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ABSTRACT

Current head-mounted displays enable users to explore virtual
worlds by simply walking through them (i.e., real-walking VR). This
led researchers to create haptic displays that can also simulate dif-
ferent types of elevation shapes. However, existing shape-changing
floors are limited by their tabletop scale or the coarse resolution of
the terrains they can display due to the limited number of actuators
and low vertical resolution. To tackle this challenge, we introduce
Elevate, a dynamic and walkable pin-array floor on which users can
experience not only large variations in shapes but also the details
of the underlying terrain. Our system achieves this by packing 1200
pins arranged on a 1.80 X 0.60m platform, in which each pin can
be actuated to one of ten height levels (resolution: 15mm/level). To
demonstrate its applicability, we present our haptic floor combined
with four walkable applications and a user study that reported
increased realism and enjoyment.
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1 INTRODUCTION

Today, the majority of head-mounted displays, even most com-
mercial devices, allow users to explore virtual worlds by simply
walking around in their surroundings; this is known as real-walking
Virtual Reality (VR). The advantage of real-walking VR as a loco-
motion modality is that it is immersive as it stimulates the user’s
proprioceptive and vestibular senses as users physically move their
bodies both in the real and virtual environments. This compelled
researchers into tackling a subsequent key challenge that arises
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Figure 1: Elevate is a walkable high-resolution and large-
scale pin-array display that can generate a variety of physi-
cal terrains for virtual reality. Here, we demonstrate our de-
vice generating the terrain of a landscape and a user walking
on it.

in real-walking VR systems: not only should users be able to walk
around but also they should be able to feel the terrain beneath their
feet (e.g.,[18, 23, 27] ).

In fact, although often taken for granted, walking is a rich so-
matosensory activity, all the way down from limb movements to
the feedback we feel from the soles of our feet. The body is ca-
pable of perceiving the slightest variation in inclination, bumps,
and holes in the terrain, with the feet serving simultaneously as
kinesthetic [23] and tactile [44] sensors. Different from the hands,
the static and dynamic forces applied to the feet during standing or
walking are in the order of hundreds or thousands of Newtons [44],
making the experience of "feeling through the feet" a unique yet
powerful haptic experience.

The search for this elusive haptics for feet, led researchers into
engineering haptic devices that can render terrains by physically
displacing modular pieces that the user stands on, such as moving
robot tiles [10], tilting haptic tiles [1, 2, 5], inflatable airbags [36, 40],
tilt-adjustable treadmills [24], and pin-arrays [33]. However, these
previous shape-changing floors are limited by their tabletop scale [1,
2, 5] or the coarse resolution of the terrains they can display, due
to the limited number of actuators [2, 10, 24, 33, 36, 40] and their
low vertical resolution [2, 24, 40].

To tackle these challenges altogether and contribute to the field
of interactive haptics, we introduce Elevate, a dynamic and walka-
ble pin array floor on which users can not only experience large
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variations in shapes but also subtle details of the underlying ter-
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segment of the whole oor, typically in a grid layout), such as by

rain, as depicted in Figure 1. Our device achieves this by means of manipulating the tile's adjustable slop&][5], using a turntable

1200 individually controllable pins arranged on a 1.80r.60m
platform. Furthermore, each 3cm3cm size pin can be actuated to
one of ten height levels (resolution: 15mm/level). To illustrate the
design space enabled by this one-of-a-kind large-scale haptic oor,
we present it in combination with several real-walking VR and
standalone applications. Lastly, we validated our prototype through
a user study in VR, in which participants reported increased real-
ism and enjoyment when experiencing the VR environment via
Elevate.

2 RELATED WORK

The work we present in our paper builds on the elds of haptics,
especially on hardware-techniques that deliver haptics to the user's
feet, not only for virtual-reality but also for more general interactive
walking experiences.

2.1 Foot-based Haptics

Kinesthetic and tactile feedback through one's feet, such as elicited
when walking [23 44 in virtual reality, is an important factor
for attaining immersion in virtual environments or creating rich

with a slanting mechanism1], or even using adjustable incline
treadmills [, 9]. For example, th&round Surface Simulatfi24

is a treadmill featuring six linear actuators that together create
various slopes on which the user can walk on. However, in these
types of haptic devices, the expressiveness of terrain detail felt by
the feet is limited as their resolutions are very coarse, i.e., each tile
is very large. Elevate, on the other hand, renders both the topology
of a landscape and its non-linear slope while intentionally avoiding
user's instrumentation which causes discomfort to the users.

