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We report on the design and implementation of innovative haptic interfaces based on magnetorheological fluids (MRFs). We developed
2-D and quasi-3-D MRF-based devices capable of suitably energizing fluids with a magnetic field in order to build shapes that can be
directly felt and explored by hand. We obtained this effect by properly creating a distribution of a magnetic field over time and space
inducing the fluid to assume a desired shape and compliance. We implemented different prototypes, synthesized and designed with the
help of preliminary simulations by a 3-D finite-element code. In this way, both magnetic field and shear stress profiles inside the fluid

could be carefully predicted. Finally, we evaluated and experimentally assessed the performance of these devices.

Index Terms—Electromagnetic devices, haptic interfaces, magnetorheological fluid (MRF).

1. INTRODUCTION

APTIC information is a relevant and essential cue when
Hinteracting with simulated objects in virtual environ-
ments. Indeed, haptics deal with the sense of touch and study
the use of touch sensation in order to produce computer in-
terfaces that allow users to interact with virtual objects by
means of force feedback and tactile feedback. The primary
application field for haptic interfaces and displays is to provide
a realistic sense of physics to the users immersed into a virtual
world. An ideal haptic display should provide a convincing
“immersive” sensation to the user of being “in touch” with a
remote or virtual world. The quality of the virtual presence
is often negatively affected by perceptual artifacts generated
by wearing heavy and/or cumbersome exoskeletons or rigid
linkages. When tactile perception is mediated by instruments or
rigid devices, the sense of touch is affected as a consequence of
the poorer dynamics and control of manipulation. Authors have
already investigated the possibility of using magnetorheological
fluids (MRF) in haptic interfaces, exploiting their property of
changing the rheological behavior by tuning an external mag-
netic field. Unlike kinaesthetic displays present in literature, we
proposed a MRF-based system that allows a direct contact with
a compliant object. In this way both kinaesthetic and cutaneous
channels of the fingerpads are stimulated during manipulation,
and tactile perception is involved in all its components. The
MRF-based haptic display is based on a freehand concept, in
which users can put their hand within a box and freely interact
with the suitably controlled fluid. The magnetic field is pro-
duced by solenoids properly placed to provide a homogeneous
distribution throughout the fluid. The system must be according
to electromagnetic synthesis criteria, i.e., focusing the magnetic
flux into specific regions of the MR fluid, permitting to build
figures with a given shape and compliance. A suitable control
strategy should be implemented to drive the MR fluid in order
to mimic a wide range of rheological behaviors, within limits
dictated by saturation effects in the fluid. Nevertheless, other
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possible configurations, including mechanical arrangements,
could be considered in future developments as well.

All the devices here described are composed by a configura-
tion of ferromagnetic cores suitably contoured in order to form
the interface between the device and MR fluid. Adapted main
design criteria are low reluctance flux paths, uniformity of the
magnetic field in the interest region, and accessibility of the
MREF by the user.

Since the behavior of both MR fluid and ferromagnetic cores
is highly nonlinear, an analytical method cannot perform an ac-
curate analysis of the proposed system. In order to take into ac-
count the B—H function for nonlinear materials, the leakage flux
due to different magnetic path in air, as well as the presence
of different feeding coils, the simulations of the present work
have been carried out by the use of a 3-D finite-element code
[1] briefly described in the Appendix.

II. MRF-BASED HAPTIC INTERFACES

Typically, a haptic device is placed inside a loop, where a
human operator tactually interacts with a virtual environment.
The device senses motion and force on the end-effector, or
handle, and produces a force feedback sensation.

Touch macroscopically involves kinaesthetic perception me-
diated by the positions and forces at the finger articulations,
while microscopically it induces a cutaneous sensation through
the mechanoreceptors lying in the skin [2].

Although it is widely acknowledged in the neuroscience
and psychophysics literature [3], [4] that information from
cutaneous receptors in the hand is quite important in tactile
interaction, most present-day haptic displays are limited to
kinaesthesia.

Analogously to the hand, artificial devices should replicate
these perceptual channels [5]. While kinaesthetic information is
satisfactorily replicated by current technology, cutaneous infor-
mation is still a challenging goal to be attained: the realization of
sensors and displays that have comparable resolution with that
of human apparatus of cutaneous receptors is a formidable task
for today’s technology.

In order to address such multichannel tactile perception, in-
novative solutions are needed. The aim of this study is to de-
velop unconventional haptic electromagnetic systems to mimic
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Fig. 1. Schematic view of the operation of the MRF.

the behavior of some viscoelastic materials by using “smart ma-
terials” such as MRF.

Our research consists of developing devices, as nonimmer-
sive and/or immersive free-hand configurations, exploiting rhe-
ological properties of MRF, modulated by properly acting on
magnetic fields in a controlled volume.

