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Abstract—In this article, present RealWalk, a pair of haptic
shoes for HMD-based VR, designed to create realistic
sensations of ground surface deformation, and texture using
Magnetorheological fluid (MR fluid). RealWalk offers a novel
interaction scheme through the physical interaction between the
shoes, and the ground surfaces while walking in VR. Each shoe
consists of two MR fluid actuators, an insole pressure sensor, and
a foot position tracker. The MR fluid actuators are designed in
the form of multi-stacked disc structure with a long flow path to
maximize the flow resistance. With changing the magnetic field
intensity in MR fluid actuators based on the ground material in
the virtual scene, the viscosity of MR fluid is changed
accordingly. When a user steps on the ground with the shoes, the
two MR fluid actuators are pressed down, creating a variety of
ground material deformation such as snow, mud, and dry sand.
We built an interactive VR application, and compared RealWalk
with vibrotactile-based haptic shoes in four different VR scenes:
grass, sand, mud, and snow. We report that, compared to
vibrotactile-haptic shoes, RealWalk provides higher ratings in all
scenes for discrimination, realism, and satisfaction. We also
report qualitative user feedback for their experiences.

Index Terms—Haptic shoes, magnetorheological fluid, mr
fluid, virtual reality.

I. INTRODUCTION

W ITH highly accurate tracking systems and high-end

3D graphics, haptic feedback has become a key ele-

ment in interactive Virtual Reality (VR) technologies,

because users demand the capability to feel virtual objects

and VR scenes with their fingers, hands, body and feet to

enhance their experiences. As the interactivity of haptic

feedback systems continuously improves, the VR walking

experience becomes a critical area that needs improvement

in presence and realism.

In this study, we explore the novel design of the haptic

shoes called RealWalk, which delivers virtual surface defor-

mations and texture sensations of the ground through physical

interaction between the user’s foot and the ground. Doing so,

we advance the feasibility of applying smart fluids to interac-

tive VR applications.

Vibrotactile-based wearable haptic devices that use eccen-

tric rotating mass (ERM) devices, linear resonant actuators

(LRA), and piezoelectric actuators are widely used to deliver

tactile sensations for VR interactions. These capabilities have

been introduced in wearable gloves [1], [2], [3], [4], vests [5],

[6], [7], and shoes [8], [9], [10], [11] to feel virtual objects and

scenery items. Most devices use vibrotactile actuators to repli-

cate simple haptic stimuli, or they use robotic arms and

exoskeleton-type devices to deliver kinesthetic feedback.

However, most devices are limited, expensive, and bulky.

Vibrotactile feedback has already been successfully leveraged

to deliver physical ground-surface textures through shoes [12],

[13], [14], [15], [16] or floor pads [17], [18], [19],[20]. Taclim,

for example, is a commercial haptic shoe that adopts vibrotactile

actuators to provide virtual ground textures [12]. However,

vibrotactile stimuli have a critical drawback in that their fre-

quencies and intensities are limited in expressing a variety of

ground-material deformations and texture. Researchers have

also reproduced ground-surface depth differences using a

robotic kinematic machine structure [21] or shoes that use a

slider to simulate vertical locomotion [22]. Although these

approaches show the feasibility of ground-material deforma-

tions, they remain challenging when applied to real-world walk-

ing scenarios owing to their complicated hardware structures.

Manuscript received December 3, 2019; revised May 24, 2020; accepted
May 26, 2020. Date of publication August 17, 2020; date of current version
March 19, 2021. This work was supported in part by Priority Research Centers
Program through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education under Grant NRF-2018R1A6A1A03025526 and in
part by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) under Grant NRF-2018R1C1B5043837. This arti-
cle was recommended for publication by Associate Editor Prof. H. Shea and
Editor-in-Chief Dr. Lynette Jones upon evaluation of the reviewers’ com-
ments. (Corresponding author: Jin Ryong Kim.)

Tae-Heon Yang is with the Department of Electronic Engineering, Korea
National University of Transportation, Chungju-si 370914, Republic of
Korea (e-mail: thyang@ut.ac.kr).

Hyungki Son is with the Electronics and Telecommunications Research
Institute, Daejeon 34129, Republic of Korea (e-mail: hagonhk@etri.re.kr).

Sangkyu Byeon is with Jahwa Electronics, Chungju 28438, Republic of
Korea (e-mail: skbyeon89@gmail.com).

Hyunjae Gil is with the Ulsan National Institute of Science and Technology,
Ulsan 44919, Republic of Korea (e-mail: hyunjaegil@gmail.com).

Inwook Hwang is with the Electronics and Telecommunications Research
Institute, Daejeon 34129, Republic of Korea (e-mail: inux@etri.re.kr).

Gwanghyun Jo is with Kunsan National University, Gunsan-si 54150,
Republic of Korea (e-mail: gwanghyun@kunsan.ac.kr).

Seungmoon Choi is with the Department of Computer Science and
Engineering, POSTECH, Pohang 37673, Republic of Korea (e-
mail: choism@postech.ac.kr).

Sang-Youn Kim is with the Department of Computer Science and Engineer-
ing, Korea University of Technology and Education, Cheonan 31253, Republic
of Korea (e-mail: sykim@koreatech.ac.kr).

Jin Ryong Kim is with the Department of Computer Science, University of
Texas at Dallas, Richardson, TX 75080 USA (e-mail: jin.kim@utdallas.edu).

