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The S-BAN: Insights into the Perception of Shape-Changing

Haptic Interfaces via Virtual Pedestrian Navigation
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Screen-based pedestrian navigation assistance can be distracting or inaccessible to users. Shape-changing

haptic interfaces can overcome these concerns. The S-BAN is a new handheld haptic interface that utilizes a

parallel kinematic structure to deliver 2-DOF spatial information over a continuous workspace, with a form

factor suited to integration with other travel aids. The ability to pivot, extend and retract its body opens

possibilities and questions around spatial data representation. We present a static study to understand user

perception of absolute pose and relative motion for two spatial mappings, showing the highest sensitivity to

relative motions in the cardinal directions. We then present an embodied navigation experiment in virtual

reality (VR). User motion efficiency when guided by the S-BAN was statistically equivalent to using a vision-

based tool (a smartphone proxy). Although haptic trials were slower than visual trials, participants’ heads

were more elevated with the S-BAN, allowing greater visual focus on the environment.
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1 INTRODUCTION

Smartphones and GPS technology have revolutionized theway that people travel by vehicle and on
foot. As pedestrians in the modern age, we can generally eschew paper maps for a multi-purpose
pocket-sized device that can guide us to unfamiliar locations around the world. Though both rev-
olutionary and beneficial, such navigation technology primarily interfaces with users through
screens and audio cues, which have limitations.
Although smartphone screens are capable of displaying information-rich maps annotated with

suggested routes, numerous studies have shown these displays to be highly distracting to drivers
and pedestrians [2, 18, 29, 30, 49, 50]. Such distraction causes a dangerous loss of attention that
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11:2 A. Spiers et al.

can lead to accidents and hospital admissions [30, 52, 55]. Furthermore, for individuals with vision
impairments, screen-based interfaces are inaccessible. An obvious alternative has been to deliver
navigation information through audio, which often requires the use of headphones in busy urban
spaces. Unfortunately, such systems can diminish a vision-impaired (VI) user’s ability to perceive
and appreciate their environment [5, 19, 51], while also limiting social interactions (a major factor
in the abandonment of assistive technologies [3, 34, 42]). Furthermore, the obscuring of ambient
sounds can have a detrimental effect on navigation and localization, as such sounds can highlight
hazards and be used as spatial landmarks [6, 19].

Touch is an alternative sensory modality that can be used to communicate navigation infor-
mation to sighted, VI and deaf-blind individuals, enabling the potential for developing inclusive
navigation aids that are accessible and useful to multiple demographics, rather than specialized as-
sistive technologies for VI persons. Haptic feedback is particularly appealing for pedestrian navi-
gation interfaces given the less critical role of the sense of touch during walking (compared to sight
and hearing). Indeed, Spiers and Dollar recently highlighted that the most long-standing VI nav-
igation aids (the guide cane and guide dog) are both haptic interfaces, providing mechano-tactile
cues to the user via their grip on a handle or harness [45].
For many decades, researchers have considered the potential of haptic devices as navigation

tools, with a focus on using vibration-based stimuli from eccentric rotating mass (ERM) actua-
tors to indicate directions to walk or obstacles to avoid [19, 24, 35, 38, 40]. Though ERM vibration
is a simple, compact, and cost-effective method of delivering haptic cues, it too has limitations
[9, 48]. Oakley and Park pointed out that the attention-grabbing nature of vibrotactile cues has
cemented their success in providing cell phone alerts for events of high importance, such as an
incoming phone call [32]. However, as anyone who has ever disabled their phone’s audio and vi-
bration alerts due to an overly active chat group would know, such cues quickly become tiresome
if the messages are in fact not of high importance.
In the case of pedestrian navigation guidance, information is generally provided frequently over

periods of tens of minutes. In these cases, attention-grabbing vibrotactile haptic cues can soon
become irritating and distracting, as has been observed in several studies [28, 44, 48, 56]. Vibration
also typically cannot convey a direction on its own, requiring the use of multiple discrete actuators
that must all touch the skin, and limiting the spatial resolution of the conveyed information.
Obviously, vibration is not the only way that humans perceive touch. Spiers and Dollar pre-

viously argued that humans can adeptly perceive shape with their hands and that this haptic
modality incurs relatively low cognitive load, given the subtle capabilities of shape perception
demonstrated in daily life [45]. These properties make shape change a compelling interface solu-
tion for the task of providing navigation cues to users. This hypothesis was confirmed by testing
navigation cues from equivalent shape-changing and vibrotactile handheld devices in an embod-
ied navigation study [44]. In that work, the haptic shape-changing device was the “Animotus”, a
segmented cube with dedicated actuators for rotating and extending the upper half of its body rel-
ative to the bottom; body rotation was used to communicate direction cues, while body extension
communicated distance cues.
Shape-changing interfaces belong to a relatively young, yet diverse field of HCI, within which

only a small subset of devices possess sufficient force capability to output haptic cues [1]. Many
shape-changing interfaces and related research focus only on visual feedback, e.g., [8, 20, 36, 39].
Of the subset with haptic output capability, many devices are desk-based or desk-sized, due to large
actuator volumes that prevent portability [4, 12, 47]. Consequently, portable haptic-output, shape-
changing devices (e.g., [15–17, 26, 45]) are sparse in the literature. The most similar comparisons to
such systems arewearable or holdable portable devices that utilize othermechanotactilemodalities
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Perception of Shape-Changing Haptic Interfaces 11:3

to provide spatial cues, e.g., skin stretch, indentation, squeezing, dragging, asymmetric torque, the
gyroscopic effect, and weight shift [10, 14, 15, 33, 48, 53, 54].

Some other novel handheld devices utilize changes in center-of-mass, air-drag, or weight distri-
bution to generate passive dynamic haptic sensations, meaning that the user must move the device
through space to sense the variation in properties [41, 56, 57]. These systems have been developed
with the intention of making virtual reality (VR) controllers feel more like interactive objects in
VR gaming scenarios. Example objects are swords, shields, crossbows, and guns that the user holds
and moves around. Note that such systems provide non-spatial, egocentric haptic information and
so are not suited for navigation applications.
In comparison to many of the above systems, users of shape-changing systems are able to feel

the relative change of a system (as it transitions from one shape to another) in addition to the
absolute shape of the system, irrespective of motion. The latter is particularly interesting as it
enables a system to continue to convey information without applying any active stimulus to the
user, which is not the case with vibration-based systems. This feature also means that a shape-
changing interface may be re-grasped without loss of information: for example, users of the shape-
changing Animotus device were able to release and re-grasp the interface to physically explore
set-pieces as part of an immersive theatre experience [27].

We believe that the scarcity of haptic shape-changing interfaces is a result of (1) the relative
difficulty of designing and fabricating these mechatronic systems (compared to, for example, out-
putting vibration via ERM motors) and (2) a lack of data on how such devices are perceived by
users (again, compared to the extensive literature on vibration stimuli [23, 27]).

In this article, we contribute to the field of haptic shape-changing interfaces and non-visual navi-
gation guidance with a new device whose form factor and output capability outperform previously
published designs. Furthermore, we characterize the device’s properties via a perceptual study to
understand how people interpret dynamic shape cues and a VR navigation study to accurately
compare user performance when using shape-changing devices vs. visual modalities, including a
smartphone proxy.

