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Abstract 15 

Magnetorheological gel (MRG) excels in the material properties in term of adjustability and 16 
sedimentation performance, which could upgrade the performances of the current 17 
magnetorheological fluid based adjustable devices for structural control and vibration 18 
mitigation. However, the characterization and modelling of the stress-strain hysteresis 19 

responses of MRG has not been reported in the past, which are fundamental steps toward 20 
engineering applications. In this study, the stress-strain hysteresis of polyurethane based MR 21 

gel sample with 60% carbonyl iron particle weight fraction was characterised under sinusoidal 22 
shear excitations with broad ranges of strain amplitude (5%–100%), excitation frequency (0.1 23 

Hz–2 Hz) and magnetic fields (0–0.91 T). Significant stress overshooting phenomenon were 24 
observed under the application of low magnetic fields (0.27 T). A structurally-simple and 25 
accurate phenomenological model has been established to capture this unique nonlinearity. By 26 

validating the experimental results, the proposed model accurately predicts the hysteretic 27 
behaviour and the overshoot of the MRG under the excitation scenarios and the magnetic fields 28 

considered. Finally, the support vector machine (SVM) was implemented to provide the 29 
solution to the model generalization. The SVM-assisted model showed good agreement with 30 
the experimental data and can benefit the efficiency and viability in developing controllable 31 
MRG-based devices and system. 32 
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1. Introduction 36 

Magnetorheological gel (MRG), as a new branch of magnetorheological (MR) materials [1-4], 37 
holds the potential to be adopted in adjustable devices, due to that it offers extensive 38 

adjustability in material properties under the influence of the external magnetic field [5]. The 39 
compositions of MRG are typically polymer gel as the matrix, ferromagnetic filling particles, 40 

and additives. Compared with the free-flowing liquid matrix of MR fluid, which is the most 41 
reported controllable fluid, the partially entangled polymer gel matrix has a higher viscosity 42 
and yield stress, which decides the lower sedimentation behaviour and superior sealing 43 

performance of MRG [6, 7]. Moreover, the properties of the polymer matrix can be simply 44 
orchestrated by changing the concentration of copolymer, morphology, and cross-link profile; 45 

and, depending on the fabrication composition and fabrication process, MRGs appear as soft 46 

gel, and solid-like [8-12]. Therefore, the availability of the controllable materials for adjustable 47 
devices can be greatly expanded, and the performance and adjustability of the controllable 48 
devices can be more precisely designated and tailored. 49 
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Being classified as both MR material and complex fluid, MRG express strong dependencies on 50 
both magnetic fields and excitation inputs, i.e., strain amplitude and strain rate (or excitation 51 
frequency) [13]. Furthermore, adaptive devices are normally subjected to reciprocating 52 
loadings with large strain amplitudes, which generally lead to highly nonlinear stress-strain 53 
hysteresis. Under the application of the external magnetic field, the nonlinearity in the 54 

hysteretic behaviour becomes more drastic and complicated since the materials transform from 55 
gel-like liquid state, more sticky elastomeric material to solid materials. Essential efforts were 56 
made to establish understandings of this novel controllable complex fluid and mainly focused 57 
on reporting the innovative recipes for high adjustable material, experimental testing to 58 
revealing the rheological behaviour and material stability [14-16]. The adjustability of yield 59 

stress from about 10 kPa to almost 200 kPa can be achieved by MRG under the influence of 60 
the external magnetic field [17]. From the application perspective, the high storage modulus 61 

and adjustability of MRG can contribute to a more compact device design and higher 62 
controllable ranges of the device. No particle sedimentation was observed in MRG if the 63 
solvent content is lower than 25 wt% [14]. These findings suggested the potentials of 64 
developments of compact and stable controllable devices for various engineering prospects, 65 
including controllable damping devices and torque transmission actuators. 66 

Towards the design of controllable-material-based devices and predicting the performance of 67 
the devices, it is an essential step to conduct characterization of the stress-strain hysteresis 68 
behaviour of the material. The common approach to obtain the stress-strain relationships for 69 
MR materials is performing sinusoidal shear tests using customised shear test rigs [1, 18, 19] 70 

or rheometers [20, 21] under different levels of magnetic fields. Commercial rheometers are 71 
widely merited for its simple set up and high precision for rheology studies and material 72 

characterisations. The raw waveform data recording function for large amplitude oscillatory 73 
shear test and the electromagnet accessories enable the stress-strain hysteresis characterisation 74 

for MR materials. However, the hysteresis behaviour of MRG has not been characterized in the 75 
previous research. 76 

Substantial efforts have been made on the modelling of other controllable materials to predict 77 
the stress-strain hysteresis loop under different excitation inputs and external magnetic field 78 
[22, 23]. These models were developed and can be adopted in the control algorithms to achieve 79 

active or semi-active control devices and systems for both engineering practices and numerical 80 
simulations. Two general types of models can be classified from the past investigations are 81 
physical model and phenomenological model. The physical models are constructed based on 82 

the interpretation of the microstructure of the material and generally have over-simplified 83 
assumptions and require a sophisticated computation process [24-26]. On the other hand, 84 

phenomenological models are based on the empirical relations between the excitation inputs 85 
and hysteresis performances. They provide a versatile and straightforward model formulation 86 

process and consider the dependencies of frequency, strain amplitude, and external magnetic 87 
field. Commonly, the accuracy and simplicities of the model, i.e., less parameter and avoiding 88 
piecewise function and differential equations, significantly contribute to the effectiveness and 89 

response time of the controller [27]. 90 
Therefore, phenomenological models are extensively adopted in depicting the hysteresis 91 

responses of controllable materials and devices. Li et al. [21] proposed a four-parameter 92 
viscoelastic model for the prediction of dynamic hysteresis responses of MREs. Dargahi et al. 93 
[18] established a Prandtl-Ishlinskii model with the sound performance of describing the 94 

dependencies of the field and excitation inputs for MRE. Yu et al. [28] constructed a Bouc-95 
Wen-operator-based hysteresis model, which can capture the strain stiffening of the MRE base 96 

isolator under the influence of the applied external magnetic field. For controllable-fluid-based 97 
applications, Spencer et al. [29] proposed a simple Bouc-Wen model for the semiactive control 98 
of MRF dampers for engineering structures. In light of this successful implementation of Bouc-99 
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Wen model in MRF dampers, this model has been modified to further extend its applicability 100 
for large scale damper [30], self-centering bracing [31] and MRE base isolators [32]. Although 101 
numerous variations of phenomenological models have been formulated to capture the stress-102 
strain hysteresis for magnetorheological materials, their applications to MRG has never been 103 
reported.  104 