Digital Object Identifier 10.1109/TOH.2020.3017099

IEEE TRANSACTIONS ON HAPTICS, VOL. 14, NO. 1, JANUARY-MARCH 2021 83

1939-1412 � 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on December 13,2022 at 00:02:21 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-4316-4323
https://orcid.org/0000-0003-4316-4323
https://orcid.org/0000-0003-4316-4323
https://orcid.org/0000-0003-4316-4323
https://orcid.org/0000-0003-4316-4323
https://orcid.org/0000-0002-5196-1659
https://orcid.org/0000-0002-5196-1659
https://orcid.org/0000-0002-5196-1659
https://orcid.org/0000-0002-5196-1659
https://orcid.org/0000-0002-5196-1659
https://orcid.org/0000-0002-2382-7575
https://orcid.org/0000-0002-2382-7575
https://orcid.org/0000-0002-2382-7575
https://orcid.org/0000-0002-2382-7575
https://orcid.org/0000-0002-2382-7575
https://orcid.org/0000-0002-0635-2897
https://orcid.org/0000-0002-0635-2897
https://orcid.org/0000-0002-0635-2897
https://orcid.org/0000-0002-0635-2897
https://orcid.org/0000-0002-0635-2897
https://orcid.org/0000-0002-5889-1083
https://orcid.org/0000-0002-5889-1083
https://orcid.org/0000-0002-5889-1083
https://orcid.org/0000-0002-5889-1083
https://orcid.org/0000-0002-5889-1083
https://orcid.org/0000-0003-2833-6019
https://orcid.org/0000-0003-2833-6019
https://orcid.org/0000-0003-2833-6019
https://orcid.org/0000-0003-2833-6019
https://orcid.org/0000-0003-2833-6019
https://orcid.org/0000-0002-5182-6617
https://orcid.org/0000-0002-5182-6617
https://orcid.org/0000-0002-5182-6617
https://orcid.org/0000-0002-5182-6617
https://orcid.org/0000-0002-5182-6617
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:


Physical model-based vibrotactile haptic shoes have been

extensively researched [13], [14], [23]. The physical model is

configured to render the output intensity and frequency of a

vibration motor based on feedback information of the ground

reaction force extracted from the pressure sensor or audio sig-

nals generated when stepping on a particular surface. These

types of shoes have many benefits because haptic feedback

can be created directly from the sound source, and it can be

matched well with the ground effects. Although vibrotactile

haptic shoes can convey ground-texture information in a com-

pact size, natural kinesthetic sensations generated via defor-

mations cannot be simulated. Additionally, the vibrations

generated by active actuators can be interfered with by exter-

nal contact or structural deformation of the device during

transmission.

From a similar perspective, haptic interfaces based on semi-

active magnetorheological (MR) fluids can provide more sta-

ble and natural haptic interactions compared with active-type

actuators, and thus, have also been widely researched. Sci-

lingo et al. [24] showed that a semi-active MR device could

simulate the compressional compliance of biological tissues in

surgical training applications. Hence, several semi-active MR

haptic interfaces have been introduced for other applications,

such as telerobotic surgery [25] and rehabilitation [26]. Semi-

active MR fluid devices can be used to passively change the

viscosity of the actuator itself, which is optimized to provide

natural kinesthetic feedback without a physical model. Yang

and Koo [27] experimentally demonstrated that MR fluid-

based miniature actuators could provide not only kinesthetic

sensations but also vibrotactile ones. They provided a low-fre-

quency kinesthetic and vibrotactile feedback up to 300 Hz in

response to deformations. The results indicated that small MR

actuators could also deliver a wide range of kinesthetic and

vibrotactile information of ground materials and textures.

In this paper, we present RealWalk, which are haptic shoes

that utilize MR fluid-based compact actuators for Head-

Mounted Display (HMD)-based VR applications. This capa-

bility is designed to create realistic sensations of textures and

ground deformations as users engage in virtual walking (see

Fig. 1(a)). We achieve this by using smart fluid-based haptic

actuators that are specially designed for changing their viscos-

ity based on magnetic-field inputs.

With MR fluid actuators, RealWalk naturally delivers

novel ground deformations and texture sensations, yielding

high-fidelity walking experiences for VR. This natural

design of physical interaction elicits feelings of ground

deformation, and the resistance force is rendered by control-

ling the viscosity of the MR fluid inside the actuators. In

addition, MR fluids have a fast response time so that their

viscosity states are switched instantly to create fine material

textures. To the best of our knowledge, RealWalk is the first

haptic shoes that use the smart fluid to express natural hap-

tic response of ground material. In this study, we explore a

design of RealWalk to deliver both ground deformation and

texture sensations through physical interaction between the

shoes and the ground, and further investigate the feasibility

of applying smart fluid to interactive VR applications.

II. RELATED WORKS

A. Haptic Shoes

There are several examples of haptic-shoe studies that con-

tributed to the current study. Level-Ups [10] are computer-con-

trolled stilts that allow users to experience virtual elevation

effects. The Level-Up device is worn like a boot, and enables

users to freely walk around a space. Gilded Gain [11] is another

type of haptic-shoe system that emulates the physical textures

of the ground using vibrotactile feedback. SoleSound [14] is a

haptic shoe that simulates real-time auditory and haptic sensa-

tions while the user walks. Vibrotactile actuators are embedded

into sandal-like shoes to drive actuators using audio signals.

Taclim [12] is a commercial haptic shoe that adopts vibrotactile

actuators to emulate different textures of a ground surface.

However, we have observed that vibrotactile stimuli are limited

in their ability to emulate ground deformations.