1.1 Device Design

The new device (Figures 1 and 2) is called the S-BAN (Shape-based Assistance for Navigation).
Rather than having dedicated actuators for each degree of freedom (DOF), as in [17, 26, 43],
the S-BAN uniquely uses a parallel kinematic scheme to create a continuous two-dimensional
workspace (Figure 2) that is more analogous to desktop haptic interfaces such as the Pantograph
MK-II [7] or the Phantom family of devices [25]. The continuous workspace of desktop devices
allows flexibility in haptic rendering applications; the continuous workspace of the S-BAN is sim-
ilarly intended to allow exploration of various spatial rendering options, two of which are tested
here. The S-BAN is open source and easy to 3D-print and assemble (CAD file downloads and as-
sembly instructions may be found at https://hi.is.mpg.de/research_projects/S-BAN and are also
attached to this article as supplemental materials). We, therefore, hope that others will use (and
potentially modify) the platform to explore additional mappings that may be suited to other data
representations (for example navigating data in abstract dimensions or playing video games). Fur-
thermore, unlike previous systems, the S-BAN can render spatial cues behind the user due to
its novel tactile notches (Figure 1). The S-BAN’s parallel kinematic design allows compact, side-
by-side actuator placement, leading to a slim and elongated form factor that may be held like a
flashlight, a tried and tested ergonomic design suitable for extended periods of use. The “flashlight
holding” posture negates the awkward arm pose necessary for use of the Animotus haptic device,
which made some users self-conscious [44] and led to incorrect device grasps and arm fatigue [46].
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Fig. 1. The S-BAN is a 2DOF navigation device that can extend and pivot its end effector relative to its
handle. The user is able to feel both the change in overall device shape and the relative alignment of notches
on the sides of the device.

Fig. 2. The S-BAN in a user’s hand illustrating several poses (shapes) using the Mid-Point kinematic mode.
These poses cover an extension change of ±5 mm and an angle change of ±17 deg.

The design of the S-BAN combines pragmatic physical constraints and a conjecture on shape
perception. The physical constraints were centered on implementing the desired 2-DOF end-
effector mechanism in a handheld package with sufficient forces to move a user’s fingers across
the given workspace. The conjecture aspect was that predictions were made on how the sensa-
tions generated by such a device would be perceived by users given sparse past literature. In-
deed, we consider the S-BAN a prototype that occupies only a small region of the vast and largely
unexplored design space of shape-changing haptic interfaces. This space covers factors such as
perceptual quality, form factor, and tactile aesthetics.
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Fig. 3. Conceptual illustrations of future integrations of the S-BAN concept with (left) a guide cane for VI
users and (right) a smartphone case. Both devices use shape to haptically communicate spatial guidance
commands without reliance on sight or sound.

The slim design and comfortable holding posture of the S-BAN are intended to enable future
integration of the technology into existing travel aids, such as guide cane handles or smartphone
cases (Figure 3), where it may enhance such systems by providing haptic shape-changing feedback.
Though guide canes also provide haptic feedback (by transmitting impacts, forces, and vibrations),
we do not believe that there will be interference with the shape-changing feedback of the S-BAN,
due to the distinction in haptic modalities. Furthermore, past work has shown successful integra-
tion of other haptic modalities into guide cane devices without haptic sensation interference [2,
13, 17, 22, 55]. Smartphone integration is suggested primarily to avoid having to carry and interact
with two separate devices (a smartphone and an S-BAN) but could also facilitate the use of visual
cues (for sighted persons) or audio cues (for sighted or VI persons) to reinforce or supplement
shape-based guidance.

1.2 Device Testing

Weprovide thorough testing of the S-BAN inmore detail than previously attemptedwith a portable
shape-changing haptic interface. The typical psychophysical testing approaches used with many
haptic interfaces become inapplicable when the interface hasmore than a single DOF [13]. Further-
more, though some experimental psychology literature exists on the haptic perception of shape by
humans [21], these studies have not been extended to dynamic shapes, leading to further questions
on how users will interpret shape-changing haptic stimuli. For example, it has not previously been
determined if users are able to perceive dynamic shapes better in an absolute sense (i.e., identifying
a pose) or a relative manner (i.e., identifying a change between poses).

1.2.1 Perceptual Study. The above perceptual questions led us to perform absolute and relative
static perceptual studies with the S-BAN, as reported in Sections 3 and 4. To showcase the flexibility
of the S-BAN’s continuous workspace, these tests are both completed for two different kinematic
mappings. The results show that shape perception does indeed depend on the employed mapping.
They also indicate whichmode is most effective for spatial information communication and inform
our use of the device for pedestrian guidance.

1.2.2 Navigation Study. Though Spiers and Dollar previously performed embodied guidance
experiments to compare against non-visual vibrotactile systems [44], there has yet to be a
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comparison between shape-changing navigation interfaces and visual navigation solutions, which
we achieve in this work (Sections 5 and 6). Visual feedback of spatial data via smartphones is a
ubiquitous technology in pedestrian guidance. As such, we wish to test against this gold standard
on our journey to creating non-visual guidance technology that will benefit both sighted and VI
individuals.
By utilizing VR for these studies, we avoid the accuracy issues of GPS + IMU localization sys-

tem that adversely affected user experience in earlier outdoor [44] and indoor [46] navigation
experiments. The VR setting also permits us to measure user attention to the handheld device and
surroundings via headset pose measurements.
In summary, we present the following contributions:

(1) The S-BAN, a shape-changing handheld haptic interface that can produce pivoting and ex-
tending/retracting sensations across a continuous workspace, including behind the user.
Our design enables the exploration of various kinematic representations of spatial infor-
mation. Two example kinematic representations are presented in this work.

(2) A perceptual study that measures howwell users can perform absolute device pose (shape)
and relative motion (between shapes) estimation tasks. The study evaluates the two exam-
ple kinematic representations for both tasks and identifies the most favorable mapping.
Areas of high/low sensitivity and user opinions of the device and study are also presented.

(3) A navigation study was conducted in VR in which users are guided to targets with various
types of visual and haptic shape-change feedback. User movement efficiency and task
completion time provide measures of performance, while head pose informs us of visual
attention focus.

2 MATERIALS

Providing shape-changing feedback to a user requires an actuated physical device as well as a
logical method for mapping navigation commands into device movements.

2.1 S-BAN Hardware

The goal of the S-BAN is to aid human walking navigation by using touch to communicate move-
ment instructions that will enable the user to reach navigational targets. For outdoor pedestrian
navigation applications, we envision these instructions will be generated by a smartphone appli-
cation similar to Google Maps. We also propose that the S-BAN can be used to aid the navigation
of virtual environments, as we show in an experimental scenario later in this article.
As determined in [25], providing both direction and distance to a navigational waypoint greatly

improves the navigation performance of users over either of these components independently. We
build upon this prior work with the development of a new 2DOF device that utilizes a parallel
kinematic structure to allow high force generation, a more ergonomic body, and a continuous
workspace that also communicates backward motions (which were not possible with the device
of [25]).

The S-BAN structure (Figure 4) centers around two linear servo actuators (Actuonix L12-30-
50-06-I) contained in the “handle” portion of the device. These actuators are grounded via dowel
pins in the proximal part of the handle and distally connected together via the end-effector link-
age, which in turn is connected to the end-effector portion of the device. As the linear actuators
independently extend and retract, the end effector can simultaneously pivot left/right and ex-
tend/retract, relative to the handle. This internal linkage movement is then perceived by the user
as the overall shape of the device extending or retracting and bending/pivoting to one side or the
other.
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Fig. 4. An exploded view of the S-BAN. Motion is achieved via two linear actuators arranged in a parallel
configuration.

Located on either side of the end effector and handle are recessed “tactile notches” (Figure 1)
that align when the device is at its “home position” (the center of the workspace). These notches
were added to the S-BAN following initial pilot studies, where it was observed that though users
could feel changes in device pose, they struggled to identify whether the device was in front of or
behind the home position.
The overall elongated shape of the S-BAN is inspired by a hand-held flashlight, a simple physical

design that may be held without discomfort for extended periods of time while navigating. We
consider this to be an improvement over the Animotus, whose cube shape led to awkward holding
poses [45].

