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Figure 1: Basic functionality of the visuo-tactile safety augmentation: (A) When located inside an area considered to be safe, the tactile interface
produces no output and the visualization shows the boundary-elements of the virtual fence in green. (B) When approaching a border, the
border elements located most closely to the user start growing and changing color such that elements grow and turn from green to yellow to
red with decreasing distance. The tactile interface starts vibrating at the tactor that is located most closely to the border at a low intensity. (C)
When reaching the border, the color change, element size and vibration intensity are at maximum. (D) Rotating the belt shifts activity from
the previous actuator to the actuator now located closest to the border.

ABSTRACT

1

In this workshop submission, we describe our approach for developing a multimodal AR-system that combines visual and tactile
cues in order to enhance the safety-awareness of humans in humanrobot interaction tasks. Motivated by a competition for attentional
resources between the need for safety-maintenance and achievement of a primary task, we employ multimodal cues that inform
a user about unsafe proximities to dangerous areas. The system
augments a scene with both visual output provided via AR-glasses
and tactile stimuli produced by vibration motors embedded into a
belt. The tactile belt allows the user to focus visual attention on a
primary task while keeping him or her safety-aware. The visual
representation that is additionally rendered into the scene provides
visual grounding. This feedback is beneficial to a user as well as
to external observers in training and supervision scenarios. We
tested the system with informed and naive users to iterate over the
design and to gain first insights into the utility of our multimodal
approach.

Virtual fence, assistive technologies, augmented senses, multimodal feedback, augmented reality, head-mounted display, tactile
belt, wearable devices

Work involving human-robot interaction usually requires the human’s visual attention for a successful execution of a task. Especially
when such interactions involve certain dynamics such as in a collaborative manipulation of objects (e.g. [21]) or take place in an
environment with multiple independent actors such as a production facility, it becomes critical to also monitor the environment
for potential safety hazards. Despite the illusion of a momentarily
available complete visual scene, human visual information acquisition is spatially constrained by anatomy and thus partially of
sequential nature [47]. Any additional load on the visual modality
created by the need to monitor the environment for hazards therefore results in a trade-off between information acquisition for safety
maintenance and information acquisition for task completion.
We present AwareWear, an approach to enhance the safety awareness in human-robot interaction tasks using visuo-tactile feedback.
The core idea of this approach lies in creating congruent visual
and tactile stimuli that contain information about how safe the
current location of a person is and, assuming the location surpasses
a danger threshold, information about which direction would increase the danger and thus indirectly also information about the
directions considered to be safe for movement. We argue that an
informed embedding of direction and safety information into the
introduced visual and tactile stimuli can provide intuitive safety
augmentation that is compatible with simultaneous human-robot
interaction tasks.
In the following we focus on three contributions:
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• Background information on the topics of multimodal perception, properties of visual and tactile stimuli and prior art
on tactile and visual augmentation of safety awareness.

CCS CONCEPTS



• Human-centered computing Mixed / augmented reality; Interface design prototyping; Interaction techniques.

KEYWORDS

INTRODUCTION

• A description of our user-centered approach to prototype
experiences of potential system variants. These prototypes
are guided by the previously introduced findings and our design goals of creating a system which (a) reduces the burden
on the visual system for monitoring tasks, (b) offers quick
and intuitive understanding, and (c) can make safety-hazards
apparent to external observers.
• Implementation details on AwareWear, a safety awareness
augmentation system for human-machine interaction scenarios.
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Visual perception in turn has a variety of complementary properties such as an almost instantaneous recognition of complex
patterns [55], saliency- and top-down- based attention guidance
[43, 45, 57, 62], pop-out effects [35], gestalt perception [44, 61] and
a high spatial and temporal resolution [27, 31].
Previous approaches for a tactile augmentation of the perception
of safety-relevant information have encoded spatial information
about objects of interest in tactile stimuli (e.g. [5, 39, 58]). In some
cases a dimension of the stimulus has been used to encode the spatial [1, 5, 7, 16, 48] or the temporal [32, 33] distance to an object of
interest. The so called "haptic radar" [7] for instance was motivated
by the idea of a spatially extended touch sensitivity and introduced
whisker-like properties through a headband equipped with vibromotors which scale their amplitude and frequency according to
input by adjoining proximity sensors.
For the creation of visual stimuli which have the purpose to
support safety maintenance, a large selection of examples exists
out of which many have been integrated into everyday life: Laser
or camera-based floor projection techniques are employed in industrial settings. The Chaperone Bounds [8] system is a concept for
virtual reality (VR) environments to display a grid that indicates
the boundary of a workspace once the VR device gets close. In the
following we will present our approach to extend such boundary
representations for applications in augmented reality (AR) environments and to encode additional features.
We believe that the utilization of this approach can improve
safety awareness and exemplify an advancement in human-computer
integration [40] that is characterized by a seamless confluence of
sensory capabilities of artificial and biological systems.