In this study, the MRG sample with carbonyl iron particle (CIP) content of 60 wt% was 105 
prepared. The dynamic hysteresis responses of the MRG sample have been characterized using 106 
a rheometer under sinusoidal shear excitations with broad ranges of strain amplitude (10% – 107 
100%), excitation frequency (0.1 Hz – 2 Hz) and magnetic field (0 – 0.91 T). The experiments 108 
suggested that the dynamic behaviour of MRG heavily depends on the excitation inputs and 109 

magnetic fields. In particular for low level of field (0.27 T), stress overshoot phenomenon 110 
occurred at the reverse of the shear flow. A Bouc-Wen model was implemented to fit the 111 

characterised stress-strain behaviour of MRG however failed in predicting the overshoot 112 
phenomenon. A simple and accurate phenomenological model with only four parameters has 113 
therefore been proposed to capture this unique nonlinearity of MRG, and the field-induced 114 
stress overshoot. For the generalisation purpose, the parameters of the proposed model are 115 
identified form the experimental data and used for the training of a support vector (SVM) 116 

assisted model. The SVM assisted model was validated with other group of experimental data 117 
showed accurate predictions of the hysteretic behaviour and overshoot of the MRG under all 118 
excitation scenarios and the magnetic fields considered. 119 
 120 

2. Experimental 121 

 Material preparation 122 

The MRG sample in this research is fabricated with 60 wt% of CIP (spherical, 3.5 µ diameter, 123 
provided by Beijing Xing Rong Yuan Technology Co., Ltd., China) and polyurethane (4608 124 

oil-based polyurethane, provided by Jining Tainuo Chemical Co., Ltd., China). Polyurethane is 125 
normally synthesized by toluene diisocyanate and polypropylene glycol; and its viscosity can 126 

be easily tailored by the ratio between the diisocyanate and glycol. Higher diisocyanate 127 
concentration gives higher viscosity of the polyurethane [14, 15]. The polyurethane appears as 128 
soft gel state and has an amber hue before mixing. To prepare the MRG, firstly, the 129 

polyurethane sample was stirred at 60 ˚C for 30 minutes with the mixer set at 500 rpm. Then 130 
the polyurethane was cooled down to 30 ˚C. The weighted CIP was added to the polyurethane 131 

and mixed for 1 hour at 500 rpm. Then, the mixture was treated with an ultrasonic vibrator for 132 
15 minutes to get a more uniform distribution of CIP and remove the air bubble in the mixture. 133 
To further eliminate the air bubble and moisture, the mixture was stored in the vacuum drying 134 

machine for 2 hours and then placed 2 days at room temperature. Finally, the MRG with CIP 135 
of 60 wt% was prepared. Figure 1(a) is the photo of the prepared MRG sample settled in the 136 
beaker. In figure 1(b), as beaker is tilted, the MRG surface bulges towards the tilting direction. 137 
Then the MRG surface gradually levels to the horizontal plane under the influence of gravity 138 

after approx. 15 seconds, as presented in figure 1(c). This behaviour suggests that MRG has 139 
the higher stability and viscosity, compared with free flowing MRF; however, yet reached the 140 
elastomeric state as MRE. 141 
 142 

   
(a) (b) (c) 
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Figure 1. Photos of the MRG sample (a) settled in the beaker; (b) the beginning of the 

tilting; (c) approx. 15 seconds after tilting 

 143 
 Experimental setup and measurements 144 

The dynamic hysteresis characterization of the MRG sample was performed on the MCR 302 145 

rheometer (Physica MCR 302, Anton Paar Co., Austria) with the parallel plate measurement 146 
system (PP20, Anton Paar Co., Austria), as presented in figure 2(a). The rheometer is equipped 147 
with the raw data module which enables the recording of raw stress and strain waveforms. The 148 
parallel plate measurement system has a uniform gap height between the PP20 measuring tool 149 
and the base plate, thus yields a uniform magnetic field distribution in the gap. In all 150 

experiments, the gap was set at 1 mm. Since the radius of the PP20 measuring tool is 10 mm, 151 
the volume of MRG sample controlled for each test is π×1^2×0.1=0.314 ml. The MRG sample 152 

is applied at the centre of the base plate in the gap. The magnetic field in the gap was controlled 153 
by the coil sets embedded under the rheometer bottom plate. The maximum current applied to 154 
the coils is 5A by the power supply (PS-MDR/5A, Anton Paar Co., Austria). To find the 155 
correlation between the fiend density and the applied current and to assess the homogeneity of 156 
the magnetic field, the magnetic fields at three locations beneath the base plate were measured 157 

by a teslameter (FH54, Magnetic Physics Inc., Germany) with a hall probe (HS-TGB5, 158 
Magnetic Physics Inc., Germany) inserted under the base plate at the centre, as illustrated in 159 
figure 2(b) and (c). The three locations are the projections of the centre, middle of the radius 160 
(5 mm from the centre) and the edge (10 mm from the centre) of the PP20 measurement plate. 161 