Contained within the end effector is an 8 × 8 LED array (manufactured by Adafruit) which can
provide illumination through the 1.5-mm-thick top plate (as shown in Figure 4). Though we do not
use the LED array in the studies presented in this article, it is intended to allow future comparison
of visual vs. haptic cues within the same device in physical (non-VR) navigation applications.
Futuremodels of the S-BANwill also be created without the LED array to allow for amore compact
end effector; the optimum length will be determined in planned studies.
Also included in the S-BAN handle is a 9DOF IMU that can be used as a tilt-compensated com-

pass in situations where external orientation measurements are not available (e.g., outdoors, when
using GPS). In this article, we use the built-in tracking of the Oculus Quest VR headset to measure
the orientation of the S-BAN during the navigation study (Section 5).
The handheld S-BAN measures 190 × 50 × 25 mm in its fully extended pose and has a mass of

160 grams. For the current prototype, the supporting electronics (including a Bluetooth module,
Arduino Nano, and LiPo battery) are contained in a tethered enclosure (110 × 70 × 35 mm, 210 g)
that either rests on the desk for static studies or is carried in a small shoulder bag for mobile appli-
cations. Future plans include more compact custom-built electronics that may be integrated into
the main device body. We also plan to investigate the possible inclusion of a small ERM motor,
which may be used for providing short alerts for immediate and dangerous hazards in real-world
navigation, such as when the user must stop and wait at a road crossing. The ERM motor could
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also signal when a final destination has been reached, as is common in smartphone or in-vehicle
navigation systems. This concept of augmenting the low cognitive demands of shape-change sen-
sations with the alerting nature of vibration was previously proposed by Spiers and Dollar [45].

2.2 Kinematics Control Scheme Selection

The S-BAN uses a planar parallel kinematic configuration, with two actuators connected to a single
end effector. A somewhat comparable structure may be seen in the Pantograph MK-II [7], a desk-
based haptic interface with two base-mounted rotary actuators that drive a planar linkage that
terminates in a single point. In contrast, the S-BAN uses linear actuators, and its end effector is a
rigid body that both translates and rotates (Figure 3). This arrangement means that the S-BAN uses
the coordinated motion of its linear actuators to simultaneously change the angle and extension
of its end effector relative to its base (the handle).
The exact mapping between spatial information and actuator extension depends on the part of

the device body selected as the kinematic “control point”, the point from which the target angle
(θT ) and target extension (ET ) are measured. Given a combination of θT and ET as control inputs,
we use inverse kinematic calculations to determine the necessary extensions of the left (EL) and
right (ER ) linear actuators to achieve those targets relative to the selected control point.
There are several options for the control point, such as the tip of the end effector or the mid-

point between the actuators, each resulting in a unique kinematic scheme. The choice of scheme
influences the haptic sensations generated by the device and leads to different kinematic con-
straints. Given that there are no prior haptic devices like the S-BAN, selecting an appropriate
scheme is not obvious. While designing the device and running initial pilot studies, we identified
two kinematic options as the ones most likely to be easily interpreted by users, each focusing on
different aspects of how the S-BAN can communicate. The first of these, named “Mid-Point”, use
the mid-point between the notches of the end effector as the control point. In the other scheme,
named “Leading-Notch”, the mid-point between the notches is the control point only for move-
ments with no lateral deviation (i.e., forward and backward motions only). When the device turns
to the left or right, then the left or right notch, respectively (i.e., the “leading notch”), becomes
the control point. As seen in Figure 5, these two schemes yield quite different device poses for the
same control inputs. While Mid-Point considers the motion of the end effector and overall device
shape more generally, the Leading-Notch mode attempts to highlight the tactile sensations from
the S-BAN’s notches (Figure 1).
The inverse kinematic derivation for each method is detailed in Appendix A.

2.3 Workspace Differences

The choice of inverse kinematic scheme influences the range of control input pairs (target angle,θT ,
and target extension, ET ) that the device can display. As shown in Figure 5, the same target angle
and target extension typically lead to different final device poses for each scheme. The difference
is illustrated in Figure 6, where we can observe that each inverse kinematic scheme enables the
device to reach a different chevron-shaped set of control input pairs, with many control inputs
reachable by only one of the schemes, e.g., (θT , TE ) = (±30 deg, 5 mm).

To fairly compare the kinematic schemes within the perceptual studies, we define equally sized
regions of the reachable workspace from each kinematic scheme. As indicated in Figure 6, these
regions cover a rectangular region of ±5 mm and ±17 deg.

The centers of these rectangular regions correspond to the location where the angle and ex-
tension perceived by the user should both equal zero for the given kinematic scheme. These are
considered as “home poses” and have been marked on Figure 6 with “+” symbols. Note that the
“home pose” has a different vertical offset for the two kinematic schemes. As the home pose is
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Fig. 5. Two kinematic modes are investigated in this work: Mid-Point and Leading-Notch, which are named
after the part of the S-BAN end effector used as the control point. The methods are further described in
Appendix A.

Fig. 6. The reachable workspace of the haptic device (the blue chevron) is influenced by the choice of inverse
kinematic scheme; the black dotted lines mark equally sized rectangular regions within the reachable regions
of each scheme. The center of each reachable workspace (indicated with a “+” symbol) corresponds to the
“home pose”, where the angle and extension communicated to the user both equal zero.

associated with the alignment of the tactile notches on the S-BAN, two different handle parts were
created, with notches in different locations. These handle parts were swapped depending on the
kinematic mode being tested in the perceptual experiments, which will be described in the follow-
ing section.

3 METHODS A—PERCEPTUAL STUDY

While the perceptual characteristics of common haptic stimuli are well investigated (e.g., [11, 27]
give detailed accounts of vibrotactile perception), the perception of dynamic (changing) shapes
has very rarely been studied. The lack of published investigations in this area stems from both the
scarcity and the non-uniformity of systems that can provide haptic stimuli of this type. The most
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Fig. 7. Arrangement of the perceptual study. Participants held the S-BAN in their dominant hand and en-
tered pose choices via a cursor controlled by a numeric pad. This image shows a training phase. In the actual
experiment, the user’s dominant hand and S-BAN are covered with an opaque box.

related data comes from the study of human identification of shape when grasping or touching
static objects [21, 22, 31]. Note that the typical psychophysical approaches used to test an isolated
haptic stimulus [13] do not apply to the S-BAN due to the coupled and co-dependent nature of
its two DOFs. To understand how users perceive the dynamic shape stimulus of the S-BAN, we
undertook two static perceptual studies in which participants remained stationary and seated.
These studies were designed to understand:

(1) Which kinematic mapping option (mid-point or leading-notch) provides a more accurate
representation of control inputs (target angle and target extension).

(2) Whether users are more precise at identifying absolute device pose or relative motion
between poses.

(3) Opinions on the usability of this shape-changing device (e.g., pleasantness, confusion).

In both experiments, the user sits in front of a computer screen with the S-BAN held in their
dominant hand. During training, the S-BAN is visible to the user, while in the actual study a card-
board box covers the user’s hand and device. A numeric keypad under the non-dominant hand
acts as an input device (Figure 7).
In the absolute experiment, we investigate how well participants can identify the static pose of

the S-BAN after it has moved from the home pose. In the relative experiment, we investigate how
well participants can identify the relative motion made by the S-BAN as it moves between two
arbitrary poses.
The effective rectangular region of the S-BAN (Figure 6) covers±5mmextension and±17 deg ro-

tation from the home pose, where the notches of the device align. The±5 mm extension workspace
refers to navigational targets in front of (+) and behind (–) the user. Navigational targets behind
the user are useful in cases when a new route is being provided or when a user walks past their
target. Given that the main use case of the S-BAN will be when targets are in front of the user, we
have focused the perceptual experiments mostly on this region, as reflected in the vertically asym-
metric workspaces. This reduced workspace allows fine sampling of interesting regions without
significant increases to experiment time (which can have a detrimental effect on user fatigue and
concentration).
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Fig. 8. User input interfaces for the two perceptual studies showing options of device pose (left) or relative
motion between poses (middle). Starting poses for the relative motion experiment are shown on the right.
The vertical axis of the poses corresponds to device extension, and the horizontal axis corresponds to rotation.