HapticWalker [28], [29] is a haptic device that comprises

two-foot platforms having 3-DOF (Degree of Freedom) per

foot. The equipment provides force feedback with 6-DOF

force/torque sensors mounted under each foot platform. Snow

Walking [22] is a boot-shaped haptic device that generates the

sensations of walking on snow. It uses a slider-magnet mecha-

nism to simulate vertical locomotion. Although these

approaches show good feasibility for simulating ground-sur-

face deformation, it is still difficult to apply them to real-world

application, owing to their complicated structures.

B. Floor-Based Haptic Display

Several floor-based haptic displays have also been devel-

oped. Visell et al. [17], [18], [19] created a touch-surface sys-

tem that delivered haptic feedback to the user via tiles having

force sensors. As a tile was touched, the values of the force

sensor were calculated to detect the touch position and inten-

sity. Then, it provided the user with vibrotactile feedback. The

researchers used an elastic suspension mechanism for more

accurate haptic feedback, allowing users to walk around while

feeling the ground-material sensations in an immersive envi-

ronment. Blom et al. [20] designed Soundfloor, a floor-based

audio-haptic interface that provided virtual collision haptic

feedback using several audio-tactile transducers. TilePop [30]

was a pneumatically actuated floor tile display consisting of a

2D array of cube-shaped airbags that could be inflated into

large props for VR interactions. Although they showed the

feasibility of delivering haptic feedback from a floor surface,

their solution required complicated hardware structures and

huge space requirements. Furthermore, their vibrotactile

actuators were quite limited.

C. Haptic Applications Using MR Fluid

Apart from moving actuators, smart materials have been

studied as miniature kinesthetic modules. Actuators based on

MR fluids have been widely studied, owing to their ability to

produce highly resistive forces in relatively small spaces. Sen-

kal and Gurocak [31], [32] proposed an MR spherical brake

for a haptic joystick. They showed that the circular design of the
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MRfluid actuator could generate powerful braking torquewithout

significantly increasing the device’s overall dimensions. Blake

and Gurocak [33], [34], [35] later proposed a compact MR brake

for haptic-glove applications. The MR brake generated large tor-

que for haptic feedback within a diameter of 25 mm and a height

of 15 mm. Byeon et al. [36] proposed a smart knob that used tor-

que feedback based on MR fluids for mobile devices. Kim

et al. [37] proposed a five-DOF haptic smart Mouse, which used

five linearMR actuators to implement the spatial parallel manipu-

lator. Savioz et al. [38] proposed a miniature linear actuator using

MR fluids for a fully portable force-feedback glove. Jansen et al.

developed MudPad [39], [40], which comprised an array of elec-

tromagnets and anMR fluid pouch, with which it delivered a vari-

ety of haptic sensations on a surface. Yang et al. [41] proposed a

miniature stiffness display using MR fluid. They also proposed a

miniature haptic button actuator that used MR fluid to provide

realistic button-click sensations [42], [43]. In this study, we use a

new approach that applies it to their feet.

III. DESIGN

A. Foot Pressure Distribution Measurement

As shown in Fig. 1(c), the insole pressure sensor contains pie-

zoresistive sensels of 302 mm length and 106 mm width. Each

sensel contains 118 sensing nodes of 6 mm size, integrated with

a 2 mm horizontal and 1.1 cm vertical spacing. The sensels were

calibrated using 10 levels of applied force from 1 to 490 N. They

were embedded in a pair of sandals (the same type of sandals

used for RealWalk).

Using the instrumented sandals, we measured the foot

pressure distributions when a user walked on the ground.

This was for the design of robust and effective haptic shoes

with MR fluid actuators. Based on the foot pressure distri-

butions, we determined the diameter and recovery time of

an individual MR fluid actuator and the number and loca-

tion of the actuators to be embedded in the haptic shoes.

Six participants (three females, mean age: 26.0; mean foot

size: 26.3 cm for male and 23.0 cm for female) took part in

the measurement. Their task was to walk naturally along a

5-m long hallway wearing the flexible mid-sole plates with

the insole pressure sensors.

Fig. 1(d) shows a temporal sequence of the pressure

moment ellipses measured from each foot. Clear imprints

were recorded only in the toe and heel regions. The left

foot had an imprint area changing from 1 to 50 cm2 over

time in the toe region and an area from 1 to 32 cm2 in the

heel region. The ranges for the right foot were similar. The

pressure values measured in the region between toe and

heel were negligible.

Based on the collected data, we decided to have two MR

fluid actuators per each shoe, one for the toe region and the

other for the heel region. The toe actuator is positioned 9 cm

from the top and 6 cm from the inner side of a shoe, and the

heel actuator is 7.5 cm from the bottom and 5.5 cm from the

Fig. 1. (a) Screenshot of RealWalk haptic shoes, (b) Software structure of RealWalk, (c) Insole pressure sensors with pressure distribution, (d) Change of
pressure heat maps of a footstep.
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inner side. Considering the average contact areas, the diameter

of the actuator was determined to be 50 mm. We also obtained

the time intervals between footsteps to determine the maximum

target recovery time after the actuators are fully damped. The

duration for which the foot is in contact with the ground was

799.7 ms on average (Standard Deviation SD = 104.5 ms), and

the average interval between two foot steps of one foot was

556.3 ms (SD = 87.4 ms).

B. Design and Simulation of MR Fluid Actuator

MR fluid immediately changes its viscosity when sub-

jected to a magnetic field. Generally, MR fluid is used in one

of the three main modes of operation, including ‘flow mode’,

in which fluid flows due to a pressure gradient between two

stationary plates; ‘shear mode’, in which fluid flows between

two plates that are moving relative to one another; and

‘squeeze mode’, in which fluid flows between two plates that

are moving in a direction perpendicular to their planes [44].