TACTILE AND VISUAL SAFETY
PERCEPTION

While vision may be the most commonly used sensory modality for
interaction tasks and environment monitoring, it is not necessarily
the only one capable of doing so. In fact, one’s perception generally appears to be the result of information that is integrated from
multiple senses [3, 14, 36]. Stimuli that are perceivable via multiple
sensory modalities have even been found to cause faster reactions
than unimodal signals [2, 10, 26, 42, 56]. Further, not only perception speed but also bandwidth [25, 59] benefits from multisensory
integration which suggests an ability to reduce the risk of sensory
overload by enabling people to divide perceptual tasks among different senses. Visual and tactile response properties of neurons
identified in macaque premotor areas, parietal areas and putamen
[4, 6, 15, 23, 24, 49] indicate a close coupling of information from
different modalities for events that occur within peripersonal space.
These neurons have even been assumed to encode a mental safety
margin around the body and support the coordination of defensive
behavior [22]. This makes multimodal input a promising candidate
solution for circumventing the tradeoff between interaction- and
safety-maintenance tasks and potentially building upon existing
neural representations.
Here we introduce an approach which augments a scene with
safety-relevant information provided via both visual and tactile
stimuli in order to take advantage of peoples’ multimodal sensory
capabilities.
Tactile stimuli thereby allow us to exploit a variety of beneficial
properties:
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EXPERIENCE PROTOTYPING

In a first step, we build a Wizard of Oz (WOZ, see [9]) system to
explore how informed and naive users respond to different tactile stimuli that encode location information. As an interface we
chose to use a tactile belt from the feelspace GmbH (see section 4.1
for more details), which is easy to wear, enables 360◦ stimulation
around the wearer’s core, and can be triggered wirelessly.
To control the belt we created a graphical user interface (GUI)
that interfaces with an application for belt control (Figure 2). The
GUI allows a user to change the 2D positions of multiple entities
in an environment presented from a birds-eye-view. Depending
on a set of adjustable stimulus parameters, our application for belt
control then uses the relative arrangement of these entities as the
basis for stimulus generation. More specifically, distances between
entities thereby determine stimulus intensities and angles between
objects determine stimulus locations.
The GUI-controlled application allowed us to investigate various
potential system features that rely on location information without having to fully integrate the system with a functional sensor
setup. Instead, sensory capabilities of a human controller could
be employed for location updates in a Wizard of Oz like manner.
When testing ideas with a human user wearing the belt, the human
controller matches the locations of the user and possibly other objects (i.e. attractor or robot) in the GUI environment with the actual
location of the user or respective entity. Alternatively the virtual

• They are easy to localize and an effective method to display
location and direction information (see e.g. [13, 28, 29, 32, 33,
37]) due to the ubiquity of tactile receptors across the skin.
• They are automatically attention capturing [50] and thus
require no need for a conscious scan of new input.
• They can be used to display information without putting
additional load on the visual modality [25, 51, 59].
• They are less affected by background noise than for instance
the auditory channel.
• They allow for information to be provided to a specific target person without directly affecting other people in the
environment.
• As warning signals they allow for faster reaction times than
auditory [13] and even visual [46, 52] warnings (see [37]).
• Aviation studies have further revealed that tactile cues do
not interfere with performance of concurrent visual tasks
[53] (see [34]).
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Figure 3: HoloLens output showing the HoloFence from the perspective of an external observer. Individual elements are colored and
sized according to a person’s proximity to the zone boundaries.

