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Figure 1: ETHD reachability extension (a, b), and user study experiments (c-f ). The reach of our ETHD is virtually extended by
τ in all directions (a). The extension is implemented by redirecting the virtual stick (magenta in b) to cover the gap between the
physical (yellow) and virtual (red/green) disks (b). The physical disk and stick (yellow) are shown here for illustration purposes and
are not shown to the user of the virtual reality application. In a first experiment (c, d), the virtual and physical disks move with the
same speed, with a constant gap ε between them (c), and the user is asked to tap the virtual disk; the virtual stick is redirected
to synchronize the virtual and physical contacts (d); the experiment measures the position redirection detection threshold τ, i.e.,
the largest undetectable ε. In a second experiment (e, f ), the virtual and physical disks move with different speeds, and the user
is asked to hold the stick in contact with the disk; here the virtual disk is faster than the physical disk and redirection maintains
virtual contact; the experiment measures the speed redirection detection threshold, i.e., the largest undetectable speed difference
between the disks.

ABSTRACT

An encountered-type haptic device (ETHD) moves a physical ob-
ject to align it with the virtual object with which the user of a vir-
tual reality application makes contact, providing haptic feedback.
One limitation of ETHDs is their limited reachability due to me-
chanical constraints. One approach to extending the reachability of
an ETHD involves redirection, achieved by altering the pose of the
user’s body, hand, or handheld prop in the virtual world. While pre-
vious studies have quantified the detection thresholds of redirection
in the context of stationary objects, ETHD’s present the opportu-
nity and the need to study redirection in the context of dynamic
objects. This paper presents a user study (N = 25) with two exper-
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iments aimed at investigating whether dynamic object properties,
such as direction and speed, significantly affect redirection detec-
tion thresholds. The first experiment finds that the mere presence of
dynamic objects does not decrease the detection threshold. Conse-
quently, previously measured detection thresholds remain applica-
ble for ETHD reachability extension. However, the second exper-
iment unveils a crucial relationship between the speed of dynamic
objects and the original reachability of the ETHD. Although the vir-
tual object can move 15 cm/s faster than the ETHD, this increase
in speed is insufficient to compensate for the extended reachability
enabled by the detection threshold.

Index Terms: Virtual Reality, Haptics, Redirection, ETHD

1 INTRODUCTION

In recent years, consumer-level virtual reality (VR) headsets have
made remarkable advancements, granting users immersive experi-
ences within intricately crafted virtual worlds. In order to allow the
user not only to see, but also to touch the virtual environment (VE),



researchers have proposed several approaches for providing haptic
feedback to the user. One approach relies on active haptic actuators
worn by the user, such as gloves [2] or vests [1]. The advantage is
that users take the haptic actuators with them as they move. The
disadvantage is user encumbrance, as well as limited haptic feed-
back resolution, intensity, and duration. An approach that has the
potential to alleviate these problems is to provide passive haptic
feedback through physical objects aligned with the virtual objects
that the user touches.

The fundamental challenge in passive haptic feedback is the re-
quirement that a physical object be aligned with each virtual object
that the user might ever touch. One approach for addressing this
challenge is to modify the virtual world through redirection. Redi-
rection changes the position and orientation of the user’s virtual
hand [19], or of the virtual object with which the user is about to
make contact [26], such that the physical and virtual contacts are
aligned. The goal is to make these changes in a subtle way in order
to elude user detection. However, staying below detection thresh-
olds limits the size of the gap between the virtual and the physical
object that redirection can bridge. Another approach is to use a me-
chanical system to align a physical object with the virtual object
the user is about to touch. Such an encountered-type haptic device
(ETHD) can provide haptic feedback for a continuum of virtual ob-
ject positions and orientations [32]. The challenges of ETHDs are
high cost and limited ranges of motions and speeds. The redirection
and the ETHD approaches are orthogonal and can be combined to
provide haptic feedback in a wider range of scenarios than each ap-
proach can cover individually. Using redirection, the ETHD does
not have to align precisely the carried (physical) object to the vir-
tual object. Conversely, the ETHD reduces the size of the virtual
to physical gap that has to be bridged by redirection, so redirection
can proceed unbeknownst to the user.

In this paper we conducted a study to measure how much the me-
chanical capabilities of an ETHD can be extended through redirec-
tion. Specifically, our study measured the detection thresholds for
position and speed redirection in the context of a dynamic virtual
object and a dynamic ETHD. The ETHD was implemented with a
3D Cartesian robot with which the user interacted using a handheld
stick (Fig. 1a). Compared to other ETHD implementations, the
Cartesian robot provides an advantageous trade-off between reach
and payload on one hand, and cost on the other.