3.1 Absolute Pose Perception Experiment

The device workspace (±5mm and±17 deg) is divided into 35 discrete poses for the absolute exper-
iment, as illustrated in Figure 8 (left), where the vertical axis refers to device extension (1.67 mm
divisions) and the horizontal axis refers to device rotation (5.67 deg divisions). The number of
poses (and therefore the size of the divisions) in both the absolute and relative studies were based
on a tradeoff between sampling resolution and experiment time. As mentioned above, longer per-
ceptual experiments risk a reduction in user concentration and, therefore, result in validity. This
is particularly true as the absolute and relative experiments were completed in the same session,
taking an average of 1.5 hours.
The device begins each trial in the home pose and then moves to a random pose. The participant

uses the numeric pad (labeled with arrows) to move a square cursor to what they believe to be the
pose of the device on the chart in Figure 8 (left). Note that we implement a linear grid (as opposed to
a curved grid) for the chart as a generic representation of two independent variables conveyed by
the device. This technique for conducting psychophysical experiments in 2D was previously used
in vibrotactile and alternative shape-changing systems [44, 45]; it provides a universal approach
for studying any 2-DOF haptic interface.
Before the experiment, a training phase presents each pose once to the user, with an additional

cursor providing a visual indicator of the correct pose. During the actual experiment, each pose
(including the home pose itself) is presented three times, with a different pre-defined random order
for each participant. This study design leads to 105 total poses per participant. The training and
experiment take approximately 30 minutes combined.

3.2 Relative Motion Perception Experiment

In the relative pose experiment, the workspace is divided into 20 discrete starting poses, as shown
in Figure 8 (right). Here, the vertical axis gives 2.5 mm divisions, and the horizontal axis gives
8.5 deg divisions. The coarser grid resolution (compared to the absolute study) is due to the more
involved study method, leading to a higher number of trials and longer study time, as described
below.
During each trial, the S-BAN initially moves to one of the starting poses and a ready message

is displayed on the computer screen. Once the user presses a button on the numeric pad, the S-
BAN moves to another pose that is between zero and two pose steps away in each direction (e.g.,
9➝17, 4➝14, 1➝3, 19➝20, 18➝18). The user then presses the numeric pad to select the relative
motion that they believe the device completed (from the 25 options displayed in Figure 8, middle).
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Fig. 9. Absolute pose perceptual study results showing estimation error for each pose, an interpolated version
of the error distribution to highlight spatial error trends, and a directional error quiver plot that shows the
average directions and magnitudes of where the users believed the stimulus to be located. Mean errors are
indicated on each color bar.

Note that this reporting approach means that the motions between poses 1➝11, 2➝12, and 10➝20
would all have the same relative motion (2 steps backward).
Between 9 and 20 relative motions are presented for each of the 20 starting poses, since some

relative motions cannot be achieved, such as moving upwards or left from starting pose 1. The
experiment consists of 266 motions in total.
In an initial training phase, each relative motion was demonstrated once, with one additional

relative motion to show relative motion equivalence for two starting poses. This procedure led to a
total of 26 training poses that were distributed among the 20 starting poses (with some repetition).
The combined relative motion training and experiment take approximately 1 hour.

4 RESULTS A—PERCEPTUAL STUDY

A total of 10 participants (6 female, average age 30.4, standard deviation 4.94) took part in the
perceptual study. These participants were divided into two equal groups who used either the Mid-
Point or Leading-Notch kinematic mappings for both the absolute and relative study. The order of
the study (absolute or relative first) was alternated between subsequent participants.
The average outcomes of the absolute and relative studies are illustrated in Figures 9 and 10,

respectively.

4.1 Absolute Study Quantitative Results

Figure 9 (left column) displays the user estimation error for each absolute pose (from the grid of
discrete poses in Figure 8, left). The units of the error are the number of steps between the poses,
where one step corresponds to 1.67 mm/5.67 deg.
To make the spatial patterns of error shading easier to interpret, bi-cubic interpolation (resolu-

tion scale factor 30) was applied to the estimation error matrix (Figure 9, central column). Finally,
the rotation (X) and extension (Y) components of the error have been averaged for each pose to
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Fig. 10. “Relative Motion Error” illustrates user estimation error (left column), an interpolated version of this
to highlight spatial error trends (middle column), and a plot of error direction (right column). “Starting Pose
Error” shows the effect of starting pose on the relative motion error (left column), along with interpolated
results (right column).

create a quiver plot (Figure 9, right column), which shows the direction of pose estimation error,
or rather, the averaged location of the estimated pose.
The mean error of theMid-Point (MP) kinematic mode is 1.36 steps (2.27 mm, 7.71 deg), while

the mean error for the Leading-Notch (LN) is 1.52 steps (2.54 mm, 8.62 deg), indicating higher
overall pose estimation accuracy with the MP method. The standard deviations of the absolute
errors are 0.50 steps and 0.65 steps for MP and LP, respectively.
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A paired t-test was performed on the absolute error values forMP and LN; the errors were paired
by workspace location across the two methods. The t-test showed that the difference in absolute
errors between methods was not significant (t (68) = –1.1292, p = 0.263), where significance is
considered as p < 0.05. This result is not wholly surprising given that the mean error values are
similar across the two cases.
However, we do see some differences in the distribution of errors for each kinematic mode. We

note that the lowest errors for the MP mode occurred along the cardinal directions (the central
and horizontal axes), which have been indicated with dotted lines in the interpolated plots. The
lowest overall error for the MP mode was at the home pose. For the LN mode, the horizontal axis
(where extension = zero steps) is less clearly distinguished from other regions, and users seemed
to have more difficulty discerning when the device was at −1, 0, or +1 extension steps, particularly
when rotation was ±3 steps. Indeed, the lowest error for the LN mode was at one step in front of
the home position.
The trend of error direction arrows to point towards a greater extension for LN further demon-

strates a general uncertainty regarding device extension estimation for this kinematic mode. Con-
versely, the directional errors of MP tend to point more laterally towards the center line (rotation =
0 steps), indicating more lateral uncertainty.
For both kinematic modes, the greatest overall errors were at negative extension and full

left/right rotation, though the errors at these poses were greater for LN than for MP.

4.2 Relative Study Quantitative Results

The results of the relative motion study are presented in Figure 10, which shows the estimation
error for each relative motion and starting position. The mean relative motion error for MP is 0.71
steps (1.78 mm, 6.04 deg) and for LN is a bit higher at 0.91 (2.28 mm, 7.74 deg) steps, where one step
corresponds to 2.5 mm/8.5 deg. A paired t-test between the elements of the relative error matrices
shows that this difference is very close to statistically significant (t (X ) = Y , p = 0.0503). The
standard deviations of the relative results are 0.359 and 0.349 steps for MP and LN, respectively.
For the MP kinematic mode, we once again observe that the lowest errors (of relative motion

estimation) occur along the two cardinal axes. For the LN, however, this trend is limited to only
the extension axis, implying uncertainty with rotation estimation.
For the directional plots, for LN, the errors appear to generally point towards the center, imply-

ing underestimation of motion magnitude. The arrows are of smaller magnitude and less direc-
tional consistency for MP, though some symmetry is certainly observable.
The starting pose error results show generally consistent results for the MP mode, with a slight

reduction in error when the device becomes fully extended. For the LN mode, the greatest errors
occur when the device begins at the home pose, one step behind the home pose, or the distal
corners (when extension = 2 steps). The mean starting position error for MP is 0.67 and for LN is
higher at 0.86. A paired t-test between the starting pose error matrices shows that this difference
is statistically significant (t (X ) = Y , p = 5.92 × 10−5), indicating that the starting pose affects
perception more for LN than MP. The standard deviations of the relative results are 0.124 and
0.145 steps for MP and LN, respectively.