During the measurement, 0 A to 5 A (1 A step) currents were applied to the coil; and, MRG 162 
sample was applied to the centre of the base plate with the gap height set at 1 mm. Since the 163 

hall probe cannot be accommodated inside of the gap when sample was placed, the probe 164 
inserted in the slot beneath the base plate. The measured correlation between the field density 165 

and the applied current is presented in Table 1. Small discrepancies in the field densities at the 166 
three locations were observed, around 5%. The average of the field density at the three locations 167 

was used in the following sections to indicate the levels of magnetic fields. When the current 168 
is increased from 0 to 5 A, the magnetic field density increases almost linearly from 0 T to 0.91 169 
T.  170 

 171 

  
(a) (b) 

 
(c) 

Figure 2. Set up of (a) characterization tests; (b) measurement of magnetic field; (c) 

locations of field measurement 

 172 
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Table 1. Correlation between the magnetic field density and applied current 173 

Current (A) Centre (T) 
5mm from 

centre (T) 

10mm from 

centre (T) 

Average 

(T) 

0 0 0 0 0 

1 0.26 0.26 0.28 0.27 

2 0.47 0.46 0.49 0.47 

3 0.64 0.62 0.66 0.64 

4 0.78 0.77 0.80 0.79 

5 0.90 0.88 0.93 0.91 

 174 

During the measurement of magnetic field and characterisation tests, a set of magnetic 175 
chambers (MDR H-PTD 200, Anton Paar Co., Austria) were placed on the rheometer base plate 176 

to form an enclosed magnetic flux path. The temperature was controlled at 25 ± 0.2 ˚C for all 177 

measurements by a temperature module (C-PTD 200, Anton Paar Co., Austria) connected to 178 

the base plate and a temperature control hood (H-PTD 200 hood, Anton Paar Co., Austria) 179 
applied over the magnetic chamber. It should be noted that the temperature fluctuations vary 180 
with the applied current. By applying 0, 1, and 2 A currents for 300 seconds, the temperature 181 
increment can be well limited within 0.03 ˚C. At 3, 4, and 5 A, the temperature increases for 182 

0.05, 0.12 and 0.19 ˚C over 300 seconds, respectively. From the past research [33, 34], such 183 
level of temperature increment only decreases the dynamic yield stress of polymer-based MR 184 

materials by less than 0.15%. In this research, the testing time is controlled under 300 seconds 185 
which allows 30 cycles of 0.1 Hz test. 186 
The characterisation tests of the hysteresis responses of the MRG were conducted under strain-187 

controlled sinusoidal excitations with various frequencies, strain amplitudes and magnetic 188 

fields considered. To date, such characterisation has yet to be reported for MRG. For 189 
controllable fluid like MRF, its hysteresis behaviour has normally been characterised under 190 
excitation frequency from 0.5 Hz to 1.5 Hz [35]. In this research, a wider range of frequency 191 

was considered for MRG, which were 0.1, 0.5, 1 and 2 Hz. The strain amplitudes for the 192 
measurements were set from 10% to 100%. Measurements of each excitation input were carried 193 

out with six levels magnetic field applied (currents applied to the coil set: 0, 1, 2, 3, 4, 5 A), 194 
since the storage modulus reaches the maximum when the magnetic field density increased to 195 

about 0.8 T [14].  All tests were conducted under stain control. The temperature was set at 25 196 
˚C for all tests. 513 data points were samples for each measured hysteresis loop.  197 
 198 

 MRG dynamic characteristics 199 

The recorded stress-strain hysteresis of the MRG sample indicated strong and complicated 200 
dependencies on excitation frequency, strain amplitude, and the external magnetic field. Figure 201 
3 shows the stress-strain relationships of the MRG sample under the influences of the frequency, 202 

strain amplitude, and magnetic field. The enclosed area of the hysteresis loop represented the 203 
dissipated energy under the sinusoidal shear motion. The stiffness can be represented by the 204 
slope of the major axis of the hysteresis curve. Primarily, the increases of excitation frequency, 205 
strain amplitude and magnetic field contributes to both the energy dissipation and stiffness of 206 
MRG. The presence and intensifying of the external field form and strengthen the CIP chain 207 

structures in the gel matrix and result in the drastic growth of the elastic component in the 208 
MRG. The dynamic response of MRG is similar to pure viscous material without the magnetic 209 
field; however, under the magnetic fields, it become to be ellipse shaped as the viscoelastic 210 

materials. This unique transition from the magnetic field off and on states of MRG differs from 211 
other MR materials like MRF and MRE. MRF and MRE exhibit box-shaped and ellipse-shaped 212 
hysteresis loops, respectively [18, 35]; and, the presence of external field does not change the 213 
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general outlines of their hysteresis loops.  An apparent stress overshoot effect was observed 214 
and will be discussed in the following section.  215 

  
(a) (b) 

 
(c) 

Figure 3. Hysteretic responses of MRG (a) influence of frequency (30% strain; 0.27 T); (b) 

influence of strain amplitude (0.1 Hz; 0.27 T); (c) influence of magnetic field (0.1 Hz; 30% 

strain). 

 216 
Figure 3(a) compares the influence of excitation frequency on the stress-strain responses of 217 

MRG when strain amplitude is fixed at 30% and 1 A current applied to the coil. The growing 218 

frequency effectively increased the dissipated energy and the stiffness of the MRG. This 219 

phenomenon is in line with the findings from Yang et al. [6] and Xu et al. [14]. Figure 3 (b) 220 
represents the hysteresis loop with different strain amplitudes applied under the same level of 221 

excitation frequency (0.1 Hz) and magnetic field (0.27 T). Although the increase of strain 222 
amplitude increases the measured maximum shear stress, the reducing slope indicates a 223 
decreasing trend of storage modulus with the rise of strain amplitude. Similar results were 224 
reported in [15, 36]. Figure 3(c) depicts the influence of the applied magnetic field when the 225 
excitation inputs are fixed at 0.1 Hz and 30% strain. The plot for the 0 T scenario, located at 226 

the bottom right corner of Figure 3(c), has a nearly circular shape, and the gradual slope of the 227 
hysteresis loop suggested a minor effect of elasticity. Due to the absence of the magnetic field, 228 
CIP contents are randomly distributed in the polyurethane matrix rather than forming columnar 229 
structures [16, 37]. The application of the external magnetic field results in a nonlinear 230 

viscoelastic-material-like behaviour. Further intensifying the magnetic field (up to 0.91 T) 231 
outputs an increasing trend of both stiffness and energy loss of MRG under the sinusoidal 232 

waveform.  233 

-10

-8

-6

-4

-2

0

2

4

6

8

10

-40 -20 0 20 40

S
h

ea
r 

st
re

ss
 (

k
P

a)