The squeeze mode is challenging to apply to an MR damper

requiring a large operating stroke, and the shear mode produ-

ces less resistive force than do the other two. Thus, we

designed a flow-mode MR fluid actuator to increase the range

of the viscosity changes of the MR fluid by varying magnetic

field intensity based on the type of materials in the

virtual ground surface when the actuator is pressed under a

human foot.

Yang et al. [44] proposed a mixed analytical model for the

MR actuator in conjunction with FEM analysis of electromag-

netism. To effectively design and implement an MR fluid

actuator having maximized resistive force, we adopted and

modified their design process, as shown in Fig. 2. The first

step is a parametric design, which determines the magnetomo-

tive force generated by the solenoid coil of the actuator under

the constraints of size and power consumption. The

magnetomotive force generated from the solenoid coil and the

power consumption is given by the following equations.

Magnetomotive ForceðNIÞ …
N � V � P

r � ltot
‰A � turns�

Power ConsumptionðVIÞ …
V 2 � P
r � ltot

‰W �;
(1)

where,

Number of Turns : N

Mean Radius of Coil : rm …
Coil Dia inner þ Coil Dia outer

4

Pure Conductor Area : P …
p wire dia.) 2

�

4
Input Voltage : V

Resistivity : r … 1:724 � 10�18

�
234:5 þ Max Temp.
234:5 þ Min Temp.

‰V � m�

Total Length of Wire : ‘tot … 2prmN

These equations allow us to calculate the magnetomotive

force and the power consumption while varying the diameter

of the solenoid coil.

Fig. 4 shows the results of the magnetomotive force compu-

tation for various wire diameters. Due to the actuator size, the

height and diameter of an outer solenoid coil are set to 6.1 mm

and 27 mm, respectively. In Fig. 4, the blue line shows that

the magnetomotive force increases as the wire diameter

increases when power consumption is not considered (no

power limit). On the contrary, the magnetomotive force

decreases with the wire diameter if the power consumption is

held constant.

Fig. 2. Design, operating principle, and mathematical modeling of the MR actuator with finite element method (FEM) simulation.
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Thus, the maximummagnetomotive force by the solenoid coil

should be the intersection points of the curves. The typical power

consumption of built-in actuator in portable devices is around

2.5 W, and the wire diameter at the cross point for 2.5 W power

consumption is 0.24 mm. With this condition, the maximum

magnetomotive force is 200-A turns from Fig. 4. The selected

maximum magnetomotive force is then applied to FEM simula-

tions to analyze the magnetic flux density (B) in the gap between

the stacked discs.

Fig. 2 shows the cross-sectional view of the proposed MR

fluid actuator with a FEM simulation result. In the actuator, sev-

eral discs are stacked and placed in the center of a plunger, and a

magnetic coil is wound around the discs. By sequentially stack-

ing three types of discs (inner-hole, outer-hole, and flow-space),

the proposed design allows the MR fluid to flow in a zigzag pat-

tern. This designmaximizes the flow-mode resistance of the MR

fluid by maximally lengthening the flow path of the fluid. When

the magnetic coil irradiates the magnetic field onto the discs, the

MR fluid having the increased viscosity passing through the

discs receives the maximum flow resistance by the long flow

path (flow mode). To maximize the resistive force generated by

the actuator during flow-mode activation, we performed a series

of parametric studies with FEM simulations. From the simula-

tion results, the radius of the discs was determined to be 4.5 mm,

and the magnetic flux density irradiated on the discs was

designed to be uniform in a radial direction. The average mag-

netic flux density irradiated on the discs was 126 mT. Newton’s

method was applied to determine the magnetic field intensity

(H) satisfying the B–H equation based on the magnetic flux den-

sity (B) obtained from the FEM simulation. After determining

the magnetic-field intensity (H), we calculated the yield stress

(ty) generated by the MR fluid using the equations shown in

Fig. 2, revealing an empirical expression for calculating the yield

Fig. 4. Parametric study for determining solenoid coils: variation of magne-
tomotive force by varying wire diameter and power.

Fig. 3. Fabricated MR fluid actuator and RealWalk: (a) A cross-section view of the proposed MR fluid actuator with FEM simulation result; (b) Exploded view
of RealWalk; (c) Exploded view of MR fluid actuator and its components.
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stress of MR fluid with the FEM simulation. Using the yield-

stress information, an analytical force model for the flow mode

of MR fluids can compute the actuation or resistive force of the

proposedMR actuator.

Fig. 2 further shows the result of calculating the resistive

force that increases with the current input to the solenoid coil.