4.1
Figure 2: Prototyping interface for WOZ control.

entities can be dragged around according to any object-decoupled
protocol implementing for instance a repelling invisible fence.
From the users’ feedback, we concluded that vibrations which
represent repelling characteristics, by being provided from the direction the user should avoid, were favoured over a signaling from
the direction towards a target location. Similarly, stimulus strength,
which thereby decreased when moving away from the stimulus
direction, was preferred over an increasing stimulus strength. Overall the meaning of tactile stimuli was quickly understood and the
pretended functionality considered to be useful. For these reasons
we decided to expand the system and enable faster and more accurate feedback by substituting the human controller with realtime
location and orientation measurements from artificial sensors.
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Tactile Interface

The vibrotactile interface consists of a belt with 16 equally spaced
vibromotors (feelspace GmbH, further referred to as tactors, see
[41]) spanning the length of the belt such that the locations of
individual tactors can be aligned with directions relative to the
wearer’s body. This allows for an approximate matching between
direction encoding and stimulus position which should facilitate
an intuitive understanding of the directional component in signals.
To further improve the spatial resolution of the tactile interface,
we implemented the option to express an angle as the combination
of the relative intensities of two neighboring tactors. Such a coactivation of neighboring actuators can produce a tactile illusion
known as funneling effect [30] which is experienced as only one
stimulus located in between the two and shifted towards one or the
other according to the respective relative intensity. The belt uses
eccentric rotation mass motors with a maximum amplitude of 2.2 g
and a frequency spectrum of 50–240 Hz (0.45 – 3.3 V) triggered
with a 50 ms latency. Frequency and amplitude scale almost linearly
with voltage.
The belt furthermore contains a digital compass which updates
at 10 Hz. We use this compass1 to determine a wearer’s current
orientation in the room and thus adapt the mapping of actuators to
zone boundaries (see Figure 1D and section 4.3.2).

VISUO-TACTILE SAFETY AUGMENTATION

This section describes the implementation of our AwareWear system.
The purpose of this system is to intuitively communicate information about the safety of a user’s location and further provide
guidance to support a user in reaching a safe state in case the safety
should fall below a set threshold. Here we conceptualize these properties in the form of a virtual fence which marks the boundaries
of a region classified as safe. The definition of these boundaries
thereby depends on the given context. For instance, in a joint task
with a robot (see figure 8c), the area in which a human can safely
move without entering the operation space of the robot, reaching
regions in which the robot would be unable to safely support the
interaction, or crashing into other objects in the environment, is
restricted. These restrictions would define the respective safety
boundaries that provide the basis for the function of our system.
The system can use tactile and visual stimuli to inform a user and
multiple observers about a current location safety and danger direction. In the following sections the interfaces used for stimulus
generation as well as the properties of the respective stimuli are
illustrated in detail.

4.2

Visual Interface

Visual information about the task is given to the user or external observers by means of augmented reality glasses (Microsoft HoloLens).
Before starting the task, the glasses are calibrated to a common
lab reference using an optical marker, so that the Holograms can
be displayed at the spatially consistent locations. The human user,
relative to whom safety-measures are calculated, is additionally
equipped with a set of infrared markers that are attached to the
waist. This allows to precisely track the user with an optical marker
tracking system (we use a VICON system with a 12-camera setup).
The human’s pose estimate is acquired and transformed into the
the lab reference to be consistent with the holographic representation in about 60 Hz. Occlusions are dealt with using a Kalman filter.
1 Orientation

information can also be provided by our means of people tracking described in sections 4. However, the independence from these methods allowed us
to better cope with temporal loss or increased uncertainty of location information
through e.g. visual occlusion.
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The stabilized pose estimate is provided to the Stimuli computation module through a ROS interface. A virtual fence AR hologram
(HoloFence) is computed based on the incoming stimulus information. The fence consists of a set of individual boxes that are aranged
according to their supplied environment coordinates. The stimulus
information is determining both color and shape of the individual
elements, so that a proximity to the safety zone can be overlaid
effectively (see Figure 3). Our system is realized as a multi-user
system that allows to employ several HoloLens devices sharing the
same spatially consistent content. This allows to provide the AR
visualization to additional persons, for instance to demonstrate or
explain the system to people not involved in the task or to aid a
supervisor in monitoring safety in an environment.