4.3 Qualitative Results

After each session, participants completed a Likert-scale questionnaire with space for comments.
The results of the Likert scale are provided in Table 1.
Users appeared to find the LN kinematic mode marginally easier to interpret, which is con-

trary to the quantitative results presented above. For example, in the absolute study, the left/right
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Table 1. Mean Likert-scale Results for the Absolute Pose and Relative Motion Perceptual Studies

directions were considered easier to interpret for LN than MP, though Figure 9 indicates that the
opposite was true.
The reader is reminded that individuals completed the study with either LN or MP modes, so

comparative opinions between MP and LN were not possible. The length of the study (which
involved the presentation of 371 poses over 90 minutes) made it impractical for each person to test
both modes in both absolute and relative modes. Indeed, the mental and physical fatigue reported
by participants is likely to be due to this study length rather than specific device characteristics.
Considering that both modes were implemented on the previously untested S-BAN device, it

may be noted that average user opinions are positive, indicating that overall, participants found
the S-BAN pleasant to use and would trust it for embodied guidance.
The main comments from users addressed the fact that they could interpret general movement

of pose area but struggled with precision. In the absolute pose study, one user commented: “I could
tell some information was in the upper left quadrant, but couldn’t tell exactly if the device had moved
more forward or more to the left.” Also, “The [difference between a] slight right and a large forward
right is sometimes confusing” and “I could tell the overall direction most of the time but I could not
tell how many steps to the left/right/up/down.”
Similar comments for the relative study also indicated that the general pose was relatively easy

to interpret, but the exact extension and rotationweremore difficult to pinpoint. “The amount of left
/ right information was a little difficult to interpret” and “I feel like I had some difficulty discriminating
between directly [sic] 1 space L or R vs. 1 space L/R combinedwith 1 space backward”. In addition, some
users commented that the relative experiment required greater concentration to avoid accidentally
reporting on absolute pose. For example: “I had to try hard to remember the motion rather than
answering based on the current configuration. Sometimes I felt that I forgot the motion if I didn’t
focus hard.”
One user summarized their experience of both studies by stating: “I trust the device and feel

like it knows precisely where it wants to guide me. . . however, I’m not sure if I’m precise enough to

ACM Transactions on Computer-Human Interaction, Vol. 30, No. 1, Article 11. Publication date: March 2023.



11:16 A. Spiers et al.

understand/catch the exact location.” Another user concluded that “with more training, I can think
of using such a device in an urban setting”.

4.4 Perceptual Study Final Remarks

The quantitative results have indicated that theMid-Point kinematicmode enables users to identify
both absolute pose and relative motion with a higher level of accuracy than the Leading-Notch
mode. Considering the mean error of the two studies for MP, the absolute mean error is 1.36 steps,
which equates to 2.27 mm/7.71 deg, while the relative mean error is 0.71 steps, which equates to
1.78 mm/6.04 deg. Therefore, we can consider that participants were better overall at perceiving
the relative motion of the device, though the low absolute error value of the home pose indicates
that users should be able to recognize when they have reached a target.
The distinction of kinematic modes is interesting in terms of device perception. The Mid-Point

mode uses the overall motion of the end effector as the main communication option, while the
Leading-Notch mode focuses more on the tactile cues of the notches. The better performance of
the MP mode may be telling that shape perception is partially superior to tactile perception for
the S-BAN, though clearly, both have their role in this system.
Given these final observations, the Mid-Point kinematic mode was selected for S-BAN use in

the navigation study described in the following sections.

5 METHODS B—NAVIGATION STUDY

While the perceptual study demonstrated that users are able to sufficiently identify the pose and
motion of the S-BAN, a navigation study was implemented to confirm that the device could pro-
vide spatial information in an embodied guidance application. With this study, we also wished
to observe how user performance with the haptic device compared to standard visual techniques
of navigation, e.g., following an agent or using a handheld tool with visual instructions (which
serves as a proxy for a smartphone). We also aimed to test the effectiveness of a combined tool
that provided visual and haptic feedback (which may be considered a virtual prototype of a shape-
changing smartphone). In particular, wewere interested in seeing how the various conditions affect
user visual attention, given that this is a major concern for screen-based interfaces, as discussed
in Section 1. Note that though the VR environment allows the presentation of visual navigation
information directly in the user’s view via a “heads-up display”, we consider a smartphone proxy
more relevant to current navigation trends due to the ubiquitous nature of smartphones and the
currently low commercial success of pedestrian AR headset technology [58]. Furthermore, in [37],
heads-up displays on Google Glass and smartphones were shown to be equally effective at pro-
viding navigation information. Finally, smartphone proxies enable us to evaluate the distraction
concerns of smartphone screens that we previously highlighted in Section 1.

5.1 Virtual Reality Hardware

When Spiers et al. conducted outdoor embodied navigation experiments with the Animotus, the
authors commented that a high degree of user uncertainty and confusion was caused by inaccu-
rate GPS readings (errors of 2–7m) and slow update rates [44]. These problems led to erroneous
navigation cues since the user was sometimes several meters away from their GPS-reported po-
sition. The temporal and spatial variety of GPS localization errors led to inconsistent experiment
conditions between users and trials. To avoid such problems, we chose to run our experiments
in VR, which also permitted full flexibility of additional experimental factors, such as all visual
stimuli seen by users as well as the environment layout and size.
We made use of an Oculus Quest system as our VR interface. The Oculus Quest headset does

not require external beacons for localization and instead uses cameras built into the headset for
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Fig. 11. To enable accurate device tracking for VR, the S-BAN handle was modified to mount an Oculus
Quest Touch Controller in a way that would not affect the user’s grasp. During the VR study, participants
held the S-BAN in their right hand and an unmodified touch controller in their left hand for controlling their
movement in the VR environment.

this task. The headset is also fully wireless, which allows unlimited user body rotation while in
use. The headset continually detects the 6DOF pose of two handheld Oculus Touch controllers.
The right-hand controller was attached to the top of the S-BAN to enable fast and accurate track-
ing of the haptic device in the VR environment (Figure 11, left). The attachment was achieved via
modification of the 3D-printed S-BAN “handle top” part (shown in Figure 3) to securely interface
with the ring of the Oculus Touch controller in a way that enables users to hold the S-BAN with-
out interference. Each Oculus Touch controller has a mass of 170 g. This weight did not seem to
increase user discomfort or fatigue when added to the S-BAN (160 g). While the S-BAN was held
in the user’s right hand, the unmodified left Oculus controller was held in the user’s left hand. This
controller was used for moving the user’s body in the virtual world. To ensure the users could not
see the S-BAN through the gap at the bottom of the VR headset, a card “gaze shield” was attached
to the front of the headset, blocking this view (Figure 11, right).