Fig. 2 includes the plot for the measured resistive force with

respect to the pressed depth (from 0 to 9 mm) and the applied

current up to 0.5 A (2.5 W) at increments of 0.1 A with a

pressing velocity of 1 mm/s using a universal testing machine

(H5KT, Tinius Olsen). It clearly shows that the MR fluid actu-

ator can generate kinesthetic feedback similar to simulated

results. As shown in the figure, the maximum resistive force

was approximately 350 N at 0.5-A input. Given the size of the

actuator, this maximum force is remarkably large. To further

analyze the results for a haptic (kinesthetic feedback) perspec-

tive, the measured force rate (Qv) is defined as the ratio of the

difference between the maximum and minimum resistive

force (Pv) to the maximum force (Lv) for a given pressed

depth. In Fig. 2, we added the measured result of the MR fluid

actuator using a dynamic mechanical analyzer. The plot for

the measured result includes the variation of the measured

resistive force rate (Qv = Pv/Lv). The minimum measured

force rate was about 67% with the input current of 0.1 A. The

maximum measured force rate was about 95% with the input

voltage of 0.5 A. Generally, the differential threshold of the

force rate (JND) that a human can reliably distinguish is about

7–10% for a force range of 0.5–200 N [45]. Therefore, we

confirmed that the proposed haptic actuator could generate

multiple levels of kinesthetic feedback to the operator, even at

the minimum force rate of 67%. Yang and Koo [27] experi-

mentally showed that the MR fluid actuator was capable of

conveying a wide range of human-perceivable haptic sensa-

tions (up to 300 Hz). The fast response speed of the MR fluid

enabled transmitting the vibrotactile feedback based on the

user’s pressing action. Thus, considering the sufficient output

force range and fast response speed of our MR actuator, it can

be concluded that the RealWalk can sufficiently transmit

vibrotactile feedback to the user’s foot.

IV. IMPLEMENTATION

In this section, we describe the design and implementation

of RealWalk to deliver simulated ground deformation and tex-

ture sensations of different types of materials. We further

describe each hardware and software component of our system

and how they work together to deliver unique sensations to the

users via their VR settings.

A. System Structure

To design reliable and robust footstep detection, we imple-

mented a two-stage step detection procedure using insole pres-

sure sensors and an infrared position-tracking HTC VIVE

tracker. With our two-stage step detection, we first verify the

latest pressure data to check whether or not the foot is landed

upon the ground. If the pressure data is greater than a prede-

fined threshold, we then check the current 3D position of the

foot in a virtual scene to determine whether or not its position

makes contact with the virtual ground using ray casting in a

normal direction. Thus, we can achieve more reliable footstep

detection without noticeable delays. Haptic feedback is not

delivered when we detect a pressure metric below the thresh-

old, implying that the foot is lifted.

Fig. 1(b) shows how RealWalk communicates with the

main system. The Unity program running on the main system

generates a VR environment, collects position and pressure

sensor data, and sends haptic commands to RealWalk. The vir-

tual scenes are implemented using Unity with a vision-based

position tracking system (i.e., VIVE room) setup. When the

Unity system receives the 3D position and pressure data, it

evaluates the state of the shoe (whether or not it has contact

with the ground) and delivers proper haptic feedback signal

parameters (i.e., amplitude and frequency) to a micro-control-

ler in the shoe via a universal serial bus (USB) interface. After

the micro-controller receives these parameters, a haptic feed-

back signal is created and delivered to the MR fluid actuators,

which generate resistive forces.

In a virtual scene, we set the positions of the virtual shoes

and the height of the virtual ground based on tracker informa-

tion. Visual cues for footprints were also implemented with

appropriate sounds (e.g., crunching sound for snow) to provide

multimodal experiences to the users. Four seasonal VR scenes

were created to explore the design space of RealWalk and to

offer high fidelity walking experiences in VR. We describe

more details about VR scenes in the next section as they were

used for a user study.

B. MR Fluid Actuator

Fig. 3(a) presents a cross-sectional view of the proposed

MR fluid actuator. We used the Lord Corporation’s MRF-

1400CG (response time 4 ms) for the MR fluid. Fig. 3(c) fur-

ther shows the fabricated components and their assembly and

placement to complete the MR fluid actuators. The MR fluid,

the plunger, the magnetic coil, and multi-stacked discs were

placed together in the cylinder. A contact cover was placed

over the cylinder with a supporting plate to resist the force

from the foot. The plunger, disc and inner cover served as a

magnetic circuit made of pure iron (KSC 2504, less than 0.8%

carbon), and the cylinder, housing, and contact cover serving

as a supporting structure were made of SUS304, a representa-

tive non-magnetic material. Ultimately, two MR fluid actua-

tors and one external spring were installed between the shoe

and the base sole to complete the RealWalk assembly (see

Fig. 3(b)). The maximum stroke of each MR fluid actuator

was 10 mm. We confirmed that the recovery time (about

300 ms - obtained using a high-speed camera) of the actuators

when the shoe was departed from the land was faster than the

same footstep interval (about 550 ms). As discussed in the pre-

vious section, the locations of the two installed actuators (front

and rear) were determined based on the foot pressure distribu-

tion of human walking. The overall size of the MR fluid actua-

tor determined by the simulation results was 45.6 mm

(diameter) � 50 mm (height). The maximum generated
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resistive force was approximately 350 N with a power con-

sumption of 2.5 W. Table I summarizes the values and proper-

ties of key components for fabrication of the MR fluid

actuator prototype.

When a user steps on the ground, the two MR fluid actuators

are depressed. When this happens, a control board delivers a

square waveform having the appropriate amplitude and fre-

quency based on the type of ground surface and the amount of

insole pressure distribution, yielding changes in input current

to the magnetic coil. Because MR fluid either increases or

decreases its viscosity with respect to the magnetic field

derived from the input current, the fluid stiffness is changed

accordingly, delivering a variety of tactile sensations while

the actuators are pressed by the foot.

C. Haptic Rendering

Our MR fluid actuator uniquely delivers the sensations of

ground deformations and textures when the user’s foot steps

on the actuators. Since the actuator is attached under the upper

sole and it is naturally pressed when landed on the ground,

kinesthetic haptic feedbacks are created along with ground

deformation. Because all kinesthetic feedback requires the

mechanical ground to create force feedback, our design natu-

rally uses the physical ground to create resistive force only

when it is being pressed upon. Since the MR fluid can be con-

trolled stably with fast response, we can express the resistive

force change during the footstep by controlling the viscosity

of the MR fluid inside the actuator.