A. Magnetorheological Fluids

Magnetorheological fluids, also termed controllable fluids,
are a particular class of smart materials, capable of changing
their rheological behavior when an external magnetic field is
applied [6]-[8]. Such fluids are synthetic oil-based or water-
based suspensions of magnetically polarizable particles (size
0.05-1 pum) and exhibit a rapid, reversible and tunable transi-
tion from a liquid to a near-solid state upon the application of
an external magnetic field. Typically, this change is manifested
by the development of a yield/shear stress that monotonically
increases with the applied field. Just as quickly, the fluid can be
returned to its liquid state by removing the magnetic field, being
the phenomenon reversible [9]-[11].

In order to describe this mechanism, we consider a MRF lo-
cated in a gap created between two plates as shown in Fig. 1. In
the absence of an applied magnetic field, the fluid flows freely
through the gap being the polarizable particles randomly dis-
tributed in the fluid. The application of an external magnetic
field develops a precisely controllable yield/shear stress in the
fluid: the polarizable particles within the gap align themselves
in the same direction of the field creating particle chains and
restricting the movement of the fluid. The degree of change in
terms of yield/shear stress is nearly proportional to the magni-
tude of the magnetic field. Since the rheological behavior and
the mechanism used to activate the MRFs depend on the temper-
ature, their operating range is approximately —40 °C to 150 °C.
In terms of their consistency or softness, controllable fluids ap-
pear liquid in the off-state, exhibiting a viscosity ranging from
0.20 to 0.30 Pa-s at 25 °C. When a magnetic field is applied,
the fluid turns from liquid to near solid in few milliseconds by
changing significantly its apparent viscosity. When a saturation
magnetic field is applied, approximately in 10 ms MRFs exhibit
a typical level of saturation yield/shear strength up to 100 kPa.

Their application field is typically related to devices such
as valves, brakes, clutches, and dampers, in civil and electro-
mechanical engineering applications [6], [10], [12]-[16]. Rhe-
ological fluids are commonly used in the field of vibration con-
trol, in automotive applications [17], [18], and the aerospace in-
dustry [19]-[23].

From a physical point of view, the MR fluids exhibit their
rheological behavior operating in “shear,” “flow,” or “squeeze”
mode. As shown in Fig. 2, the fluid is deformed in a direction
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Fig. 2. Modes of mechanical stress of a MRF.
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Fig. 3. Simplified model of the MRF.

approximately orthogonal to the arrays of particle chains in the
shear and flow mode. Instead, it is subjected to compressive and
tensile stresses in a direction parallel to the chains in the squeeze
mode [10]. Although many common applications employ the
MREF in a single mode, in our application the complete manipu-
lation of a virtual object, reproduced on the MRF volume, is the
sum of the shear, flow, and squeeze modes. However, for all the
used modes, the electromechanical parameter of interest is the
yield/shear stress 7 = 7(B) that indicates the transition between
a Newtonian-like and a Bingham-like behavior, that is, between
the liquid to the semi-solid state. A very simplified model of
such fluids is shown in Fig. 3 and is described by the following
equations:

dv .
e 0, ] if 7 < 10(B)
T:To(B)~|—’I7£7 if 7 > 79(B)

where 7o(B) is the yield/shear stress as a function of the flux
density, 7) is the viscosity, and dv/dx is the fluid shear rate.

When 7 < 79(B), the fluid shear rate is null (dv/dz = 0)
and the MRF has a semi-solid behavior. On the contrary, if 7 >
70(B), the fluid shear rate dv/dz # 0 and the fluid begins its
transition towards a liquid state.

In our applications, we used a commercial magnetorheolog-
ical fluid marked MRF132LD produced by Lord Corporation,
Cary, NC. The main magnetic and rheological characteristics of
this fluid are shown in Fig. 4 and can be synthesized as follows.

Magnetic properties:

— Saturation threshold: By, = 0.5 — 0.6 T';

— Relative initial permeability: fi,_initia1 = 3.9;

— Maximum relative permeability: i,_max = 7.4.

Mechanical and rheological properties:

— Response time: ¢,,, = 10 ms;

— Maximum yield/shear stress: Ty,ax = 55 kPa.
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Fig. 4. Magnetic (A) and rheological properties (B) of MRF132LD.

By using the characteristics of the selected fluid, we can
evaluate the operating point of the MRF and consequently the
magnetic field B able to determine the desired yield/shear
stress T7g.

B. State-of-the-Art and Innovative Solutions

Conventional haptic devices are based on conventional
electromechanical devices (e.g., PHANToM by SensAble,
Delta by Force Dimension) that provide force and torque at
an interface (e.g., a stick or a thimble) with a human operator.
Although such devices (e.g., [24], [25]) are able to provide
good replication of kinaesthetic cues, they cannot address the
cutaneous system of receptors and present a somewhat artificial,
encumbering interface to the human.