5.2 Virtual Environment and Navigation Task

The navigation study involves the user being guided along an invisible path via four waypoints to
reach a final destination. To make our study engaging for users, we framed this task as a treasure
hunt game led by a dog, who could sniff out a buried bone at the final target. We consider the
dog character to have connections to guide dogs, who are highly competent at providing guidance
assistance to VI pedestrians. It should be noted that the main task of a real guide dog is to help
a VI person avoid local obstacles and hazards, while the owner is responsible for global route
determination (i.e., choosing the destination). Our dog character is different from actual guide
dogs in that the virtual dog provides navigation to an unknown target in an environment with no
obstacles or hazards.
The user’s goal in the study is to follow the dog from the starting location along the unseen path

via the four waypoints. This task is repeated four times for each guidance condition (Figure 12).
The four conditions are

(1) Natural Vision—The dog is visible and connected to the user’s right hand via a flexible and
extendable leash. The dog acts as an agent that the user follows.
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Fig. 12. The VR study setup (left image) and views of the VR environment under the navigation conditions.
The visual agent is an animated dog that leads the user to the target (a buried bone). The dog is visible only
in the natural vision condition, in which it is also attached to the user’s right hand by a leash. The visual
and haptic conditions involve the respective navigation device either visually or haptically pointing at the
invisible dog. The fourth condition involves the visual and haptic devices working simultaneously, which is
graphically the same as the visual device.

(2) Visual Device—The dog is invisible, and a visual device (a black rectangle attached to the
user’s right hand) displays an arrow that indicates the dog’s location.

(3) Haptic Device—The dog is invisible, and no device or leash is shown in the user’s right
hand. The S-BAN is active and provides the user with unseen haptic cues to indicate the
dog’s location.

(4) Haptic and Visual Device—The dog is invisible, and the visual device is displayed in the
user’s right hand. The arrow and the S-BAN provide the same information.

In conditions 2–4, a device is used to communicate the location of the dog. In all cases, this
information is considered in terms of direction (heading) and distance from the user to the dog.
The heading is calculated and displayed relative to the current orientation of the hand-held device
These two parameters are represented haptically by the angle and extension of the S-BAN relative
to the “home pose”. For the visual tool, an arrow is displayed on the surface of the device to
represent the same information. For equivalency between conditions, the arrow can rotate and
extend to the same degree as the S-BAN, which is ±17 deg and ±5 mm (relative to a starting arrow
length of 10 mm). The output of both the haptic tool and the visual tool updates constantly based
on the position and orientation of the user’s hand.
For each trial, the dog begins the study by barking (providing an audio start cue) and running

to the next waypoint, where it waits for the user. Once the user has arrived within a 5 m radius
of the active waypoint, the dog sniffs and then runs toward the next waypoint. Once the dog and
human find the final waypoint, the dog digs up the buried bone.
The study begins with a general tutorial where users are first made familiar with moving in the

virtual environment. Users are able to move their head to look around and change their orientation
in the virtual world. Movement of the user’s body through the world is achieved with the left
controller. Though participant movement was originally planned as typical continuous walking,
this was found to inducemotion sickness and/or fatigue in some users during pilot studies. Instead,
we opted for a teleportation method, where the left controller thumbstick is used to point to a
location on the ground (marked by a crosshair), and pulling the trigger button teleports the user
to this location (Figure 12). The maximum distance that a user can teleport is 5 m.

During the tutorial, the user is also shown how the guidance devices respond to changes in
dog position relative to the user: the (visible) dog walks away from the user in the forward-left,
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Fig. 13. The four sets of target waypoints are randomly mirrored in each trial to provide variation within
the VR environment. Each resulting path is 100 m long and is shown relative to the user’s random starting
pose. Each participant completes all four paths once for each navigation condition.

forward, and forward-right directions, and then the dog walks in a circle around the user while
both the haptic and visual devices are activated.
Following the tutorial, the study is arranged into four blocks, each corresponding to one

guidance condition, with the order varied and counter-balanced between participants. Each block
begins with an initial “refresher” training on the relevant modality followed by a practice trial,
where (for conditions 2–4) the dog can be made temporarily visible as the user traverses the same
training path.
For conditions 2–4, the dog remains invisible for the remaining four trials of each block. For

these trials, the same four 100 m target paths are used (Figure 13). Path order is randomized within
each block and entire paths are randomly mirrored to increase variation. In addition, the user is
teleported to a random position and orientation after each trial, with each path also translated
and rotated to match. Using fixed paths instead of randomly generated paths ensures that some
users or conditions do not experience more straight or spiraling paths than others, which could
introduce bias in behavior. Each user completes 16 non-training trials in total. Their body location
in the virtual environment and head pose are logged during these trials.
The study takes approximately 90 minutes to complete, with 5-minute breaks enforced between

guidance conditions.

6 RESULTS B—NAVIGATION STUDY

The study was completed by 12 participants (7 female, average age 27.8), leading to a total of 192
trials. One additional participant (P3) was unable to complete the study due to a headset battery
malfunction, so their data were discarded. Several metrics were used to analyze the resultant data,
which are described in this section.

6.1 Motion Efficiency Analysis

Figure 14 gives a sample of walking paths along route B for each guidance condition for partici-
pants 2 and 5. One may observe that there are greater variations between the walking paths for
P2, with large diversions for the latter waypoints. Movement efficiency (ME) provides a met-
ric for quantifying these diversions from the optimum path [44, 46]. It is calculated as optimum
path length divided by user path length. Motion efficiency for each user/trial is provided in the
Appendix A.2, and these results are summarized in the boxplot of Figure 15 (left).

Repeated measures ANOVA analysis was performed across device conditions (in MATLAB
2018a via the ranova command, where participant/path combinations are predictor variables and
the response variable is motion efficiency for each device condition). The repeated measures
ANOVA showed significant differences (F (3, 108) = 4.1301, p = 0.008).
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Fig. 14. Example user motion paths for waypoint set B from participants 2 and 5. Motion paths are shown for
all guidance conditions. The paths have been mirrored appropriately to allow comparison and are expressed
relative to the user’s starting location in each trial.

Fig. 15. Boxplots showing (left) ME and (right) time taken to complete trials. Each trial involved a target
path of the same 100 m length.

Paired t-tests were used to compare the ME of participants for the different interface modalities.
Due to the repeated nature of testing, a Bonferroni correction was used, which set the alpha value
as 0.05/6 = 0.0083. Using this value, no pairwise comparisons produced significant results. This
lack of significance implies that no modalities were significantly better or worse than others when
considering their impact on user ME.

6.2 Trial Time Analysis

The time taken to complete each trial is presented in Figure 15 (right). Here we can see that navi-
gation with the haptic device takes longer than methods with a visual component.
ANOVA analysis indicated significant differences (F (3, 108) = 21.569, p = 5.0719 × 10−11).

Paired t-tests using a Bonferroni correction indicated significance for all comparisons, with natural
vision being the fastest.

6.3 Head Motion Analysis

Though we do not have eye-tracking technology within the Oculus Quest VR headset, we can
use the pose of the head in space to give insight into user visual attention. In particular, we are
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Fig. 16. Scatterplot of all user head poses for each of the four conditions. With the haptic interface, users
spend less time looking down at the visual device in their right hand, and more time looking around the
environment with their head elevated towards the horizon.

interested in whether users spent most of their time focused on the environment around them, or
on a tool in their hands.
Figure 16 presents a scatter plot of all recorded head vertical angles and lateral error angles

(relative to the location of the dog) at each point in time, for the four conditions. The mean head
pose is highlighted as awhite circle on each plot, and a dotted line is shown at−20 deg elevation as a
reference. The distributions of the per-trial means and standard deviations of these measurements
are also reflected in the boxplots of Figure 17.
For the visual tool, attention is focused much lower in the environment, in the region of the

handheld device. In comparison, participants’ head motion is higher and more laterally distributed
for the haptic tool, suggesting that their attention is on visual appreciation of the environment,
though this trend could also be due to traveling in sub-optimal directions to reach targets. Inter-
estingly the average visual attention of natural vision and the visual + haptic tool are similar.