For haptic feedback signals, we chose four ground materials

of grass, sand, snow, and mud. Because the MR fluid actuators

are capable of rendering viscoelastic properties, we designed

the new feedback signals of each material that can highlight

the features of both kinesthetic feedback of ground deforma-

tion and vibrotactile feedback of texture. We achieved this by

modulating the amplitude and frequency of the square-wave

signals based on the rendering process that uses signal trans-

formation. Fig. 5(a) shows the process of making the signal

used in MR fluid actuators for sand material. We first obtained

a sound-signal source [46] and divided it into m time seg-

ments, where m=11 (Fig. 5(a)). We then obtained a spectro-

gram and the dominant frequencies extracted from each

sub-region of the spectrogram. The extracted dominant

frequencies were averaged to obtain a representative fre-

quency for the ground material. The determined frequency

input is applied to the MR fluid actuator when the average of

the measured values in the heel and toe regions of the insole

pressure sensor exceeds a certain activation threshold, as

shown in Fig. 5(a). Notably, our developed MR fluid actuator

is a semi-active module that only deliver resistive force

change along with the pressing motion. The MR shoe system

adopted a closed-loop control based on the pressure sensor

input; thus, the semi-active MR modules can clearly offer

enriched and realistic ground sensations without a complicated

physical model. From the audio signals of grass and snow, the

representative frequencies were determined using the same

mathematical method. With higher signal amplitudes, the MR

fluid become harder, and the actuator exerts a higher resistive

force. On the other hand, the signal frequency corresponds

with the grain size of the ground material. By driving the

actuators with a higher frequency, we can deliver sensations at

finer granularity. The interaction force among the magnetic

particles in MR fluid (viscosity) can be controlled by adjusting

the electromagnetic field. The properties of certain viscous

materials (e.g., mud) are primarily determined by the ampli-

tude of the interaction force. In contrast, the properties of other

materials were largely determined by both amplitude and fre-

quency of the interaction forces. In this study, we adjusted

amplitude alone to simulate the property of mud, and we

adjusted both amplitude and frequency to simulate the proper-

ties of grass, sand, and snow.

For firmer grasses, we set the maximum amplitude (3.3 V)

with a low frequency (around 10 Hz). For grainy sands, we set

a 70% amplitude with a frequency under 100 Hz. For smooth

muds, we initially set the maximum amplitude and gradually

decreased it to the minimum. For crunchy snow, we designed

a superimposed signal with an 80% amplitude and a higher

frequency with a minimum amplitude and a low frequency.

Because the MR fluid is a viscous, as is the mud, the amplitude

of the input signal is slowly changed in response to the insole

pressure sensor signal to fully demonstrate the inherent

viscosity.

V. EVALUATION

We evaluated the effects of RealWalk by comparing it with

another solution that adopts conventional vibrotactile haptic

actuators (i.e., VibShoes) to see whether or not the fluid-based

approach offers any benefits over vibrotactile approach. As an

experimental VR application, we implemented four different

VR scenes with ground materials: grass in spring, sand in sum-

mer, mud in fall, and snow in winter.

A. Participants

Twelve participants (six females, mean age = 28.1

(SD=2.15), mean foot size = 250.0 mm) were recruited to par-

ticipate. They reported that they had previous experiences

with VR equipment. They received $6 coffee coupons for their

participation.

TABLE I
DETERMINED PARAMETERS USED IN MR ACTUATOR FABRICATION
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B. Experimental Setup

We prepared two pairs of haptic shoes for this experiment:

RealWalk (with MR fluid actuators) and VibShoes (with

vibrotactile actuators, see Fig. 6). Both RealWalk and Vib-

Shoes had the same base structure (i.e. sandal type with links)

and a control board. To generate vibration feedback, VibShoes

used the same number of two vibrotactile actuators (Tactile

Labs Haptuators BM3C) in the same position as did the MR

actuators. It also used several supporting bars to keep its

height the same as RealWalk. The rest of the hardware compo-

nents were identical between the two (e.g., insole pressure

sensors, trackers, links). VibShoes used original audio signals

from [46], whereas RealWalk used haptic feedback signals via

spectrogram and FFT (see Fig. 5(a)).

AVR applicationwas built usingUnitywith C# scripts for this

user study. It ran on a Windows computer (CPU: Intel Xeon E5-

v3, RAM: 32 GB, GPU: Nvidia GTX 980 Ti). The shoes were

connected to the application and communicated via USB. We

used HTC VIVE for the wearable visual display and for tracking

the head and shoes. A VR room was built by diagonally placing

two base stations for tracking in a 4 � 4 m space. Each base sta-

tion was placed at 2 m height and tilted 45� toward the ground.

Fig. 7 shows a participant (left) and four VR scenes (right)

used in this experiment. In the spring scene, virtual grass covered

the ground to provide appropriate characteristics. In the summer

scene, users were allowed to walk on simulated beach sand. In

the fall scene, the ground was covered with muddy material

inside a wooded area. Lastly, the winter scene was implemented

with snow piled upon the ground. In all four seasons, users were

allowed to walk around the scenes while wearing the HMD and

haptic shoes (RealWalk andVibShoes), perceiving different sen-

sations of material deformation of the ground surfaces. All par-

ticipants listened to pink noise from a headphone to block

extraneous auditory cues from the experimental apparatus.