The use of smart fluids for the development of haptic devices
could be an alternative solution. The advantage of using con-
trollable fluids is the possibility to design and realize a variety
of real applications by using semi-active controls without addi-
tional mechanical parts [26]-[28]. On the other hand, the effects
of rheological fluids can be combined with other actuators such
as electromagnetic, pneumatic, or electrochemical actuators so
that novel, hybrid actuators are produced following high-power
density and low-energy requirements [29]-[32].

Although some authors [33]-[38] have already explored
the possibility of using rheological fluids in tactile displays,
their attention has been focused on the use of different smart
materials that change their rheology by applying an electric

IEEE TRANSACTIONS ON MAGNETICS, VOL. 43, NO. 9, SEPTEMBER 2007

field (electrorheological fluids—ERFs). A prototype based
on ERF for blind people is a tactile graphic I/O tablet [38].
Another example conceived for medical teleoperation systems
is the MEMICA glove, whose components are miniature elec-
trical actuators based on the ERFs [39]. Since ERFs exhibit a
maximum level of saturation yield strength of about 5 kPa with
a typical response time of about 100-200 ms, it is unusable
for our purposes. Furthermore, another serious drawback as-
sociated with the ERFs is the relatively large exciting voltage
(typically up to 10 kV) that not allows the operator to come
into direct contact with the fluid.

Concerning MRFs, at present the only known developed
device for medical application based on MRFs is a portable
hand and wrist rehabilitation device [40]. This device includes
a small, hand-held housing for a magnetic fluid controllable
resistance brake. Although it is based on MRFs, our techno-
logical approach is completely different, because our devices
allow a direct contact of the operator with the fluid.

In order to develop an innovative haptic interface, we envi-
sioned two possible schemes for MRF-based displays. In the
first one, the Pinch Grasp (PG) device, the MRF specimen is
positioned in the air gap of an electromagnet allowing pinch
grasp manipulation. In the second scheme, the Haptic Black Box
(HBB), a given volume of MREF is placed into a plastic box into
which a hand can be introduced to freely interact with the fluid.
Both configurations were designed to focus a magnetic flux into
a specified region of the MRF, maximizing the magnetic field
energy in this region and minimizing the energy lost in the other
regions. An accurate magnetic field profiling permits to build
figures with a given shape and compliance.

1) A First Preliminary Prototype: The Pinch Grasp (PG):
The Pinch Grasp was built in order to verify the ability of using
MRFs to mimic the compliance, damping, and creep of some
materials, reproducing virtual object softness.

The device, shown in Fig. 5, consists of a ferromagnetic core
of “AISI 1015” steel and three coils driven by a total dc supply
of 5000 A. Two pieces of the core take the shape of a frustum of
cone in order to facilitate the connection between the core itself
and the container of the MR fluid. Two coils are made up of a
bundle of 1200 filament wires fed by a current of 1 A. The third
coil, mounted on the down yoke, consists of 1500 filament wires
with a current of 1.7 A. These currents have been chosen to ob-
tain a value of B inside the MR fluid around 0.55 T, under con-
tinuous operating conditions. The fluid container consists of a
small balloon embedded between the cores and the coil support.
When the whole system is mounted, the fluid is injected through
a hole in the core filling the container to form the specimen.

As a first application, the PG device was used to develop a
mechanical model of the fluid, submitting the MRF specimen to
a stress relaxation test by using the experimental setup shown
in Fig. 6.

Experiments were carried out applying stepwise strains to the
MREF specimen exposed to increasing magnetic fields and ac-
quiring the relative stress relaxation curves. Tests were repeat-
edly performed in order to reject the hypothesis of statistical
randomness. The strain imposed was 10%, while the applica-
tion time (about 10 s) was chosen to be greater than the decay
time of the phenomenon. The magnetic field incremental step
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Fig. 5. Pinch Grasp. (A) Schematic view of the device. (B) FE simulation.
(C) Prototype.

was equal to AB = 0.03125 T, corresponding to an increment
of the coil current of 0.05 A. In Fig. 7, stress relaxation curves
as a function of magnetic fields are reported. It is worthwhile
noting that the force ranges from a few thousandths N in the
absence of a magnetic field to about 1.4 N when the MRF phe-
nomenon is already saturated. Furthermore, for magnetic fields
greater than 0.55 T, the MRF specimen does not show signifi-
cant stress relaxation. For this reason, the magnetic field range
was restricted to 0 +— 0.55 T, where differences in the fluid be-
havior are more pronounced. Analyzing the profile of the curves
reported in Fig. 7, after an initial peak, the stress curve relaxes
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Fig. 6. Experimental apparatus used to identify the MRF.
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Fig. 7. MREF response to stepwise strain of 10% for increasing magnetic field
up to saturation threshold.

over time down to a final steady value. As a matter of fact, a
second-order Kelvin model has been chosen to describe the be-
havior of an MRF.