For the purposes of statistical analysis, we calculated the average horizontal and vertical head
angle for each trial. Repeated measures ANOVA indicated that the differences in mean horizontal
angle (F (3, 30) = 1.736, p = 0.181) were not significant across conditions, while the differences
in mean vertical angle (F (3, 30 = 2.883, p = 0.052) trended toward significance.
Given the potential for symmetry in the head pose, we considered the standard deviation of each

trial to also be a valuable metric, as this illustrates how head pose variance may differ between
different conditions. Therefore, repeated measures ANOVA was also conducted on the per-trial
standard deviation of horizontal (F (3, 30) = 2.333, p = 0.094) and vertical (F (3, 30 = 8.216, p =
3.87 × 10−4) head pose. In this case, the differences in vertical head pose across conditions were
highly significant.
Independent (unpaired) t-tests were completed for posthoc comparisons of vertical gaze. As in

the motion efficiency analysis, the Bonferroni correction set the alpha value at 0.0083. For mean
head pose, no horizontal comparisons were significant, but vertical comparisons showed signifi-
cance between Natural Vision and the Haptic Tool (t (22) = −4.752, p = 9.612 × 10−5) and be-
tween the Visual Tool and the Haptic Tool (t (22) = −5.2108, p = 3.167 × 10−5).

T-tests of standard deviation showed no significant differences for the horizontal comparisons.
For vertical comparisons the pairwise differences between Natural Vision and Visual Tool (t (22) =
−1.138, p = 2.615 × 10−4), Natural Vision and Haptic Tool (t(22) = 6.7998, p = 7.8428 × 10−7) and
Natural Vision and Visual Tool (t (22) = 4.342, p = 2.4079 × 10−6) were all significant.
A complete table of t-tests between all conditions is given in the appendix (Section A.3).

6.4 Survey Results

A Likert-scale survey was presented to each participant during the breaks between blocks of tri-
als, where each block was associated with a guidance condition. The results of this survey are
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Fig. 17. Boxplots showing themean (top row) and standard deviation (bottom row) of the horizontal (left) and
vertical (right) head angle error from the target per trial for the four tested conditions. The mean horizontal
head angle (top left) is comparable across conditions, though the standard deviation of this angle (bottom
left) trends higher for the haptic tool. The mean vertical head angle (top right) is more elevated for the two
haptic tool conditions, even compared to natural vision. The standard deviation of head vertical angle is
higher for natural vision than for the three tool-based conditions.

presented in Table 2. Questions that referred to device use were omitted for the natural vision
condition, as there was no device.
Once again, the opinions between the different modalities did not vary greatly for most of the

questions, with all responses either agreeing or disagreeing with each statement positively. The
standard deviation column highlights the spread of results for each of the questions.
The highest standard deviations and, therefore, differences of opinion came from questions 3–

6. One finding is that users found the experiment easiest with natural vision and the visual tool.
Though users disagreed that any of the modalities were physically or mentally tiring, this dis-
agreement was to a lesser degree with the haptic tool than with the other modalities.
The experiment was considered the least boring with the haptic device, and users enjoyed the

haptic and haptic + vision tools marginally more than the visual tool. Users also stated they had
marginally more trust in the haptic device.
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Table 2. Mean Likert-scale Results for the Navigation Study

A response of 1 corresponds to “strongly disagree” while 5 corresponds to “strongly agree”.

Users found the left/right commands easier to interpret than forward/backward commands for
all conditions. The forward/backward commands were considered more difficult for the haptic
tool.
A preference was given to being guided by the visual + haptic tool, with the least preference

given to the visual tool, possibly due to the noted visual distraction from the environment. Con-
trary to this theory, the visual tool was most preferable for being guided in an urban situation,
with the haptic device being least preferable.
As in the perceptual study, participants were invited to leave comments on their experience of

completing the study with the different modalities.
Participants had few comments on the natural vision modality. One participant commented that

they found this modality “very easy because I could predict the destination for the dog and teleport
almost simultaneously. The only minor challenge was when the dog was not in my field of view, I had
to look around.”
For the visual tool, comments reflected the observations of head direction and attention from in

the previous section, i.e., “I found that I spent the whole trial just watching the arrow. I only looked
up to see my surroundings once or twice. I missed out on the nice VR world.” Another user described
anxiety from being focused on the visual device: “Visual cues are a better solution to be guided for
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a short time but they require me to always look at the device. This makes me stressful and difficult to
be relaxed.” Finally, “I do not like that I had to look down on the arrows constantly. I never looked for
my surroundings and only focused on the arrow.”
The haptic tool provided more mixed commentary. On the positive side we have the following

statements: “Depending solely on haptics made me less confused, compared to depending both” and
“It was easier to find the invisible dog with this device than just looking for the dog visually.”
Two users questioned the usefulness of the extension DOF, which relates to distance from the

user to the dog: “I found forward / backward guide to be very hard to interpret” and “I found the
fwd/bwd instructions confusing. I would have preferred having only the left/right information”. These
comments oppose the usefulness of distance representation, as determined in [45]. This difference
of opinion could be due to individual opinion, the method of user movement (teleportation vs.
standard walking), or the S-BAN being more difficult to interpret than the Animotus device that
was used in [45].

One interesting user comment related to the presentation of information in the study: “I’d prefer
a less precise device that doesn’t need me to think as I walk since I mostly care whether I should turn
into the street on the left or right instead of knowing the exact angle”. Here, the user appears to
be referring to the guidance given by Google Maps or in car GPS signals, where instructions are
given on which turns to make on urban streets. In the open environment of our virtual world,
such geographical constraints do not exist and so cannot be used for navigation. It is an interesting
avenue of future investigation to consider howwell the S-BANwouldwork in a scenario of discrete
turn instructions rather than continuous position-correction updates.
The final condition, of the combined visual and haptic tool, seemed to provide a variety of

opinions, with some echoes of previous conditions. This included comments about visual attention:
“I noticed the green space and where I was teleporting much less since I was looking at my right hand
all the time.” and “The arrow threw me off so I mainly just used the haptic device.”
There were further comments on the benefits of the forward/backward motion: “Only with this

experiment I really understood themeaning of the backward/forward direction .... I think that left/right
direction can do the job alone.” and “Forward-backward movement of the device was noticed but not
used to determine the dog’s location”.
One subject decomposed the distance and rotation stimulus into the two available modalities:

“The combination of both methods was pretty easy to understand. Even though, for left/right move-
ment, I focused more on the arrow than the haptics. For forwards/backward, it was the other way
around.”

7 DISCUSSION

The two presented studies have evaluated the S-BAN, a handheld device that utilizes a shape-
changing body to communicate spatial guidance commands. Haptic shape-changing interfaces
are currently rare in the HCI literature, but we consider this technology to have great unexplored
potential with notable benefits over alternative modalities.
This new shape-changing device has an ergonomic form factor that fits comfortably in a wide

range of user hands. Its novel parallel actuation and continuous workspace enable it to represent a
direction vector through a variety of kinematic mappings to the extension and rotation degrees of
freedom. Neither of these features was present in previous 2-DOF shape-changing interfaces such
as the Animotus [45, 46].

