivity 8.45×10 -13 S/cm, their carbonized analogues 

exhibited electric conductivity about several orders of magnitude higher (Figure 2). 

Figure 1: SEM Image of the prepared particles: (a) hydrothermally treated glucose and (b) its thermal

carbonized analogues treated in an inert gas at 500 °C. 

Figure 2: A dependence of particle conductivity on the carbonization temperature.

5. CONCLUSIONS

The study confirms the possibility to use glucose as a renewable source for preparation of dispersed phase

with tuneable conductivity for electrorheological fluids. The electrorheological fluids based prepared 

particles exhibited outstanding properties with a yield stress over 150 Pa at particle loading 5 wt%. 
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Short abstract: We introduce a novel technique combining electric forcing, rheology and microscopy – 

Electro-Rheo-Imaging (ERI) – and apply it to an oil-in-oil emulsion. Using a modified rheometer and a 

low-threshold castor oil–motor oil emulsion, we demonstrate reversible, field-tunable viscosity shifts—

with shear-induced banding, droplet deformation, and phase transitions driven by AC and DC electric 

fields. 

Keywords: Electrohydrodynamics, Emulsion, Rheology, Banding, ERI 

1. INTRODUCTION

Complex fluids such as emulsions exhibit diverse rheological behaviors under flow, particularly when

driven by external fields. Electrohydrodynamic (EHD) effects provide a means to manipulate microstructure 

and thus control macroscopic viscosity. In this study, we present ERI—a technique that combines rheology 

with real-time imaging, enabling correlation between structure and flow properties in an oil -in-oil emulsion 

system. 

2. OBJECTIVES

The aim is to investigate the electric-field-induced structural transitions and viscosity modulation in

emulsions using ERI. We target both DC and AC field regimes to understand the interplay between shear, 

droplet dynamics, and field-driven microstructural changes. 

3. MATERIAL AND METHODOLOGY

The emulsion consists of castor oil droplets dispersed in motor oil. The ERI setup modifies an Anton

Paar MCR 301 rheometer by integrating optical microscopy with ITO-coated electrodes for electric field 

application. DC and AC fields up to 500 Hz and 3.7 V/µm were applied across a 270 µm gap. Microscopy 

captured quarter-disk views of the sample to resolve both individual and collective droplet behaviors. Shear 

rates varied from 1 to 600 s⁻¹ to explore flow regimes.  

4. RESULTS AND DISCUSSION

Our results reveal a strong frequency-dependent modulation of emulsion viscosity under applied electric

fields, characterized by three distinct regimes: 

 Regime I (DC and AC,  f < 10 Hz): Dominated by electrohydrodynamic (EHD) flows. Droplet breakup 

and dynamic coalescence lead to a dramatic reduction in viscosity, reaching as low as 0.03 Pa·s at 2 Hz —

nearly a sixfold drop compared to the quiescent state. Micrographs show irregular, fluctuating droplet 

distributions consistent with convective electroflows. A similar viscosity drop is observed under DC fields 

(3.7 V/µm), confirming the EHD nature of this regime.  

     Regime II (10 Hz < f < 30 Hz): Marked by a balance between EHD and dipolar forces. Droplets flatten 

and accumulate near electrodes, resulting in a partial clearing of the bulk region. Viscosity rises back toward 

the zero-field value, and the system exhibits quasi-static behavior with slow structural reconfiguration. 

Notably, DC field responses lie within this regime, showing modest shear thinning and coalescence -driven 

effects without banding. 

     Regime III (f > 60 Hz): Dipolar interactions dominate. Droplets form prolate chains that align along the 

flow direction, increasing resistance and generating a yield stress. The apparent viscosity reaches values 

exceeding 1 Pa.s, highlighting the tunability of the system across nearly two orders of magnitude. 
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     Two qualitatively distinct types of banding emerge depending on field parameters. Dipolar banding, 

observed at high frequencies and low shear rates, features regularly spaced droplet chains aligned in the 

vorticity direction. In contrast, EHD banding arises at low frequencies and high shear rates, displaying 

diffuse bright-dark bands due to radial segregation of droplet density. Both modes are linked to changes in 

light scattering and correlate strongly with measured viscosity trends.  

     The transition between regimes is fully reversible and can be actuated simply by toggling the field 

frequency. This enables multi-stable rheological states—a rare feature in soft matter—which is promising 

for active material design and flow-on-demand applications. 

4.2. FIGURE AND FORMULA EXAMPLES 

5. CONCLUSIONS

We demonstrate an electric-field-controlled, reversible switch in emulsion viscosity using ERI. Shear-

induced banding and field-driven phase reconfiguration offer insights into tunable soft matter systems with 

potential applications in smart rheological materials. 
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Figure 1: Schematic of the ERI setup 

showing imaging and field configuration 

Figure 2:  𝜂𝑒𝑓𝑓/𝜂0 at low shear rate (𝛾̇ ≈ 1 s⁻¹) as a function

of AC field frequency (red points, 3.7   𝑉𝑟𝑚𝑠/𝜇𝑚), compared

with zero-field (dotted line) and DC field (dashed line) 

responses. Three regimes are identified: 

Regime I: (EHD-dominated, viscosity reduction), 

Regime II: (transition zone with coalescence-dominated 

response), and 
Regime III: (dipolar-dominated, viscosity enhancement). 