Such a model is composed of three springs (k,., k1, and k2)
and two dampers (n; and 72) and is mathematically described
by the following differential equation of II order:

d>F(t)

dt?

de(t) by d*e(t)

= boe(t) + b1 dt

a1 F’ (t) + ao
where F(t) is the input force, () is the output strain, and co-
efficients a1, as, bg, b1, b2, and ¢y are a combination of the pa-
rameters k,.k1, ko, etay, and 7.

The accuracy between the MRF behavior and its model is
estimated comparing the experimental and analytical stress re-
laxation curves. Fig. 8 reports the comparison between an ex-
perimental curve acquired from the MRF submitted to stepwise
strain at a given magnetic field and the profile of the analytical
curve obtained by the Kelvin model. It is worthwhile noting
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Fig. 8. Comparison between the experimental and analytical stress relaxation
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that the model reproduces the real MRF behavior with good
agreement.

At this point, it is necessary to exploit the ability of the MRF
to mimic real object softness. Since a possible field of applica-
tion of the proposed haptic display could be minimally invasive
surgery, the excited MRFs were compared with some biological
tissues. Then, using the same methodology for MRFs, we per-
formed a set of experiments based on stress relaxation tests on
samples of biological tissue.

The stress relaxation curves for each biological tissue were
compared with the output of the Kelvin model describing the
MRF when excited by a proper magnetic field. In Fig. 9, for
each couple of profiles, the higher curve is relative to stress re-
laxation acquired from biological tissue while the lower curve
is relative to stress relaxation on the MRF. The initial and final
values are very similar, while the relaxation times are different.
In fact, biological tissues exhibit relaxation times greater than
those relative to MRFs. Nevertheless, the general behavior is
very similar and it is possible to affirm that with respect to the
liver, spleen, and brain, a good agreement between the behavior
of biological tissues and MRFs was attained. An experiment car-
ried out using bone as the biological tissue provided unsatisfac-
tory results. This is probably due to the fact that the magnetic
field intensity needed to induce a compliance similar to these
biological tissues is beyond saturation of the MRF used.

Furthermore, as preliminary work towards a haptic dis-
play based on MR fluid, a set of psychophysical tests were
performed. A group of volunteers were asked to manipulate,
using both hands at the same time, the biological tissue sample
(chosen among brain, myocardium, spleen, liver, lower limb
muscle, and lung) and the MR fluid specimen duly excited with
magnetic field. Also, in this case, results regarding the brain,
spleen and liver were very encouraging, while with respect to
myocardium, lower limb muscle, and lung the analogy was not
satisfactory. More details on such psychophysical results will
be presented in a separate paper.
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Fig. 10. HBB-I prototype.

2) The Second Prototype: The Haptic Black Box I (Hbb-1):
To improve the test on the magnetorheological characteristics
of the fluid and to try and obtain a better likeness between the
excited fluid and different materials, a second laboratory-op-
erating device was built. This new prototype of the immersive
MRF-based display is shown in Fig. 10, and consists of a rect-
angular plastic box containing the MR fluid and a series of elec-
trical coils to magnetically excite the fluid [41], [42]. Unlike the
previous prototype, this device presents an easy accessibility to
the fluid, and a 2-D excitation system.

A proper number of cylindrical ferromagnetic cores, arranged
in a 4 x 4 array, are placed below a plastic box which has a
square base of 18 cm X 18 cm and a height of 4 cm. Each ferro-
magnetic core is equipped with an electrical coil of 305 A that
supports a maximum dc current of about 10 A. The magnetic
field obtained by tuning the current into each coil allows to ma-
terialize 2-D objects with a given shape and compliance in the
fluid.

Since the prototype was designed using the above cited FE
software, in Fig. 11 its FE model is shown. During the mod-
eling phase, taking into account the presence of two symmetry
planes, only 1/4 of the problem can be modeled. Then, in order
to verify the agreement between the numerical model and the
built device, a first simulation was performed considering the
device without the MRF. The system was excited feeding the
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Fig. 12. Map of flux density B (Fig. A) and shear stress (Fig. B) in the HBB-I
system.

eight centered coils with a constant electric current of 10 A,
and a total number of about 24 000 AT. A portable Gaussmeter
F.W. Bell/4048, equipped with an accurate Hall sensor, allows
to measure the magnetic field in different points. The maximum
percentage error is about 8%, showing a good agreement be-
tween the simulated field and the measured one.

Finally, the rheological behavior of the fully excited system,
in the presence of MRF was simulated. The MR fluid has been
modeled as a nonlinear material using the B—H characteristic
(Fig. 4) and the results in terms of magnetic field and shear stress
are shown Fig. 12.