Shear strain (%)

0.1Hz 0.5Hz

1Hz 2Hz

Overshoot

-15

-10

-5

0

5

10

15

-125 -75 -25 25 75 125

S
h
ea

r 
st

re
ss

 (
k
P

a)

Shear strain (%)

10% 30%

50% 100%

Overshoot

-20

-15

-10

-5

0

5

10

15

20

-40 -20 0 20 40

S
h
ea

r 
st

re
ss

 (
k
P

a)

Shear strain (%)

Overshoot

-0.12

0

0.12

-35 0 35S
h
ea

r 
st

re
ss

 (
k

P
a)

Strain (%)

-1

0

1

2

3

4

5

6

7

8

9

10

-40-2002040

T
it

le

Title

0T 0.27T

0.47T 0.91T

-1

0

1

2

3

4

5

6

7

8

9

10

-40-2002040

T
it

le

Title

0T 0.27T

0.47T 0.91T



7 

 

Furthermore, significant stress overshooting phenomenon can be observed at the shear rate 234 
reversing points of a strain cycle, only under the application of magnetic field, especially for 235 
the lower-level magnetic fields (0.27 T). The occurrence of overshooting is because of that the 236 
reversed strain deformation is accumulated slower than the unloading of shear stress [38]. 237 
Numerous similar stress-strain responses were reported in the rheological studies of a wide 238 

range of soft matter and complex flow [39-42] and suggested that the occurrence of 239 
overshooting is strongly dependent on the strain rate of the shear flow [43]. As suggested by 240 
[44], wall slippage and surface roughness of the measurement tool may also lead to stress 241 
overshoot phenomenon; and, the overshoot induced by wall slip normally appears as abrupt 242 
drop and fluctuation of the shear stress. The smooth and contentious hysteresis loop of MRG 243 

means that the measurement is not significantly affected by wall slip. 244 
With the involvement of the magnetic field, the overshoot of MGR is not simply dependent on 245 

excitations and shows more unique dependency on the applied current. As shown in figure 3(a) 246 
and (b), when 0.27 T applied, this phenomenon showed up in all excitation frequencies and 247 
strain amplitudes. Form figure 3(c), although under the same excitation frequency and strain 248 
deformation, as the magnetic field further increased to 0.47 T and 0.91 T, the overshoot became 249 
less visible and then disappeared. It could be explained that the intensified magnetic field 250 

strengthens the yield stress of the CIP chain structures in MRG; the reverse of strain rate 251 
occurred before the shear stress reaches the yield level of MRG under a large magnetic field. 252 
This phenomenon has not been found in the dynamic characterization studies of other 253 
controllable materials.  254 

However, stress overshoot frequently appears in practical engineering applications and is 255 
always challenging and critical for researchers to capture in the control system, since the 256 

ignorance of overshoot will cause false feedback and failure of control [45, 46]. Thus, 257 
modelling practices for MRG were performed in the following section. 258 

 259 

3. Modelling of the hysteresis behaviour 260 

3.1 Hysteresis modelling using Bouc-Wen model 261 
As the hysteresis behaviour for MRG has not been revealed in the past, modelling of this unique 262 
response is lack of practice and in urgent demand. Here, we use Bouc-Wen model to fit the 263 

stress-strain behaviour of MRG since it is the universally-accepted model for portraying 264 
nonlinear behaviour of materials and structures, and has been successfully used in reproducing 265 

the nonlinear behaviour of MRF/MRE materials and devices [28, 32]. This could be beneficial 266 
in modelling for MRG since MRG exhibits both viscous and viscoelastic behaviours depending 267 
on the presence of the external magnetic fields. An existing Bouc-Wen model developed by 268 

Yang et al. for an MRE isolator was implemented to model the MRG dynamic behaviour, with 269 
the formulation presented as follow [32]: 270 

𝜏est = 𝛼𝑘0𝛾 + (1 − 𝛼)𝑘0𝑧 + 𝑐0𝛾̇ 

𝑧̇ = 𝐴𝛾̇ − 𝛽|𝛾̇||𝑧|𝑛−1𝑧 − 𝛿𝛾̇|𝑧|𝑛 
(1) 

 271 

where τest, γ and 𝛾̇ are the predicted shear stress, shear strain and strain rate respectively; α, β, 272 
δ, A, and n are the non-dimensional parameters which govern the shape and size of the predicted 273 
hysteresis loops; k and c are the parameters for the elastic spring and dashpot element, 274 
respectively; z is the imaginary variable to represent the time-series function of the shear strain. 275 
Generic algorithm was applied to find the combinations of model parameters that yields the 276 

minimal value root mean square error (RMSE) between the experimental data and τest. RMSE 277 

can be expressed by Eq. 2 as follow: 278 
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𝑅𝑀𝑆𝐸 = √
1

𝑁
∑[𝜏(𝑗) − 𝜏est(𝑗)]2

𝑁

𝑗=1

 (2) 

Where N is the number of samples in one hysteresis loop, and τ(j) and τest(j) stand the jth 279 
measured shear stress and the estimated shear stress from the Bocu-Wen model, respectively. 280 
The predictions from the Bouc-Wen model are compared with the experimental results in figure 281 

4. Figure 4(a), (b) and (c) presents the fitting of the model under the scenarios of different 282 
excitation frequencies, strain amplitudes and applied currents, respectively.  283 