4.3

to red is applied as a traffic light metaphor that further increases
color contrast to non-violated zone elements and thus local saliency
as the proximity to the wall increases. Additionally element size
encodes the same property.
Figures 1 and 4 also depict the relationship between wall-proximity
and tactile stimuli through the concentric rings surrounding one of
the tactors embedded in the belt. The increase in the radius of these
rings as the wall is approached (from A to C in Figure 1) represents
an increase in tactile stimulus magnitude and presumably saliency.
Our tactile interface only allows for a joint scaling of frequency
and amplitude through voltage. We interpret the joint change in
those components as a change in stimulus magnitude or intensity.
The perceived stimulus magnitude has been found to scale logarithmically with physical stimulus magnitude for various senses
[12]. Expressed in a power law relation, exponent values can differ
between senses and stimulus sites [54]. Reference (Stephens’s [54])
exponents for vibrations in the sub 240 Hz range on the body have
been found to range from 0.75 to 0.97 [38] which approximates
linear scaling. Because initial tests with exponents 0.75, 0.83 and
1.0 revealed the two smaller exponents to feel rather irregular in
scaling we decided to apply an exponent of 1.0. Note that the same
interface and intensity scaling was used by Krüger et al. [32] to
encode a temporal measure.
Outside the virtual fence the saliency stays at a maximum (see
e.g. Figure 5). Through this encoding, the stimuli can be understood to act as an error signal with respect to a user’s location.
This error increases when leaving a safe area and maintains a constant high level outside such an area. An alternative to using a
constant saliency outside the safety fence is to add an additional
proximity-contingent scaling with reversed directionality. The advantage of this option is that it facilitates entering of a safe area
by reducing stimulus saliency as the area is approached and thus
providing feedback about whether a person’s action was correct,
i.e. saliency-reducing (see Figure 6). A separation of the redundant
error-encoding features (i.e. visible segment size and color) between
inside and outside cases may support a user in quickly recognizing
the current state correctly.

Stimuli

Visual and tactile stimuli are congruently triggered according to
location and orientation information in relation to the virtual fence.
The rationale of this relationship is to provide no intrusive feedback
as long as there is no imminent safety violation and scale saliencymodulating parameters of the stimuli according to the proximity
to violating safety- or, more generally, location-conditions.

Figure 4: Stimulus Scaling.

4.3.1 Salience. Figure 4 illustrates the relationship between location and stimulus scaling. The area surrounded by a dashed wall
(inner fence) represents the area within which no tactile stimuli are
generated and no visible deformation or color change of the virtual
fence takes place. Note that this area is by default hidden in the
visualization. The area between the virtual fence and the dashed
wall represents the area in which stimuli scale from a low to a high
saliency. Thereby the respective stimulus parameter increases as a
function of the spatial proximity to the (outer) virtual fence:


𝑑 (User, Fenceouter )
,0
Magnitude = 𝑚𝑎𝑥 1 −
𝑑 (Fenceouter, Fenceinner )

4.3.2 Direction. Another property aimed towards facilitating location error corrections is a directional component in the stimuli.
Both the visual and the tactile interface allow for localized stimulus
generation by (a) altering a visual feature at a particular location in
the visual case and (b) activating one tactor or a subset of tactors
from a set of tactors distributed across the belt. Building further on
the location error metaphor we thereby chose to provide stimuli
that appear to originate from the direction of danger/error. In the
visual case this means to apply the previously introduced saliency
scaling to the virtual fence elements that are at the risk of being
violated (user inside the zone near the fence) or have already been
violated (user outside the zone). However, leaving the safe zone
leads to a sudden reversal of visual stimulus directionality from
the perspective of the user (see Figure 5a) which carries the risk of
complicating re-entry because the previous appearance metaphor
no longer holds outside the fence. To avoid such a directionality
reversal we propose to visualize this form of location error by letting it visibly disturb the structural integrity of the virtual fence
at the closest location in one of the forms illustrated by Figures 5b