As it can be seen, the magnitude of B decreases as distance
increases from the coil base and, at about 1 cm far from the
box base, the field is reduced to about half. Unfortunately, this
gradient of magnetic field induces a proportional decreasing of
the shear strength, influencing the rheological behavior of the
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MREF and smoothing the softness of the virtual object that could
be perceived.

Besides the low values of magnetic field due to the absence of
closed magnetic paths, another important HBB-I shortcomings
is the impossibility of creating 3-D virtual objects which are
constrained to lie on a plane.

However, these observations help us in defining some guide-
lines for a new advanced design capable of overcoming the 2-D
limitation of the HBB-I prototype.

3) Further Improvements: From a 2-D to a Quasi-3-D De-
vice: Although the results obtained by means of the previous
prototypes were encouraging, currently the performance of
these displays is quite poor, in part due to the 1-D or 2-D
limitation of such devices. In particular, it is possible to report
some general considerations on the main problems that have
to be treated in the design of a new electromagnetic device
capable of properly exciting a specified volume of MRF. A
first critical point regards the paths of the magnetic flux that,
as clearly shown by the HBB-I device [43], close themselves
in air increasing the magnetic reluctance and, consequently,
decrease the magnetic field inside the MRF. A second problem,
instead, concerns the MRF characteristics. The relative per-
meability of such fluids is comparable to that of air, leading
to a huge magnetic reluctance with a decrease of the magnetic
field. Furthermore, both the ferromagnetic materials (the MRF
and the iron of the cores) are highly nonlinear compromising
the performance of the whole system. However, it is possible
to introduce some solutions for the described problems. The
reduction of the reluctance of the magnetic paths could be
obtained introducing ferromagnetic yokes and cores to close
the magnetic flux paths. The achievement of a suitable field
spatial resolution could be made by increasing the number of
ferromagnetic cores below the box containing the MRF. Then,
concerning the relative permeability of the MRF, a compromise
between an easy access to the fluid and the reduction of mag-
netic reluctance would allows for the identifcation of a proper
size of the MRF volume to be energized. Finally, the problem
of the saturation of the nonlinear ferromagnetic materials
could be attenuated using special materials and increasing the
transversal section of the ferromagnetic yokes and columns.

Taking into account such general considerations, two devices
with improved performance in terms of magnetic field and its
spatial resolution inside the MRF have been designed and sim-
ulated. The first of such new devices was described and ana-
lyzed by the authors in [44]. The second, named HBB-IMP and
shown in Fig. 13, differs from the previous one in the augmented
number of the ferromagnetic cores.

A first feature of the HBB-IMP is a new closed plastic box
containing the MR fluid and equipped with a latex glove. An op-
erator can insert his/her hand in the box in order to discriminate
shapes and compliance of the virtual object suitably material-
ized by controling the magnetic field in the MRF. A second char-
acteristic is the presence of an external ferromagnetic system
(structures 1, 2, and 3), and two subsystems (structure 4 with its
twin 4’), composed of a series of ferromagnetic “pistons” sym-
metrically positioned with respect to the center of the plastic
box. The usefulness of these two subsystems lies in their ability
to dynamically address the magnetic flux in different regions of
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Fig. 13. Architecture and finite-element model of the second improved device:
the HBB-IMP.

the MR fluid. As shown in Fig. 14, each piston, wound by an
electrical coil for a fine control field resolution, can be moved
along its axial direction. When all the pistons are at rest (far from
the MRF), the reluctance of the magnetic path B-B’ is very high
and the value of flux density in the fluid is neglectable. On the
contrary, when two opposed pistons are “in action,” the air gap
along the magnetic path A-A’ is reduced resulting in an increase
of magnetic flux in a specified volume of fluid corresponding to
the x—y position of the pistons. Finally, a ferromagnetic sheet is
placed around the plastic box capable of collecting a part of the
leakage flux, increasing about three times the field spatial reso-
lution inside the fluid.

Controlling the modulus and the spatial resolution of the mag-
netic field allows to reconstruct many objects of different shapes
in the MRF. The magnetic field is tuned acting both electrically
(varying the value of the current in some coils) and mechani-
cally (moving the pistons).

The device was designed by means of the cited numerical
code, using different values of dc current both in the main coils
positioned around the external structure and in the coils around
each ferromagnetic piston. The MR fluid was simulated as a
nonlinear material using the B—H characteristic (Fig. 4). Then,
due to the symmetry of the system, only 1/8 of the problem was
modeled. Fig. 15 shows the flux density B along the line A-A’ in
the middle of the fluid, when only one couple of pistons are in
action (center piston and its opposed). Fig. 16(A) shows the map
of flux density B and its profile along the indicated line A-A’ in
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Fig. 15. Flux density B along the line A-A’ when a couple of pistons are “in
action.”

the plane z = 0, when only one couple of pistons are in action
(central piston and its opposed) and with the coil feed at their
maximum permissible current.