The results of the perceptual experiments showed that user sensitivity to the S-BAN’s shape
is non-uniform over the device workspace. Different kinematic modes led to different regions of
high and low absolute-device-pose and relative-device-motion errors. Device users found isolated
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extensions and rotations of the S-BAN easier to interpret than combined poses, suggesting that
device-design improvements are still required to achieve more uniform salience across all poses
of the workspace.
There seemed to be greater spatial differences between the two kinematic approaches in the

relative motion experiments than in the absolute pose experiment. Additionally, the lowest av-
erage error was observed in the relative motion experiment with the mid-point kinematic mode.
These findings imply that designers of applications of shape-changing technologies must consider
whether they want users to infer information from device shape or change in device shape. An
example ‘absolute pose’ use case is when we may expect a user to pause in their navigation (e.g.,
to talk to someone or wait for a gap in traffic). Here the device could hold a pose in a static sense so
that the next guidance command is ready when navigation resumes. For relative motion commu-
nication scenarios, we may be using the device to present rapidly updating guidance information,
such as helping a VI user stay on a meandering footpath.
Conducting virtual navigation experiments permitted us to study the S-BAN in embodied nav-

igation but with increased control over experimental parameters (such as feedback modality) and
less localization noise than with GPS-based outdoor experiments [44]. It is worth noting, however,
that the selected VR environment may not be a perfect substitute for embodied real-world naviga-
tion experiments, due to the artificial method of moving through the world using joystick controls
rather than walking. Nevertheless, the study has provided valuable quantitative data that compare
shape-changing haptic feedback to other navigation methods under identical conditions. Though
the results (Figure 15) showed that the shape-changing haptic feedback led to lower motion effi-
ciency and longer trial times, this was in comparison to visual modalities (natural vision or the
smartphone proxy), which were already familiar to the participants, all of whomwere sighted. The
benefit of the haptic feedback was demonstrated in analysis of user head pose, which illustrated
that more attention was spent on the environment than on the navigation device. This difference
could be connected to safety in future studies by including hazards that the user must avoid while
traveling to the target. The combination of visual and haptic tools provides an interesting use case
for a smartphone enhanced by shape-changing cues, as described in Section 1.1 and Figure 3.
The results of both studies show that the S-BAN has promise as a non-visual navigation tool

but is likely to require more optimization, increased familiarization time, and, most importantly,
a comparison to other haptic feedback modalities (including vibrotactile) in future navigation
studies.

8 CONCLUSION

Thiswork has presented and validated the S-BAN, a new shape-changing handheld haptic interface
intended for representing spatial data with low attentional demands, compared to screen-based
navigation tools and more common haptic interfaces.
The S-BAN’s parallel kinematic structure provides it with a continuous shape-changing

workspace in a compact form. The continuous workspace provides flexibility to represent data
through various kinematic schemes, two of which have been proposed and detailed in this work.
Little prior data exist on how humans are able to perceive dynamic shapes via touch, particularly

from devices like the S-BAN. This knowledge gap led us to carry out a perceptual study that
revealed that participants were better at perceiving the relative motion of the shape-changing
interface, as opposed to absolute pose. Furthermore, user sensitivity was highest for poses and
motions along the cardinal directions from the home pose. The kinematic method that focused on
the overall shape of the S-BAN produced higher accuracy than the mode that focused on the tactile
feeling of the notch features. User opinions highlighted that while the general pose and motion of
the device were easily perceived, specifics were harder to determine.

ACM Transactions on Computer-Human Interaction, Vol. 30, No. 1, Article 11. Publication date: March 2023.



11:26 A. Spiers et al.

To test the ability of the S-BAN to provide spatial guidance in an embodied scenario, and to
compare this to visual guidance cues, we undertook a navigation study in a VR environment, which
permitted greater reliability and flexibility than outdoor studies had demonstrated in similar prior
work [44].
User motion efficiency was non-significant between any pair of conditions, implying equiva-

lence between using the haptic device and a visual tool. However, significant differences were
observed in the time taken to complete the trials between all four conditions (with the S-BAN
leading to the slowest trials). This slower pace would perhaps be improved as users become more
familiar with the device.
Finally, we observed significant differences in user head-elevation during the navigation study,

with users of the haptic device having their heads more elevated during the study. As user com-
ments reflected, the haptic device enabled them to look at the world around them, rather than
staring at a tool in their hand. We expect that such head posture would result in higher safety for
sighted users and greater appreciation for the ambient environment around the user.
The findings of this articleare beneficial for understanding the perception of shape-changing

haptic systems and their potential for use in spatial navigation. Indeed, the results are encouraging
and lead to the next logical steps of moving from the highly controlled VR environment to more
realistic outdoor trials, subject to additional localization noise and environmental distractions and
hazards. We plan to begin these trials with sighted participants, to allow comparison to visual
guidance cues. We also aim at increasing training times and improve the training method to see
if these modifications lead to faster trial completion with haptic device. Our already observed
strong reduction in visual tool focus with the haptic feedback suggests good suitability of the
S-BAN device for VI users; this hypothesis will be explored in future work. Finally, we believe
that the perceptual methods presented here will allow better evaluation of shape-changing or
multi-dimensional haptic technologies in the future. We hope that our open-sourcing of the S-
BAN hardware and code may lead to further improvements in the S-BAN’s form and kinematic
modes.

A APPENDIX

A.1 Device Kinematics

Here, we detail the formulation of the kinematic modes used for S-BAN control, via the notation
presented in Figure 18.

A.1.1 Mid-Point Inverse Kinematics. For Mid-Point kinematics, the target angle (θT ) and target
extension (ET ) relate to the mid-point between the tactile notches of the end effector. This control
point is marked as “MP” in Figure 18.

First, we calculate the distance and angle between the left actuator’s tip (PL) andMP in the frame
of the end effector. These are constants.

LD =

√(LEB
2

)2
+ L2

EL
, φ = tan−1

LEL(
LEB

2

) , (1)

TM is the vertical (y) distance between the target extension of the mid-point (ET ) and the left
actuator tip (PL). TM allows us to calculate the left target actuator extension (EL).

TM = LD sin(θT + φ), EL = ET −TM (2)

The endpoint of the right actuator (PR) will always be on an arc of radius LEB from the end-point
of Actuator L. This constraint enables the determination of the right actuator’s extension (ER ) using
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Fig. 18. Parallel kinematic structure of the S-BAN’s actuation mechanism, with the annotation used for
inverse kinematics calculations.

the y component of PR. Note that this formulation neglects the slight rotation of Actuator R about
its base for simplicity.

PRY = LEB sin(θT ), ER = EL + PRY (3)

A.1.2 Leading-Notch Inverse Kinematics. The Leading-Notch kinematic mode switches the con-
trol point between three points (NL—Notch Left, MP—TheMid-Point andNR—Notch Right) depend-
ing on the region of the workspace being explored, as labeled in Figure 18.

If the target angle is zero (θT = 0), then the Mid-Point kinematic control from the previous
section is used. If (θT < 0) then the left notch (NL) is the control point, whereas if (θT > 0) then
the right notch (NR) is the control point. As in the Mid-Point case, we begin by calculating the
distance and angle from PL to the control point to determine the left actuator extension (EL).
For the left notch target, the following applies.

LNL =

√
L2
EL
+ L2

EW
,

ωL =

(π
2

)
− θT − tan−1

(
LEW
LEL

)
,

TNL = LNL sin(ωL ), EL = ET −TNL (4)

The right-notch condition leads to the following equations, where LNR is a line connecting PL
to NR with the angle ωR.

LNR =

√
L2
EL
+ (LEB + LEW )2,

ωR =

(π
2

)
− tan−1 (LEB + LEW )

LEL
TNR = LNR sin(θT + ωR ), EL = ET −TNR (5)

In both cases, ER is determined using the equations in (3).
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A.2 Movement Efficiency Results

The ME of each user and trial in the VR navigation experiment (Sections 5 and 6) is illustrated in
Figure 19.

Fig. 19. ME for each trial by the 12 participants in the VR study.

A.3 Gaze T-Test Comparisons

Table 3 details T-test comparisons related to user head motion, as discussed in Section 6.3 and
illustrated in Figure 17.

Table 3. T-Test Comparisons of User Head Pose for Different Device Conditions

Significant (p < 0.0083 after bonferroni correction) values have been shaded.
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