(1)

where 𝑑 (𝑥, 𝑦) is the euclidean distance ||𝑦 − 𝑥 ||.
Figure 1 illustrates the location-dependent scaling of saliencies2
by the two visual stimulus parameters of color and size according
to Equation 1. A step from green to yellow and subsequent gradient
2 In

Figure 4 the inner fence is a downscaled version of the outer fence and also shares
its center and orientation, resulting in equal stimulus scaling for all directions. These
conditions are however not fixed and thus by changing shape, position or orientation
of the inner fence relative to the outer fence, stimulus scaling ranges can be made to
vastly differ across directions when necessitated by corresponding asymmetric safety
constraints.
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(a)

(c)

(b)
(a)

(b)

(c)

(d)

(d)

Figure 5: Variants for a visual representation of being located outside a safe zone: 5a: Virtual fence appearance matches that of being located exactly at the zone boundary. Mismatch between tactile
and visual stimuli. 5b: Violated fence portion sticks to the user and
opens up an "entrance" to the safe zone. No multimodal mismatch.
5c: A transparent replacement for the broken fence is added to indicate the entry and need for closure. 5d: Connecting segments that
bend with increasing distance to the safe zone are added to signal
affiliation and pull from elastic elements. The uniform coloring depicts a more logical color progression as all parts of the person and
belt are located outside the safe zone.

Figure 7: Encoding options for multiple location errors. 7a: Average
location and direction. 7b: Hybrid - Visual average, tactile max. of
local cluster.7c: True visual correspondence, tactile simplification.
7d: True visual and tactile correspondence.

4.3.3 Encoding multiple location errors. A variety of options for
selecting the most suitable set of zone elements and tactors exist
and the optimal choice depends on the respective application scenario and zone geometry. Figure 8 illustrates a selection of different
options for the encoding of tactile and visual stimuli. In the first
example (Figure 7a), a constraint is applied which ensures that only
one neighborhood of the virtual fence can be subject to variation
at a time and that only one direction may be indicated by tactile
stimuli at a time. In this example, fulfillment of the constraint is
realized by outputting signals derived from measures of central
tendency. While the actual distance scenario corresponds to that
displayed in Figure 7c, summarizing the vectors for the error directions results in a new direction in between, which corresponds
to a corner. While this approach yields incomplete information it
can be advantageous for zones with more complex shapes. Another
motivation for this constraint is to reduce stimulus complexity to a
minimum and avoid possible confusion created by the simultaneous signaling of multiple errors. Figure 7b shows a variant which
follows the same averaging approach for visual feedback but for
tactile stimuli utilizes the original underlying data. Such a hybrid
approach could help disambiguation in corner cases while maintaining advantageous properties of both encodings but also carries the
risk of disrupting contingencies in multimodal input. Figures 7c and
7d are two examples for a commitment to the actual data for both
modalities. They differ in that for the system of Figure 7c only the
closest element of a straight wall is communicated whereas for Figure 7d each tactor with a sub-threshold distance to a wall-element is
activated. The limited variant can be particularly advantageous for
box-like fence configurations where no additional information can

Figure 6: Feature combination for an extended encoding range and
higher situation awareness.

to 5d. Thereby the part of the fence closest to the user is removed
from its original location and attached to the user at the side facing
away from the remaining fence. Additional supporting features
that can facilitate the understanding of a need for entering the area
are e.g. an introduction of stretching connection elements with the
elasticity producing additional "force" (Figure 5d) or a display of
transparent placeholder elements (Figure 5c).
In the case of the tactile stimuli the orientation information of
the belt is used in order to determine the current orientation of the
user relative to the virtual fence and thereby, in combination with
location information, the (set of) tactors that should be activated.
Tactor activation is updated whenever the location or the orientation of the user changes (see Figure 1D). Inside the virtual fence,
these tactors would be those located the closest to the (outer) fence.
Outside, the tactors located the furtherst away would be chosen in
order to preserve the error-origin-direction or pushing metaphor.
5