Fig. 16(B) shows the flux density B in the same condition as
in Fig. 16, but with a hand inside the fluid (modeled setting to 1
the relative permeability of that volume). Fig. 17 shows the map
of the flux density in the whole system.

Finally, in order to verify the improvement of this device in
comparison with the HBB-I prototype, the flux density B for
both devices has been compared. Fig. 18 shows the profiles of
magnetic field simulated in the HBB-I and HBB-IMP devices
along a line at a distance of about 10 mm from the boxis base
when four pistons (indicated with the black points in the figure)
are equally energized. The increase of the magnetic field in the
HBB-IMP is due to the presence of the mobile pistons that are
able to address the flux in a specific region of the MRF.

Although from a magnetic point of view, the last two devices
presented better performance in comparison with the previous
HBB-I system, they were not built because the limitation in cre-
ating virtual objects with different shapes. In fact, the HBB-IMP
device allows to materialize only some 2 D + k objects inside
the MREF, where the third dimension (k) is fixed and defined a
priori by the height of the box containing the fluid.
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Fig. 16. Flux density in the fluid at z = 0: (A) with only MRF in the box; (B)
with a hand inside the fluid.

Howeyver, the obtained results have shown that the use of the
mobile pistons to dynamically address the magnetic flux in the
system increases the magnetic field and its spatial resolution
inside the MRF. Furthermore, the simulation results have sug-
gested the possibility of applying such a solution not only to the
base of the plastic box but also to its lateral surface to improve
the device performance. In such a way, by somehow controlling
also the third dimension (k), the system could be led towards a
quasi-3-D resolution.

III. A NEW ADVANCED QUASI-3-D PROTOTYPE: THE HAPTIC
BLack Box II (HBB-II)

The models hereto described and simulated present a rele-
vant shortcoming because they work only with a 1 -D or 2-D
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Fig. 18. Comparison between the flux density B along the line A-A’ in the
HBB-I and HBB-IMP devices.

resolution linked to the z—y axes of the MRF box, with z and
y placed on the box’s base. However, on the basis of the results
obtained with the previous prototypes, a new advanced device
towards quasi-3D free-hand exploration was designed and built.
The novel device, named HBB-II, presents a cylindrical-shaped
plastic box containing the MRF and a series of ferromagnetic
cores, positioned around the plastic box and used to dynami-
cally address the magnetic flux inside the fluid. A hand wearing
a latex glove can be inserted into the cylindrical plastic box and
can interact with the MRF perceiving and discriminating dif-
ferent virtual objects.

A. Detailed Description of the HBB-11

The architecture of this new 3-D display is reported in Fig. 19,
where a schematic view of the device without coils is shown.
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Fig. 19. Architecture of the new HBB-II device without coils (dimensions are
in centimeters).

It is possible to decompose the whole system into four main

parts.

* The plastic box: used to contain the MREF, it is cylindri-
cally shaped to obtain a symmetrical system. The box is
internally equipped with a latex glove to freely handle the
fluid. Since the dimensions of the box have to respect a
compromise between an easy accessibility to the fluid and
a reduction of magnetic reluctance, it has a circular base
with a diameter of about 15 cm and a height of about 50
cm.

» The ferromagnetic structure: used to close and to address
the magnetic flux. It is composed of 10 vertical columns
bolted to an iron circular plate and a series of 72 “pistons”
free to move along the radial trajectory with respect to the
plastic box containing the MRF. Twenty-two of such pis-
tons are arranged in a circular matrix form below the box’s
base; the remaining fifty, arranged in series of 10 X 5 are
placed around the lateral surface of the plastic box. They
are constrained to slide in special holes present in the su-
perior part of each column. All the cores used are com-
posed of ferromagnetic material AISI 1040 having enough
magnetic permeability and suitable magnetic saturation-
threshold to reduce the transversal sections. Then, taking
into account such a saturation threshold, the iron plate has
a diameter of 30 cm and a height of 1.5 cm. Each column
has a base diameter of 4.5 cm and a height of 35 cm. Each
piston, instead, has a base diameter of 2 cm and a height of
15 cm.
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Fig. 20. Particular of secondary-coils system equipped with auxiliary system.