2.2 Pin-array Displays

Shape displaysf 12 14 16 25 31, 37, 50 5] provide a higher
resolution implementation of the aforementioned actuated-"tiled"
approach, allowing to display physical 2.5D shapes with high res-

interactive experiences. To achieve this, researchers have developedolution. However, most shape displays are designed as a tabletop

a number of wearable devices that deliver foot haptic feedback to

interface for interactions with the hands and arms§,[15 16 31,

the user's feet. One such approach is to create "haptic shoes", i.e.,37 50 51. These shape displays are often implemented via a 2D
shoe-like interfaces, embedded with haptic actuators, that users array of pin actuators, with each pin being moved independently

wear as they walk around. For instance, Turchet et dlj[and
Takeuchi B§ attached vibration actuators on the sole of the shoes
to provide a walking experience on virtual ground. Hill et af][
also explored transferring information by using vibration actuators.
RealWalk B2 adopted actuated MR uid to express the deformation

of materials on the ground in VR, such as snow, sand and mud. Wang

by a motor, typically a linear actuator as ir6[ 15 16, 31, 37, 50.
The result is high resolution with, typically, fast update speeds.
However, the limiting factor is that these linear actuators cannot
withstand hundreds of kilograms of force, i.e., users can touch them
with their hands but cannot stand or walk on them.

Our device takes inspiration from these aforementioned pin-

et al. [46 developed air-bladder-based elastomeric shoes to express based shape-changing tabletops but aims at redesigning their inner

the slope of the ground. Level-Upg2§ is a pair of mechanical
brake-actuated shoes that can simulate di erent heights of a virtual
terrain. Although wearable foot haptic devices have the bene t
of working over a larger (potentially in nite) area, they require
instrumenting the user's feet, which results in reduced comfort.
Another well-researched approach for delivering haptics to the
user's feet is to let users stand on a platform embedded with haptic
feedback. Visell et al4R, 43 used vibrators and spring mecha-
nisms [44 to provide the feeling of walking over snow or sand, i.e.,
achieving ground textures. Wohlauf et a4 7] introduced the haptic
tile, which works as a weight scale on which users have a sense
of load with rigidity instead of the numeric weight value. Also,

workings to enable foot-based haptic feedback, aiming for a large
scale device that covers a su cient arena and withstands a user's
weight as they walk on the device.

In fact, other researchers have recently explored the idea of
generating di erent terrains using push-pull mechanisms, such as
pneumatic actuators3g, 40, or mechanical linear actuator2[ 24,

33 installed on a platform. For instance, both TilePo#( and
LiftTiles [3€ are haptic oors that use pneumatic actuators as an
approach to scale up in one dimension to display virtual objects.
Yet, these platforms are of coarse resolution, and in ated actuators
are not stable enough for any user to walk on, as researchers have
highlighted in their ndings [36 40. Moreover, researchers have

researchers have explored adding tangible objects, which the users built haptic oors that generate terrains, such as the ALF (ALive

can kick around to control their interface, on top of interactive
oors [29].

Haptic oors are of especial importance for real-walking VR
because, in this type of setups, the useralseady bounded to
the tracking volume and thus the aforementioned advantages of

Floor) [33. ALF has 28 pin actuators with eight triangulated panels
on each actuator. However, this device, much like those4d [
and [3€, is limited to low-resolution feedback, not quite capable
of generating terrains with high-resolution, e.g., they can elevate
the user's feet but cannot generate a sharp incline or the feeling

haptic shoes become less pronounced. As such, researchers havef standing on textures and uneven ground (i.e., rocky ground).

long explored robotic walking simulatorslfl, 3] and robot tiles,
which can move up/down, allowing users to walk over di erent
heights. The more recent approach, is to directly manipulate the
terrain by employing motor-actuated tiles (i.e., a tile is a modular

Instead, Elevate bridges between these trade-o s, by proposing a
walkable large-scale and high-resolution shape changing pin-array
display that can render a variety of physical terrains with a nite
number of actuators.
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3 FOUR KEY CHARACTERISTICS OF HOW
ELEVATE CREATES WALKABLE DYNAMIC
TERRAINS

To give the reader a complete picture of how Elevate creates walk-
able dynamic terrains, we describe an example walkthrough of a
user experiencing a rocky desert in virtual reality (VR).