C. Procedure

In each session, participants were asked to wear the HMD

headset and to randomly choose RealWalk or VibShoes. Prior

to the main experiment, we asked participants to freely wear

each type and walk around until they became familiarized with

the feel. During the main experiment, the task was to walk

around each of four scenes. We asked the users to walk as natu-

rally as possible at a normal speed. After completing the task

with either RealWalk or VibShoes, the participant was then

asked to wear the other pair to explore the same scenes (1 min

each). We allowed participants to spend more time on the task

if necessary. After completing a session, a questionnaire was

provided to capture the participants’ responses to their walking

experiences. Sensation was recorded with notes appropriate to

the ground surface (i.e., Grass, Sand, Mud, or Snow). After

Fig. 5. Haptic rendering: (a) Generation of driving signal for MR actuator from the sound source; (b) Spectrogram of the sound source for each season.

Fig. 6. Vibrotactile-based haptic shoes: VibShoes.
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completing all four sessions, participants were asked to rate

their overall experiences according to satisfaction (“I was satis-

fied with the shoes”), discrimination (“I was able to distinguish

the four different ground surfaces”), and realism (“my walking

experience was realistic.” Users were asked to respond to each

question by marking on a horizontal line using a visual analog

scale with a label on each end: “Strongly Disagree: 0” and

“Strongly Agree: 100.” They were also debriefed regarding

their VR walk experiences after completing all sessions.

D. Results

We averaged all participants’ sensations scores for each of

the four scenes and represented them shown in Fig. 8. The

grand mean sensation score of the four scenes was 61.16%

(SD=6.7%) for RealWalk and 47.48% (SD=12.74%) for Vib-

Shoes. The averaged scores of each scene in RealWalk were

higher than those of VibShoes for all scenes. The mean subjec-

tive rating was highest for both shoes in the snow scene (Real-

Walk: 78.1% and VibShoes: 64.15%). The lowest scores were

recorded in the grass scene for RealWalk (47.81%) and the

mud scene for VibShoes (33.55%).

The mean subjective ratings for each type of haptic shoes

(RealWalk and VibShoes) were analyzed using a pairwise com-

parison t-test. The result from each type showed a significant dif-

ference (p…0.013) with RealWalk, yielding higher subjective

ratings. This indicates that RealWalk producedmore appropriate

sensations with the graphical ground deformation in the VR

scenes. For the effect of haptic shoes in each scene, a pairwise

comparison t-test showed that there was a significant difference

only with the mud scene between RealWalk and VibShoes

(p…0.0125), although the scores were the lowest in VibShoes

and the second-lowest in RealWalk. We also conducted a one-

wayANOVAwith repeatedmeasures on the scenes to determine

the most suitable scene for RealWalk. The result showed a sig-

nificant difference (F(3,44)=6.241, p…0.001). A post hoc analy-

sis with Tukey’s test revealed that the snow scene presented a

more similar sensation with the real ground status than both mud

(p…0.029) and grass (p…0.005) scenes. The results indicate that

the snow ground having both kinesthetic and tactile feedback

led to a suitable sensation for RealWalk.

We also compared the scores from both RealWalk and Vib-

Shoes for the three overall measures: discrimination, realism,

and satisfaction (see Fig. 9). The data were analyzed using

pairwise t-test for each measure. The differences were statisti-

cally significant over all three measures (p=0.019 for discrimi-

nation, p=0.013 for realism, and p=0.021 for satisfaction). The

results from these subjective measures showed that RealWalk

could create a more distinctive and satisfying ground surface

sensation with higher user satisfaction than could the conven-

tional haptic shoes.

E. Discussion

RealWalk received higher overall scores compared with

VibShoes. RealWalk received nearly 80% in snow and rela-

tively higher scores in grass, sand, and mud. This may be

caused by the fact that RealWalk provides both natural kines-

thetic and vibrotactile feedback to the participant’s soles with

combined sensations of material deformation and texture. This

phenomenon was very apparent in the snow scene, where Real-

Walk scored its highest subject score. This was probably

caused by the fact that the ground having snow included rela-

tively stronger kinesthetic and vibrotactile feedback than did

the other scenes. Another explanation could be that RealWalk

Fig. 7. Experimental setup: (Left) a person with HMD headset, headphone,
and RealWalk; (Right) VR scenes of four seasons.

Fig. 8. Mean subjective ratings of haptic feedback for each of the four
scenes. Error bars represent standard errors(*: p< 0.05, **: p< 0.01).
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used actual magnetic fluids to produce viscous interaction

forces. The MR fluid actuator simulated viscous materials by

applying natural and realistic sensations. This became clear

when we compared RealWalk with VibShoes in the mud scene,

where RealWalk scored significantly higher. We believe that

the muddymaterial had no distinct texture and could not be eas-

ily replicated using vibrotactile cues. Although the RealWalk

score was around 50% in the mud scene, it clearly demon-

strated the feasibility of replicating the sensation of highly vis-

cous surfaces, and we believe that this approach provides a

promising direction for fluid-based approaches.