  
(a) (b) 

 
(c) 

Figure 4. Comparisons between experimental data and simulation result from Bouc-Wen 

model for: (a) different frequencies, 0.27 T, 30% strain; (b) different strain amplitude, 0.27 T, 

0.1 Hz; (c) different magnetic field, 30%, 0.1 Hz. 

 284 
Overall, the Bouc-Wen model is able to predict the general outlines of the MRG hysteresis 285 
loops and the transitions before the revering points of the shear motions; but fails to portrait 286 
the overshoot phenomenon after the revise. In figure 4(a) and (b), under 0.27 T  scenarios where 287 
MRG exhibits significant stress overshot, the Bouc-Wen model ignored all details for the stress 288 

overshoot and only estimated shear stress as gradual increasing lines. Although, in figure 4(c), 289 

the Bouc-Wen model showed acceptable performances for the viscous-like response under 0 T 290 

and the viscoelastic behaviours under 0.47 T and 0.91 T as expected, the ignorance of the 291 
overshoot behaviour will still leads to the false feedback for the controller and failure of control 292 
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in the application stage. The following sections propose a simple and accurate 4-parameter 293 
phenomenological model which can characterize the unique overshoot behaviours of MRG 294 
with considering the dependency on the magnetic field to mitigate the lack of practice of MRG 295 
hysteresis modelling. 296 
 297 

3.2 Formulation of a 4-parameter overshoot model 298 
The experimental results in figure 3 indicated the hysteresis responses of MRG without the 299 
application of the magnetic field form an almost circle and barely has the sign of overshoot and 300 
elastic behaviour. As the field density increases to 0.27 T, two major features of viscoelasticity 301 
and overshoot can be identified. Therefore, when stress overshoot occurred, the shear stress 302 

can be decomposed into two parts, which are a viscoelastic part and the overshoot part. In this 303 
case, the viscoelasticity part of MRG is modelled by the classic Kelvin-Voigt model, which is 304 

the parallel combination of a linear spring element (k) and a viscous dashpot (c) [47]. The 305 
Kelvin-Voigt model can be formulated as: 306 

𝜏viscoelastic = 𝑘𝛾 + 𝑐𝛾̇ (3) 

where γ is the shear strain and 𝛾̇  is the shear rate. The overshoot stress (τo) component, 307 
considering its shape and occurring location, is represented by a two-parameter overshoot 308 
element formulated as follow: 309 

𝜏o = {
(1 + 𝛾nor)𝑏𝑎−𝑎(1+𝛾nor),  𝛾̇ ≥ 0

(1 − 𝛾nor)𝑏𝑎−𝑎(1−𝛾nor), 𝛾̇ < 0
 (4) 

where b is the governing the magnitude of the overshoot stress component, a is controlling the 310 

shape variation and location of the overshoot element, γnor is the normalized strain (γ). To 311 
illustrate the effect of parameter a on the shape and the location of the overshoot stress, the 312 

normalized τo values are plotted in figure 5. When a value is set at 3, the clear overshoot peak 313 
can be observed. With the further increment of a, the peaks start to merge to the shear flow 314 
reverse points and become resemblant to the shape and location of the overshoot observed from 315 

MRG characterization under the lower magnetic field scenarios. When the a value is lower 316 
than 3, the shape of the overshoot element shows a close match with the nonlinear viscoelastic 317 

behaviour of the MRG under the higher magnetic fields (0.47 T and 0.91 T). As for 0 T case, 318 
where the hysteresis loop presents an almost perfect circular shape, the overshoot element is 319 
deactivated (parameter b set as 0). Subsequently, by paralleling the overshoot element with the 320 
viscoelasticity model, the proposed model can be formulated as follow: 321 

𝜏est = {
𝑘𝛾 + 𝑐𝛾̇, 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 0

𝑘𝛾 + 𝑐𝛾̇ + 𝜏𝑜 , 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 ≠ 0
 (5) 

where τest is the estimated shear stress from the proposed model. Figure 6 is the structure of the 322 

proposed model. With the combination of the overshoot element and the Kelvin-Voigt model, 323 

the estimated shear stress plotted in figure 6 becomes identical to the characterized dynamic 324 
behaviour the of MRG with stress overshoot phenomenon. 325 

 326 
Figure 5. Shape variation of the proposed overshoot element 327 
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 328 
Figure 6. The proposed overshoot phenomenological model 329 

 330 
3.3 Parameter identification and analysis 331 

Considering the proposed model contains only four parameters, i.e., k, c, a, and b, and has no 332 
differential equations, the four parameters can be identified using the least square optimisation 333 
method to yield the minimal RMSE (Eq. 2) between the experimental results (τ) and the 334 
estimated shear stress (τest) by the 4-parameter overshoot model. For the 0 T scenarios, a values 335 

are not considered, and parameter b was set to 0 since the overshoot element is only active 336 
while the magnetic field is applied. Figure 7 shows the simulation results from the proposed 337 
model for scenarios reported in figure 3. In figure 7, the solid and dotted lines represent the 338 
experimental data and estimated data by the proposed model, correspondingly. The results 339 

suggested that the proposed model accurately captures the hysteresis responses of MRG for all 340 
excitation inputs and magnetic fields considered. At the scenarios and locations where the 341 

stress overshoot occurred, the model also showed ideal prediction. The full list of simulation 342 
results and experimental data are prepared in Appendix.  343 
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(c) 

Figure 7. Comparison between experimental data and simulation result by the proposed 

overshoot model for: (a) different frequencies, 0.27 T, 30% strain; (b) different strain 

amplitude, 0.27 T, 0.1 Hz; (c) different magnetic field, 30%, 0.1 Hz. 