* The coil system: used to produce the proper magnetic field
for the energization of the MRF. In the system, there are
two types of coils. The first one, so-called primary-coils,
is positioned around the inferior part of the columns and
is used to create the main magnetic field. The second type,
so-called secondary-coils, is positioned around the 72 pis-
tons and is used either for the movement of the pistons
themselves or for a fine control field resolution. Each pri-
mary-coil is built with about 5500 A of enamelled copper
wire having a low thermal resistivity. They are arranged in
11 layers of 50 turns around a hollow plastic cylindrical
support of an inner diameter of 46 mm and total length
of 110 mm. The electric resistance of each primary-coil
is 0.58 2 at 27 °C. The secondary-coils consist, instead, of
about 2700 A, arranged in five layers of 54 turns around
a hollow plastic cylindrical support of an inner diameter
of 21 mm and a total length of 150 mm. The electrical re-
sistance of each secondary-coil is 0.1  at 27 °C. All the
coils are connected to an external electronic power system
to obtain the desired magnetic field in different regions of
the fluid.

e The control system: used to control the current in each coil
for a double purpose. From an electrical point of view, it
adjusts the value of current for a direct modulation of the
magnetic field. From a mechanical point of view, the cur-
rent in each coil allows to move the piston that is inserted
into the plastic cylindrical support as in a classical solenoid
with a plunger. When the coil is not electrically excited, a
nonmagnetic aluminum spring keeps the piston in its initial
position. A particular of the arrangement of the secondary
coil system to activate the piston is shown in Fig. 20.

B. Operation of the Device

The HBB-II operates as follows. Let’s assume that we want
to obtain a small hemisphere of MRF at the bottom of the box,
or to create a cylinder of MRF with the axis along the radial di-
rection at a given height of the plastic box. Once the choice of
the MRF region to be energized by the magnetic field has been
made, the corresponding pistons must be activated feeding the
relative secondary-coils. Then, tuning the current in those pri-
mary and secondary coils belonging to the cores that compose
the magnetic path, it is possible to change the rheology of the
fluid and to obtain different compliance.

When the pistons are at rest (far from the plastic box), the re-
luctance of the magnetic path, closed along the B — B’ line (see
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Fig. 22. Mechanical design of the HBB2 with coils and FE model.

Fig. 21), is very high resulting in a negligible value of magnetic
flux in the fluid. On the contrary, when two or more pistons are
“in action” (close to the plastic box), the gap along the mag-
netic path A — A’ is reduced implying an increase of magnetic
flux in the corresponding MRF volume. In summary, the mod-
ulus of the magnetic field in a specified portion of the MRF and
its spatial resolution can be controlled acting both electrically,
varying the value of the current flowing into some coils, and me-
chanically, moving the pistons. In such a way, it is possible to
reconstruct many objects of different shapes in different zones
within the box containing the fluid.

C. FEM Analysis of the HBB-II

In the design phase, a set of numerical simulations with the
use of the above cited 3-D finite-element code have been per-
formed in order to verify and check the solution proposed to
improve the performance of the HBB-II.

Fig. 22 shows the mechanical design of HBB-II with all the
coils and the FE model used for the numerical simulation of the
device. The obtained results are discussed below.

Fig. 23 shows the profile of the magnetic field B along the
line A-A’ at a distance of about 10 mm from the boxis base when
four pistons (indicated with the black points in the figure) below
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Fig. 23. Comparison between the flux density B along the line A-A’ in the
HBB-I, HBB-IMP, and HBB-II devices.

the base are equally energized. It can be seen that the magnetic
field inside the MRF almost has the same values in both the
HBB-IMP and the HBB-II devices. However, the ability of this
new device to control the movement of the mobile pistons al-
lows to obtain various quasi-3-D virtual objects, showing more
flexibility with respect to the HBB-IMP device.

Figs. 24-26 show some of the possible configurations that
could be obtained with the HBB-II device. In particular, Fig. 24
shows the map of the flux density at the middle plane of the fluid
when two opposite pistons operate and when the hand of an op-
erator is inserted into the MRF. The same figure also reports the
profiles of the magnetic field and of the shear stress along the
line A-A’. In the absence of an applied magnetic field, or in case
of its low value, the MRF exhibits a liquid-state behavior. With
the increase of the magnetic field, instead, the fluid develops
a precisely controllable shear stress that allows the fingers of a
hand to perceive the softness and a variable compressional com-
pliance of the energized specimen. Fig. 25 shows the map of the
flux density at the middle plane of the fluid when all the pistons
of that plane operate. Also, in this case, the profiles of the mag-
netic field and shear stress along the indicated circumference
are reported. The fingers can perceive a little hemisphere on the
lateral surface of the box in correspondence with each active
mobile piston. Furthermore, in order to better verify the corre-
spondence between the magnetic field and the object shapes in
the fluid, two other configurations have been simulated. Then,
by using the field-shear stress nonlinear function of Fig. 4, these
shapes have been outlined in the MRF. Fig. 26 shows the maps
of the flux density and of the shear stress when only the central
vertical piston below the base of the fluid operates. As it can
be seen, a hemisphere of given softness at the basis of the box
should be perceived.