135

Guest
Rectangle



Integration of a Magnetorheological Actuator into an Elbow
Rehabilitation Orthosis for Patients with Spasticity

Henri Pagé, Carolane Guay-Tanguay, François Michaud, and Jean-Sébastien Plante

Interdisciplinary Institute for Technological Innovation (3IT), Faculty of Engineering, Université de 

Sherbrooke, 3000 Universite´ Blvd, Sherbrooke, QC J1K 0A5, Canada. 

(E-mail: Henri.Page@usherbrooke.ca, Carolane.Guay-Tanguay@usherbrooke.ca, 

Francois.Michaud@usherbrooke.ca, Jean-Sebastien.Plante@usherbrooke.ca) 

Short abstract: Stroke survivors with spasticity face limited access to rehabilitation due to the need for 

specialized staff and equipment. To address this, portable orthoses that are user-friendly, safe, and tolerant of 

erratic spastic movements are needed for home use. This paper investigates the integration of a 

magnetorheological (MR) actuator into an elbow orthosis. Results demonstrate that the MR-based design is 

lightweight, responsive, and capable of safely accommodating involuntary motion, making it a promising 

solution for home-based rehabilitation of patients with spasticity. 

Keywords: Orthosis, rehabilitation, spasticity, magnetorheological, actuators.

1. INTRODUCTION

Cerebrovascular accidents (CVAs), or strokes, are a leading cause of long-term physical disability [1].

Resulting neurological damage often leads to hemiparesis—partial paralysis on one side of the body—typically 

manifesting as spasticity, an involuntary increase in muscle tone that limits activities of daily living (ADLs). In 

severe cases, spasms further reduce voluntary muscle control. Therapeutic interventions include physical 

rehabilitation, electrostimulation, and botulinum toxin injections. Among these, physical rehabilitation remains 

the most effective and widely used, involving daily sessions where clinicians manually stretch spastic muscles 

to encourage motor recovery [2]. However, a growing shortage of trained clinicians limits access to therapy, 

resulting in fewer treated patients and shorter sessions, which may reduce motivation and recovery. One solution 

is the integration of mechatronic orthoses for post-stroke rehabilitation [3]. These devices automate elbow 

rehabilitation exercises and improve consistency. Yet, many lack the force capacity to manage spasticity 

effectively [4]. For example, while 12 N·m is typical, at least 20 N·m is often required. Muscle spasms (clonus) 

can occur at 5–8 Hz, or 160–200 ms intervals. Actuators must therefore offer both high torque and rapid 

response—beyond clonus frequency—to meet rehabilitation safety standards. 

2. OBJECTIVES

The objective of this study is to evaluate the actuator’s ability to deliver the torque and responsiveness

required for effective spasticity management in post-stroke upper-limb rehabilitation. The 

Magnetorheological Rehabilitation Orthosis (MRO) aims to replicate clinician-guided motion through high-

bandwidth torque control and rapid dynamic response, ensuring both therapeutic efficacy and patient safety . 

3. CONCEPTION

The developed MRO, shown in Figure 1, was designed with simplicity, portability, and torque performance

in mind. Mechanically, it consists of a lightweight exoskeletal frame supporting a custom MR actuator positioned 

Figure 1: Magnetorheological Rehabilitation Orthosis (MRO).
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at the elbow joint to provide flexion-extension assistance. The actuator combines a brushless motor with a 

magnetorheological clutch to deliver both active and passive torque control, allowing for responsive interaction 

and backdrivability. Electrically, the system is powered by a compact setup that includes dedicated motor and 

coil drivers, enabling independent control of the motor torque and the clutch locking effect. A low-cost Arduino 

UNO R4 Minima microcontroller handles real-time control and signal processing. This minimalist hardware 

configuration favorize portability and low power consumption while still achieving responsive control. On the 

software side, a fully open-loop strategy was implemented to maintain simplicity and ensure fast response. 

Torque commands are sent from a main PC interface, processed by the Arduino, and translated into motor and 

clutch actuation. Though calibration is required to maintain accuracy, the absence of feedback loops reduces 

system complexity and latency. Together, these design elements create an efficient, user-friendly orthosis 

capable of generating clinically relevant torque levels, while maintaining the transparency and safety needed for 

rehabilitation outside clinical environments. 

4. RESULTS AND DISCUSSION

The system was validated through three experimental tests: open-loop torque control, backdrivability, and

human interaction under perturbation. The first two tests, illustrated in Figure 2, assessed the system’s accuracy 

and passive behavior. Results showed a fast torque response of ≈14 ms and good tracking accuracy (MAE = 

0.3175 N·m), with minimal overshoot and steady-state error. Backdrivability evaluation confirmed low passive 

resistance across varying speeds, modeled by a nonlinear friction-velocity relationship. During human testing, 

the orthosis maintained the desired torque with an R² of 0.759, despite disturbances up to ±75 deg/s. These results 

confirm the orthosis’s responsiveness, transparency, and suitability for safe upper-limb rehabilitation. 

5. CONCLUSIONS

Mechanical and electrical validation was carried out through a series of experiments, including temporal

response evaluation, backdrivability assessment, and real-world testing with a human subject. Combined 

with the implementation of a closed-loop control architecture, this MRO would be a strong candidate for 

practical, patient-ready use in elbow, wrist and hand rehabilitation contexts.
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Figure 2: Open-loop torque response vs. commanded torque (a) Output torque as a function of output speed (b)
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