 344 
The identification results of the four parameters are summarised in table 2 (B represents 345 

magnetic field density). To further illustrate the relationships between the model parameters 346 
and the excitation inputs and the magnetic field, the 3D plots are prepared in figure 8 via Thin 347 

Plate Spline algorithm [48]. The clear relationships between the parameter and the variations 348 
of the magnetic field and excitation strain amplitude can be observed. In figure 8 (a), the 349 

vertical axis represents the magnitude of parameter a, which has a clear decreasing trend with 350 
the increase of the external magnetic field and with the decrease strain amplitude. At a larger 351 
stain amplitude and a lower magnetic field level, a value is larger. By comparing a values under 352 

different excitation frequencies, it can be concluded that a decrease with the increase of the 353 
frequency. Similarly, in figure 8 (b), parameter b also reduces with the intensifying of the 354 

magnetic field and the increase of strain amplitude; however, it increases with the increase of 355 
the excitation frequency. Corresponding to figure 5, the larger a value gives a more 356 
marginalized location from the centre of the horizontal axis of the peak of overshoot stress.  357 
Moreover, larger b value yields a larger stress overshoot magnitude. These trends match closely 358 

with the findings from the experiments, suggesting that the lower field density and larger strain 359 
amplitude result in a sharper and more significant stress overshoot. For the parameters of the 360 
elastic spring (k) and the dashpot element (c), which are summarised in figure 8 (c) and (d), 361 

respectively, they undergo increasing trends with the increase of magnetic field level and the 362 
decrease of strain amplitude. The increasing of excitation frequency slightly increases the k 363 
values; however, it reduces the c values. These trends agree with the physical interpretations 364 
of the parameters, i.e., the external magnetic field contributes to both the damping and stiffness 365 

of the MRG; however, the strain amplitude has the opposite effect on the stiffness and damping.  366 
 367 

Table 2. Model parameters a, b, k, and c under: (a) 0.1 Hz; (a) 0.5 Hz; (a) 1 Hz; (a) 2 Hz. 368 
(a) 369 

  Amplitude=10%   Amplitude=30% 

B (T) a b k c   a b k a 

0 N/A 0 1.53E-03 8.52E-03  N/A 0 8.70E-04 6.09E-03 

0.27 3.57 35.10 3.01E-01 2.71E-01  4.67 70.69 1.68E-01 1.78E-01 

0.47 3.44 32.80 5.96E-01 3.62E-01  4.45 64.54 2.92E-01 3.13E-01 

0.91 2.63 24.41 8.15E-01 5.12E-01  2.86 51.33 3.28E-01 3.74E-01 
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 Amplitude=50%  Amplitude=100% 

B (T) a b k c   a b k a 

0 N/A 0 6.75E-04 5.57E-03  N/A 0 5.07E-04 5.03E-03 

0.27 6.04 95.54 1.06E-01 1.75E-01  7.27 111.61 5.06E-02 1.42E-01 

0.47 4.86 83.25 1.90E-01 2.99E-01  6.00 90.00 8.49E-02 2.30E-01 

0.91 2.91 55.70 2.21E-01 3.15E-01   3.02 62.83 1.20E-01 2.36E-01 

 370 
(b) 371 

  Amplitude=10%   Amplitude=30% 

B (T) a b k c   a b k a 

0 N/A 0 1.89E-03 2.49E-03  N/A 0 1.17E-03 1.86E-03 

0.27 3.79 44.38 3.16E-01 6.11E-02  4.46 78.85 1.87E-01 3.31E-02 

0.47 3.43 43.56 6.52E-01 9.45E-02  4.27 75.59 3.32E-01 6.83E-02 

0.91 3.30 39.52 8.27E-01 1.27E-01  3.73 46.94 3.57E-01 9.64E-02 
          

 Amplitude=50%  Amplitude=100% 

B (T) a b k c   a b k a 

0 N/A 0 7.82E-04 1.72E-03   N/A 0 7.58E-04 1.60E-03 

0.27 5.07 98.20 1.29E-01 3.59E-02  5.87 115.77 6.31E-02 3.09E-02 

0.47 4.82 81.61 2.16E-01 6.93E-02  5.30 94.36 1.09E-01 5.66E-02 

0.91 3.77 62.25 2.29E-01 8.50E-02   4.05 68.08 1.19E-01 6.05E-02 

 372 
(c) 373 

  Amplitude=10%   Amplitude=30% 

B (T) a b k c   a b k a 

0 N/A 0 2.25E-03 1.14E-03  N/A 0 1.89E-03 9.66E-04 

0.27 3.05 20.90 3.29E-01 2.73E-02  4.24 83.06 1.87E-01 1.66E-02 

0.47 3.00 19.48 6.79E-01 5.69E-02  4.07 80.16 3.38E-01 3.50E-02 

0.91 2.99 17.44 8.91E-01 7.88E-02  3.81 60.68 3.60E-01 4.84E-02 
          

 Amplitude=50%  Amplitude=100% 

B (T) a b k c   a b k a 

0 N/A 0 8.64E-04 9.12E-04   N/A 0 8.42E-04 8.84E-04 

0.27 5.26 126.28 1.30E-01 1.78E-02  5.88 145.74 6.64E-02 1.60E-02 

0.47 5.17 102.71 2.30E-01 3.46E-02  5.48 120.38 1.12E-01 2.97E-02 

0.91 3.72 74.50 2.35E-01 4.14E-02   4.31 84.36 1.22E-01 3.02E-02 

 374 

(d) 375 

  Amplitude=10%   Amplitude=30% 

B (T) a b k c   a b k a 

0 N/A 0 7.81E-03 2.16E-03  N/A 0 4.92E-03 1.65E-03 

0.27 3.44 31.62 3.52E-01 1.78E-02  4.16 90.58 2.13E-01 9.68E-03 

0.47 3.31 31.38 6.91E-01 3.45E-02  4.16 91.27 3.69E-01 1.95E-02 

0.91 3.06 30.13 9.34E-01 4.03E-02  3.94 84.84 4.32E-01 2.47E-02 
          

 Amplitude=50%  Amplitude=100% 

B (T) a b k c   a b k a 

0 N/A 0 4.25E-03 1.52E-03   N/A 0 3.77E-03 1.39E-03 

0.27 4.47 149.98 1.76E-01 9.63E-03  5.23 166.31 8.59E-02 9.87E-03 

0.47 4.39 135.18 2.80E-01 1.89E-02  5.14 145.85 1.38E-01 1.74E-02 

0.91 4.11 115.96 3.00E-01 2.37E-02   4.16 130.97 1.53E-01 1.89E-02 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Model parameter identification results (a) parameter a; (b) parameter b; (c) 

parameter k; (d) parameter c. 