be gained from the activity of neighboring actuators and may better
fit human sensory limitations for the simultaneous processing of
multiple tactile stimuli (see [18–20]).
4.3.4 Complementarity and Redundancy. The visual and tactile
stimuli described here provide partially complementary and partially redundant information. Complementary features are included
to exploit modality specific properties. Specifically we target visual
3D perception capabilities by rendering zone boundaries at their
corresponding absolute physical location (from the perspective of
the observer). As vision depends on an active sampling through
eye movements and focus adjustment, permanent rendering of
these boundaries has only little potential for distraction. Tactile
perception around the core of the body on the other hand can be
considered to be more ego-centric, passive, and attention capturing
which is why it may be of very little practical use for permanent
rendering of 3D information but very suitable for event-based (low
resolution 2D) alerting. As tactile stimuli are provided relative to a
user’s location and orientation, additionally an intuitive mapping
to one’s state and actions should be facilitated. Because this enables active environment exploration through movement, these
stimuli may accordingly also be referred to as haptic stimuli [60].
The redundancy has the purpose to provide visual grounding in
order to facilitate tactile stimulus understanding and take advantage of multisensory facilitation effects, thus potentially increasing
e.g. information processing speed and bandwidth. Further it allows
for meaningful independent employment in cases where no tactile
interface is utilized. Visual rendering of zone boundaries and local
violations at the respective physical location or a representation
of it additionally allows external observers to more easily monitor
and understand potential safety-hazards.
Note that the benefit of the visual scene augmentation varies
between the users, relative to whom safety is measured (i.e. who
should be within the area surrounded by the fence) and external
users with an observer-role: Both the limited field of display of the
AR glasses and the limited field of view of the human eyes make it
unlikely for a user inside the virtual fence to see the whole fence at
a time. With increasing distance to the fence, this ability becomes
more feasible. An external user thus has the advantage of being able
to see a much larger portion or even the entirety of a virtual fence
at a glance whereas sequential scanning of directions would be
needed from the inside. A user inside the zone can however still use
the visualization for perceptual grounding in cases of uncertainty
in the interpretation of tactile stimuli or for estimating safe motion
ranges without requiring exploration through movement.
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(a)

(b)

(c)

Figure 8: Interaction scenarios. 8a: Practice scenario. 8b and 8c:
Physical human-robot cooperation scenario. 8b: Illustration of the
task. 8c: Image from the setup.

this also allows us to associate a person wearing the belt with a
tracked id and thus location information. In the second environment a marker tracking solution (see section 4.2) was employed
instead. This method allows for higher spatial and temporal accuracy at the expense having to attach visible markers to the user
instead of using face features as a marker. Besides differences in
tracking speed and accuracy, our system works identically with
both setups.

5.1

Practice scenario

Figure 8a shows a visualization of the the system in the practice
scenario. Here the boundaries of the safe area are dynamically
defined relative to the location of a mobile robot. The user is asked
to enter the safe location, explore the boundaries and update his or
her location correctly in case the robot moves.

5.2

Physical human-robot cooperation

In this scenario, the human has to perform a physical interaction
task cooperatively with a robot. Figure 8b shows an illustration
of the scenario. A motorcycle wheel hangs vertically at a wheel
support. Human and robot have to place it horizontally on a pole
that is located about 1.5 m away from the support. The task requires
re-grasping for both robot and human as well as moving sideways
for some distance. The robot is equipped with an omni-directional
mobile base that allows it to travel this distance. This mobility
introduces some safety issues, since robot and human could get
into close proximity. Further, the coordination of changing grasp
holds requires the human to pay attention to the robot’s actions so
that the attention is focussed on the task.

INTERACTION SCENARIOS

We have employed the presented system in two different environments and prototypical scenarios. The emphasis of the first scenario
is to illustrate and practice the safety concept with a mobile robot.
In the second scenario the concept is applied in a physical humanrobot collaboration task. The two environments differ with respect
to the sensors that are used for obtaining location information. In
the first environment a setup of multiple synchronized Microsoft
Kinect sensors is used to assign unique identifiers (id) based on appearance and simultaneously track multiple people based on these
ids (see [11, 17]). By utilizing a range of coordinates for calibration,
6
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