In Fig. 27 instead, the same maps are shown when a piston
below the base and a piston on the lateral surface are in ac-
tion. In this case, an L-shaped object is materialized inside the
fluid. However, many other configurations could be envisaged
and implemented, allowing to perceive different objects of de-
sired shapes and compliance.
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Fig. 24. Map of flux density in the HBB-II at the middle plane of the fluid when
2 opposite pistons operate and with a hand inside the MRF, and profile of flux
density and shear stress along the line A-A’.

D. Prototype

As a result of the design phase, the HBB-II MRF-based dis-
play was built. In Fig. 28, a picture of the complete final pro-
totype is shown. In order to verify the agreement between the
FE model and the built device, a set of experimental measure-
ments has been performed. Then, by using a portable Gauss-
meter F.W. Bell/4048 equipped with an accurate Hall sensor,
the magnetic fields were measured at the points indicated in
Fig. 29. The results are reported in Table I, showing a good ac-
curacy between the simulated field and the measured one. Fur-
thermore, the haptic environment that controls the HBB-II was
implemented by developing a tool in Visual C++4 in order to
decide and to impart the control strategy. The software was de-
signed taking into account typical characteristics of a VE, in-
cluding real-time and feedback control by means of a proper
interface. The tool consists of a simple dialog based on graph-
ical user interface (GUI). The core of the tool is a haptic thread
which runs at 1 kHz and allows to fix the energization of the

Shear Stress

Flux density B

Fig. 25. Map of the flux density in the HBB-II at the middle plane of the fluid
when all the pistons of the plane operate, and profile of the flux density and
shear stress along the indicated line.

HBB-II device. By setting the run-time and the electric current
in each coil and by using a virtual button on the GUI, it is pos-
sible to start and to stop the experimental session. In this case,
a low-level control was implemented by the use of a real-time
class in order to synchronize the movements with a 3-D Open
GL simulation of the model and to realize the required haptic
timing.

Finally, in Fig. 30, a view of the screenshot to control the
operations of the device is shown.

This HBB-II prototype will be used to perform a set of psyco-
physical tests, whereby volunteers will be asked to analyze and
verify the realism of the display in mimicking different object
shapes and/or material characteristics.

IV. CONCLUSION AND FUTURE WORK

In this work, the results of a novel use of magnetorheolog-
ical fluids for the development of innovative haptic interfaces
have been presented. Several devices have been designed which
include a controlled volume containing the fluid and a series
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Fig.26. Map of the flux density and shear stress in the HBB-II in the plane y—z
when the central vertical piston on the base operates.

of ferromagnetic cores capable of addressing the magnetic field
to a specified region of the MRF. In this way, the developed
haptic display should guarantee an unconstrained manipulation
of virtual objects. Starting from the design and construction of
a first prototype (the Pinch Grasp) used to test the behavior of
the MRF under the action of a controllable magnetic field, dif-
ferent electromagnetic devices have been designed, simulated,
and analyzed. The results obtained during this phase have been
used to build the last operating prototype, the HBB-II, capable
of materializing some quasi-3-D virtual objects inside the fluid.
The characteristics of the construction and the used materials
have been shown in detail. The paper has been completed by
the analysis of the performance in experimental measurements
on the prototypes. Work is in progress following two lines of
research. The first one regards the psycophysical tests on the
final built prototype to verify the correspondence between some
biological tissue samples and the MRF specimen duly excited
with a controlled magnetic field. The second line of research
concerns the optimization of the electromagnetic haptic display
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Fig. 27. Map of the flux density and shear stress in the HBB-II in the plane y—z
when a piston below the base and a piston on the lateral surface operate.

to reduce its weight and to improve the spatial resolution of the
magnetic field inside the MR fluid.

APPENDIX

A. Field Formulation in the Used FEM Software

For regions with no source current, the field formulation in the
used FE code (MEGA), is expressed in terms of total magnetic
scalar potential 1)

H=-Vi
V- (uVy) = 0.

Using the “reduced scalar potential” formulation for the re-
gions containing source current, it is possible to write

H=-V¢+H,
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Fig. 28. HBB-II: picture of the final prototype.

TABLE I
COMPARISON BETWEEN FEA AND EXPERIMENTAL RESULTS

Points of Estimated B | Measured B | Error
measurements

0.12T 0.1171 T | 2.5%

0.027 T 0.0248 T | 8.8%

0.017 T 0.016 T 6.2%

0.031 T 0.0290 T | 6.9%

0.013 T 0.0123 T | 5.7%

0.0096 T° 0.0085 T | 9.1%

Pistons "in action”

Pistons "at rest"

Fig. 29. Measurement points of flux density in the HBB-II without the MRF.

and consequently

V- (uV)+ V- (pHy) =0

where 1 is the nonlinear function of the B—H characteristics
and H is the field due to the source current calculated using
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Biot—Savart law

Hs:i/JxV(1> dV.
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