 376 
To quantitively evaluate the accuracy of the proposed model, mean absolute percentage error 377 
(MAPE) was calculated for all cases following: 378 

𝑀𝐴𝑃𝐸 =
1

𝑁
∑ 𝐴𝐵𝑆[

𝜏(𝑗) − 𝜏est(𝑗)

𝜏(𝑗)
]

𝑁

𝑗=1

× 100% (6) 

The overall MAPE value of 12.023% suggests that the proposed model can accurately predict 379 
the dynamic hysteresis behaviour of MRG under a broad band of excitation strain amplitude, 380 

fervency, and different levels of magnetic field.  381 
 382 

3.4 Support vector machine (SVM) assisted model 383 
In the practical use of phenomenological models for the controllable materials and devices, the 384 
controlling systems are expected to have adaptive performance under fluctuating excitations 385 
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and magnetic fields. Since the model parameters are normally identified from experimental 386 
characterizations with the test conditions like frequency, amplitude, and magnetic field, held 387 
at constant levels, models should be generalised prior to the application in the controlling 388 
system. In the past research, model parameters are generally generalized by using the average 389 
parameter values under the same magnetic field level and finding the equational expressions 390 

between the averaged parameter values and the magnetic field to reduce the complexity of 391 
generalization process. This approximation is valid for the scenarios where the material or 392 
device performance is majorly dependent on the magnetic field.  393 
However, the characterized MRG dynamic behaviour and the identified model parameters are 394 
heavily reliant on both the magnetic field and the excitation inputs. The simplification by 395 

averaging parameters does not apply to the MRGs. Moreover, establishing the equational 396 
expressions for the parameter values with three variables, i.e., frequency, strain amplitude, and 397 

applied magnetic field, is challenging to achieve ideal results.  398 
Support vector machines (SVMs), as supervised learning models, have been successfully 399 
implemented in material science and engineering for accurate prediction, classification, and 400 
regression analysis [49-52], and can tackle the multi-variable fitting problems in the model 401 
generalization process. In this research, an SVM assisted model is formulated as presented in 402 

figure 9; and consists of two parts: a trained SVM model and the proposed overshoot 403 
phenomenological model. The trained SVM predicts the model parameters, i.e., a, b, k, and c, 404 
with frequency (f), strain amplitude (A) and magnetic field density (B) as inputs. Subsequently, 405 
the proposed phenomenological model uses the parameters predicted by the trained SVM 406 

models to produce the estimation of stress-strain hysteresis loops for MRG under the given 407 
inputs, i.e., f, A, and B. 408 

  409 
Figure 9. The architecture of the SVM assisted model 410 

In the training process for SVM, the identified values of the four parameters in table 2 were 411 

used as training data, which considers frequencies of 0.1, 0.5, 1, and, 2 Hz, strain amplitudes 412 
of 10%, 30%, 50%, and 100% and field densities of 0, 0.27, 0.46, and, 0.91 T. The SVM model 413 
contains four sub-SVMs for the four model parameters. Radial kernel function was chosen in 414 

the four sub-SVMs. For nonlinear data distribution, the kernel function maps the data into 415 

higher dimensions to make the distribution more linearly. Two parameters (gamma, and cost) 416 

in the kernel function control the fitting of the SVM. Gamma and cost affect the range that the 417 
straining samples reach and the penalty for making errors in prediction, respectively. Higher 418 

gamma values generate more support vectors and wider reach of data sample. Too large or too 419 
small cost will result in poor model predictions by over-fitting or under-fitting, respectively.  420 
To achieve optimal prediction accuracy, the gamma and cost values for the kernel function in 421 

each sub-SVM were tuned separately until the R-squared value between the estimation and 422 
training data reaches a value higher than 0.95. Table 3 summarised the tunned gamma and cost 423 

values for the four sub-SVM models. In Figure 10, the estimated parameter values from the 424 
trained SVM model and the identified model parameters used in the training were plotted. The 425 
overall R2 value is 0.997 and suggests that the trained SVM provides accurate predictions of 426 

all parameters with frequency, amplitude, and, field density are all considered as inputs and can 427 
reproduce the hysteresis loops for the test scenarios used for straining process. 428 

Table 3. Gamma and cost values for parameter a, b, k, and c, in the SVM model 429 

f

A

B

a=SVMa(f, A, B)

b=SVMb(f, A, B)

k=SVMk(f, A, B)

c=SVMc(f, A, B)

Inputs Trained SVM models 4-Parameter overshoot model

a

b

k

c

Prediction of 

hysteresis for 

MRG

Outputs
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  gamma cost 

a 0.5 200 

b 0.09 300 

k 0.05 800 

c 0.5 50 

 430 

 431 
Figure 10. Correlation of the SVM estimation and identified model parameters. 432 

However, the SVM assisted model should be further validated for test scenarios that were not 433 

used in the training process to prove the effectiveness of generalization. The hysteresis loops 434 
of MRG under strain amplitudes of 20%, 40%, 60%, and, 80%, frequencies of 0.1, 0.5, 1, and, 435 