Most participants reported positive responses for experien-

ces with RealWalk, and many of them (i.e., P2, P5, P6, P7,

P10, P11, and P12) reported that the snow and/or sand demon-

strations were very realistic with RealWalk. P5 reported that

“feeling was so real for sand and snow, because my feet were

pushing down to the ground.” P6 reported, “I really like the

feeling of snow,” whereas P8 reported, “I really liked the feel-

ing of both snow and sand with RealWalk.” P8 also said, “I

felt a sense of depth when I stepped on the ground and felt the

ground more clearly.” P10 reported, “I felt the subtle ground,

and my feet were more sensitive than I thought.” These partic-

ipants reported that they felt more realistic ground deforma-

tion than that provided by VibShoes, because they could feel

the depth and viscosity of the ground with RealWalk. Results

also revealed that participants were more satisfied and could

distinguish four different ground surfaces. Our results show

that their experiences of discrimination, realism, and satisfac-

tion were significantly better with RealWalk. We believe that

these results further support the feasibility of using smart flu-

ids to provide haptic feedback for interactive VR applications.

VI. GENERAL DISCUSSION

RealWalk provided more natural VR kinesthetic feedback

of ground deformations and tactile texture sensations using

the participants’ footstep forces on MR fluid actuators.

We believe that this unique setup was superior to the single

application of vibration actuators, because the semi-passive

type of MR fluid has many benefits. With MR fluid, natural

kinesthetic feedback can be delivered by passively changing

the viscosity of the actuator itself since its state can be

changed rapidly from liquid to solid by forming the magnetic

particles into a chain. With fine-grained control of the viscos-

ity, the MR fluid actuator can offer a more natural walk expe-

riences with reliable and high fidelity.

Nevertheless, there is room for improvement in our actuator

design. We used a low-carbon steel plunger to generate a strong

resistive force in the flow mode, having a maximum stroke of

10 mm, yielding tall (72 mm) and heavy structures (450 g) for

each MR fluid actuator. Each RealWalk shoe was 3.16 kg. We

received several comments from participants stating that they

felt the shoes were quite tall, making it difficult to walk around.

The weight, height, and power consumption limitations can be

improved by applying the most energy-efficient squeeze mode

of the MR fluid with a lighter-weight structure. The adoption of

a new spring-like plunger design could enable consistent

squeeze-mode effects regardless of the stroke required to effec-

tively activate the MR-fluid squeeze mode. The application of

an additional rubber-like housing to completely seal all compo-

nents, including theMR fluid, would further prevent leakage and

improve hysteresis characteristics via the reservoir function.

Furthermore, adding an active vibrotactile actuator to an

MR fluid actuator could effectively maximize performance

when characterizing ground materials. Combining MR fluid

actuators and conventional vibrotactile actuators would cover

a wide range of additional ground material replications, yield-

ing more vibrant and diverse walking experiences.

Our setup required several wire connections between the

shoes and the system. Thus, we were required to manage the

long wires attached to the shoes so that they did not interfere

with participant walking. This issue must be addressed to

improve usability and to eventually enable wireless use.

We noticed that more effort could be applied to render the

haptic feedback and to create more realistic ground deforma-

tion sensations. In our current design, we used pre-defined

haptic signal profiles having set amplitudes and frequencies.

We believe that this was acceptable, because MR fluid is

semi-active, and the MR actuators provided haptic feedback

only when the actuators were activated. However, because dif-

ferent ground materials contain different characteristics (e.g.,

viscosity, fluidity, stability), more scientific approaches are

needed to obtain their detailed properties. Furthermore, a

wider variety of ground materials should be considered. It

would be more appropriate to leverage user foot pressure data

to deliver more precise and fine-grained haptic sensations.

The foot pressure data can also be used to deliver effects to

different parts of the foot and to provide audio feedback to sig-

nificantly improve user experience [9]. Furthermore, the eval-

uation should be extended by comparing it with vibrotactile

shoes that offer surface deformations, such as SoleSound [14],

which uses force sensors and inertial measurement units to

measure pressure and kinematic data of the foot to synthesize

continuous audio-tactile feedback in real time.

Fig. 9. Mean subjective ratings of haptic feedback over the four scenes by
measures. Error bars represent standard errors(*: p< 0.05).
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We should also point out that some ground materials (e.g.,

completely rigid objects or liquids having very low viscosity)

remain challenging to simulate because of the equipment’s

inherent viscosity limitations. Such haptic rendering would

require a process to control the rate of chain formation of the

magnetic particles in the MR fluid to replicate the characteris-

tics of materials within a very short period of time. To achieve

this goal, additional quantitative studies should be conducted

by investigating the in-depth relationship among ground-mate-

rial properties, perceived discriminability, and the input signal

of MR fluid actuators.

We believe that our RealWalk design feasibly supports the

use of smart fluids to enable VR applications and opens a

wide range of possibilities. Our unique smart fluid-based

approach can achieve a high-fidelity walking experiences by

incorporating both ground deformations and texture sensations

via the user’s physical interaction. We also believe that the

smart fluid-based approach can shed light on the development

of haptic shoes that provide haptic cues of viscous material as

it still remains challenging to create such sensations with con-

ventional vibrotactile actuators. Future work will extend the

present study by considering the issues that we mentioned

above to deliver more realistic and natural walking experien-

ces to the users.

VII. CONCLUSION

We presented RealWalk, a pair of haptic shoes that create

realistic sensations of ground deformation and texture through

physical interaction between the shoes and ground using MR

fluid actuators. We implemented and integrated a variety of

hardware and software modules for RealWalk including MR

fluid actuators, insole pressure sensors and foot detection, and

haptic rendering. We also introduced four different virtual

scenes of the four seasons to conduct the user study and pro-

vide a design space for an interaction scenario. We believe

that our design of RealWalk can provide the design opportuni-

ties to deliver realistic sensations of the ground surfaces to

achieve immersive multimodal user experiences while users

are engaged in walking in VR.
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