As shown in Figure 2, the user is crossing a rocky VR desert,
but the path is cut 0 by a canyon. To cross over the canyon, the
user picks up some nearby rocks and drops them into the canyon.
After throwing enough rocks, these start to pile up into a pillar that
stands out. As aresponse, Elevate creatglysicalpillar by moving
its pins upwards. Because the elevation created by our device is
stable, due to its strong locking mechanism, the user can cross the
canyon byphysically stepping on the pillarBhis depicts two among
four key characteristics of our desigil) it withstands human
weights; and,(2) its feedback is dynamic , i.e., it can re-con gure
any pin that the user is not standing on at run-time.

Figure 2: As the user lIs the bottom of the cli with rocks,
Elevate dynamically creates pillars that match the shape of
the rocks. These pillars are sturdy enough that the user can
walk on them to cross the canyon.

Then, on the other side of the canyon, the user encounters a
rocky elds for which is nding a way through is di cult. As the
user keeps walking (Figure 3 (a)), the user is able to feel the terrain
underneath. This showcases Elevate's third key characterig3ic:
its a large walkable surface of 1.8 x 0.6 m , longer and wider than
the typical haptic oor [2, 5], and compatible with the explored
surface area used for VR applications [33].

Finally, the user nds a way out of the desert by stepping over
several rocks of di erent shapes and sizes, which our device gen-
erates accordingly as depicted in Figure 3 (b) the user feels each
rock's shape and size at each step. This is only possible due to
our fourth key principle:(4) unprecedented resolution of 1,200
pins, each covering an area of 3 x 3 cmin a 20 x 60 grid . Our
pins can also rise up to 15mm, with 10 discrete intermediate posi-
tions (15 mm vertical resolution). This level of detail, seen before
only on tabletop pin-array displays{, 15 16, is what allows to
depict the ne-grained di erences between the rocks displayed in
Figure 3 (c-f).

In summary, compared to previous haptic oors, Elevate pro-
vides unique physical a ordances that allow to realize new and
unforeseen applications at a larger scale. While we demonstrated
the four bene ts of Elevate (i.e., withstands human weight, dy-
namic, large scale, and high-resolution) in the example of this VR
walkthrough, in the Applications section we will also showcase
how Elevate enables new interactive scenarios outside of VR.
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Figure 3: (a) As the user keeps walking in this VR desert, the
feet keep experiencing tactile feedback over a haptic large-
area of 1.8 x 0.6 m; (b) Here, the user feels the shape of a rock
under the feet. (c-f) Elevate makes use of its high vertical
and horizontal resolution to render the di erent shapes of
the di erent rocks the user steps on.

4 SYSTEM IMPLEMENTATION

Elevate is made of three components: 1200 pins, a shape generator
(the electromechanical device that moves the pins), and a locking
system (the electromechanical device that secures the pins in place)
(Figure 4). Generally speaking, the mechanical principle behind
Elevate is as follows: (1) its pins are actuated by the motorized
shape generator one row at a time, allowing them to take the shape
of the intended terrain; (2) what keeps the pins from falling back
down are strong magnets that temporarily hold the pins in place
at a desired height while a single row is being rendered; (3) then,
when a particular row is updated (i.e., all pins of this row have been
set at their intended height), the pins are rmly locked using our
motorized brake mechanism; lastly, (4) after locking any row of pin,
the user can walk over these.

Figure 4: Three major components of Elevate: (1) the pins
(top); (2) its locking system (middle), and (3) its shape gener-
ator (lower). We depict also a detail of how we layered the

materials in Elevate's mid supporting structure.

Elevate is mounted on a box-framed structure made from alu-
minium pro les (120 cm wide x 248 cm deep x 73 cm high). The top
side of the box (at 73 cm) is our actuated platform, and it is covered
by a smooth sheet of birch plywood (15T), which houses the pins
and prevents them from colliding with each other. In the middle,
there is a layered structure made of an acrylic sheet (6T) and of an
iron plate (14T) glued together. All these elements combined make
up for a strong platform that bears the weight of an average user.

Furthermore, the side of the box structure also has attachments
for protective railings that prevent users from falling down from the
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