2 Hz, and field densities of 0, 0.27, 0.46, and 0.91 T were used as inputs for the formulated 436 

SVM-assisted model. The measured hysteresis loops and estimations from the SVM-assisted 437 

model are compared in figure 11 and 12, which suggest well agreement between the 438 
experiments (solid lines) and the prediction (dotted lines). Figure 11 (a), (b), (c) and (d) show 439 

the result for 0.64 T scenario under the frequencies of 0.1, 0.5, 1, and 2 Hz, respectively; In 440 
each of these four plots, hysteresis loops under different strain amplitudes (20%, 40%, 60%, 441 
and, 80%) are compared. The ideal fitting between the experimental data and the results from 442 

the SVM assisted model suggests that the proposed model is capable of describing the effects 443 
of both excitation frequency and strain amplitude for MRG. The effectiveness of the SVM 444 

assisted model of depicting the influence of magnetic fields is presented in Figure 12, for 20% 445 
strain and 2 Hz frequency; and, the model traced the experimental results closely for all 446 
magnetic fields considered. These results suggested that the proposed SVM-assisted model can 447 
accurately describe the hysteretic behaviour under the influences of frequency, strain amplitude, 448 

and, magnetic field for MRG; and, the application of SVM in the model for generalization 449 
purpose is practical.  450 
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 11. Comparison between experimental data and results from the SVM assisted 

model result for 20%, 40%, 60%, 80% strain when 0.64 T applied (a) 0.1 Hz; (b) 0.5 Hz; 

(c) 1 Hz; (d) 2 Hz; (e) the legend for figure 11(a) to (d). 

 451 

  
(a) (b) 

Figure 12. Comparison between experimental data and results from the SVM assisted 

model result for 20%, 2Hz when (a) 0, 0.47, 0.79 T applied; (b) 0.27, 0.64, 0.91 T applied. 

 452 

4. Conclusion  453 

As a recently developed controllable material, MRG exhibits high adjustability in the material 454 
properties and excels in the sedimentation performance which can benefit the development of 455 

controllable devices. However, the nonlinearities of MRG under the application of different 456 
levels of the magnetic field is unique from other controllable materials, i.e., MRF and MRE. 457 
Moreover, in the characterized stress-strain hysteresis loops, clear overshoot of shear stress 458 
was observed at the reverse of shear flow when low magnetic field applied (0.27 T). The 459 
occurrence of this phenomenon could cause severe instability and false control feedback of 460 

adaptive devices.  461 

This research characterized its dynamic hysteresis performances under a broad band of 462 
excitations and external magnetic field to take the full advantages of MRG and achieve 463 
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precision control of the adaptive devices. A simple and accurate four-parameter 464 
phenomenological model was proposed and validated with the characterized hysteresis data of 465 
MRG. This model is based on the variation of a classic Kelvin-Voigt model with adding a 466 
proposed overshoot element. The proposed phenomenological model showed good agreement 467 
with experimental data; and, its identified parameters were analysed for the dependencies on 468 

the magnetic field and excitation inputs. By implementing SVM to the proposed 469 
phenomenological model, an SVM assisted model was formed and showed excellence in 470 
tracing the stress-strain performances of MRG under all the excitation frequency, strain 471 
amplitude, and magnetic field considered. And the magnitude and location of stress overshoot 472 
under a low magnetic field were also accurately described. These results proved that the 473 

proposed models have the effectiveness of predicting the dynamic hysteresis behaviours for 474 
MRG under varying magnetic fields and excitations; and, the applicability of employing in the 475 

control algorithms. 476 
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Appendix  629 

Measured hysteresis for MRG and modelling results of the proposed model  630 

Excitation frequency=0.1 Hz 631 

 632 

Note:  633 

Horizontal axis: strain amplitude (%); vertical axis: shear stress (kPa); black solid line: 634 
experimental data; red dotted line: predicted results from the proposed model. 635 
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Excitation frequency=0.5 Hz 637 

 638 

Note:  639 

Horizontal axis: strain amplitude (%); vertical axis: shear stress (kPa); black solid line: 640 
experimental data; red dotted line: predicted results from the proposed model. 641 
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Excitation frequency=1 Hz 644 

 645 

Note:  646 

Horizontal axis: strain amplitude (%); vertical axis: shear stress (kPa); black solid line: 647 

experimental data; red dotted line: predicted results from the proposed model. 648 
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Excitation frequency=2 Hz 651 

 652 

Note:  653 

Horizontal axis: strain amplitude (%); vertical axis: shear stress (kPa); black solid line: 654 
experimental data; red dotted line: predicted results from the proposed model. 655 

 656 

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-20 -10 0 10 20

-5

-4

-3

-2

-1

0

1

2

3

4

5

-20 -10 0 10 20

-10

-8

-6

-4

-2

0

2

4

6

8

10

-20 -10 0 10 20

-15

-10

-5

0

5

10

15

-20 -10 0 10 20

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

-40 -20 0 20 40

-10

-8

-6

-4

-2

0

2

4

6

8

10

-40 -20 0 20 40

-15

-10

-5

0

5

10

15

-40 -20 0 20 40

-20

-15

-10

-5

0

5

10

15

20

-40 -20 0 20 40

-1.5

-1

-0.5

0

0.5

1

1.5

-100 -50 0 50 100

-15

-10

-5

0

5

10

15

-100 -50 0 50 100

-20

-15

-10

-5

0

5

10

15

20

-100 -50 0 50 100

-25

-20

-15

-10

-5

0

5

10

15

20

25

-100 -50 0 50 100

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-200 -100 0 100 200

-15

-10

-5

0

5

10

15

-200 -100 0 100 200

-30

-20

-10

0

10

20

30

-200 -100 0 100 200

-30

-20

-10

0

10

20

30

-200 -100 0 100 200

0A

10% Amplitude

1A

10% Amplitude

2A

10% Amplitude

5A

10% Amplitude

0A

30% Amplitude

1A

30% Amplitude

2A

30% Amplitude

5A

30% Amplitude

0A

50% Amplitude

1A

50% Amplitude

2A

50% Amplitude

5A

50% Amplitude

0A

100% Amplitude

1A

100% Amplitude

2A

100% Amplitude

5A

100% Amplitude