We ask the user to interact through a stick as opposed to directly,
with their hand, for the following reasons: First, there are numerous
VR applications where the user does not interact with the virtual en-
vironment directly with their hands, but rather with a handheld prop
(e.g., bat, sword, hammer, axe, or club), and our research is directly
applicable in such contexts. Second, the stick interaction modal-
ity is suitable for a “desktop haptics” scenario, where the user is
seated in front of a virtual workbench and comfortably interacts
with it through the stick, which extends the user’s physical reach,
improving ergonomics, and all but eliminates safety concerns from
reaching into the ETHD volume without seeing the ETHD. Third,
haptic feedback for dynamic virtual objects has not been studied
extensively, so our study design aims for maximizing generality.
Indeed, we set out to measure position and speed redirection detec-
tion thresholds in the absence of potentially strong confounding fac-
tors arising from the discrepancy between the physical object sur-
face properties and the surface properties of the virtual object that
user expects. Avoiding such discrepancies when the user directly
touches the carried object would require one study for every group
or even every single type of surface, e.g., a tennis ball, a wooden
board, a rough/smooth surface, a cold/hot surface, and so on. The
stick blocks the user’s high resolution and multidimensional per-
ception of surface properties and allows these early experiments to
focus on the detectability of redirection.

In a first experiment we measured how large the difference in

position ε between the virtual object and the ETHD can be without
the user noticing the redirection (Fig. 1c, d). Experiment 1 consid-
ered three ETHD speeds, two directions of motion, and two rela-
tive positions between the virtual object and the ETHD, to measure
3×2×2 = 12 detection thresholds. Each threshold was measured by
analyzing the average participant detection rate at five ε values. The
results indicate that detection thresholds remain consistent across
various directions and speeds of ETHD movement. This suggests
that the detection thresholds established in prior studies [46] can be
directly applied to tasks involving touching or tapping.

In a second experiment we measured how large the difference in
speed λ between the virtual object and the ETHD can be without
the user noticing the redirection (Fig. 1e, f ). Experiment 2 con-
sidered two ETHD speeds, two directions of motion, and two rel-
ative positions between the virtual object and the ETHD, to mea-
sure 2×2×2 = 8 detection thresholds. Each threshold was mea-
sured by analyzing the average participant detection rate at six λ

values. When the virtual object is faster than the ETHD, the de-
tection thresholds indicate that the maximum ETHD speed can be
increased virtually through redirection from 22 cm/s to 37 cm/s,
i.e., by 68%.

Given an ETHD with specific mechanical reach and speed capa-
bilities, the results of the two experiments allow estimating the vir-
tual object speed for which haptic feedback can be provided, as well
as the duration of the haptic feedback. Conversely, given a desired
virtual object speed and haptic feedback duration, the experiment
results allow prescribing the required minimal ETHD mechanical
capabilities. We also refer the reader to the video accompanying
our paper which illustrates our experiments and our results.

2 RELATED WORK

Users wearing a VR headset can experience haptic feedback from a
variety of sources, which can be categorized into indirect and direct
forces applied to their body. An example of indirect haptic feedback
is the use of mid-air tactile feedback delivered to the user’s bare
hand through the application of ultrasound technology [27]. Haptic
feedback can also be provided by imparting to the user direct forces
through physical contact. Direct haptic feedback approaches are
classified into two categories: active and passive.

2.1 Active vs passive haptic feedback

Active haptic devices require an external source of power to gen-
erate and apply the force to the user’s body. Examples include
wearable devices like haptic gloves [2, 4], haptic controllers [41],
and finger-mounted haptic devices [8]. Advantages of wearable de-
vices in large virtual environments include continuous haptic feed-
back for numerous virtual objects encountered during exploration.
However, drawbacks include the burden of wearing the device and
limited range of haptic intensities. For instance, when touching a
virtual wall, the device must generate appropriate forces to mimic
realistic sensations without causing discomfort, such as avoiding a
pinch sensation. Yet, elastic gloves may distribute opposing forces
across the hand, potentially leading to discomfort as they tighten.

On the other hand, passive haptic devices do not require an exter-
nal source of power, as they rely on the user’s actions to provide the
force needed [25, 29]. This haptic feedback method closely repli-
cates real-world sensations, enhancing realism. For instance, when
touching a virtual wall, aligning a physical object with it generates
authentic feedback, rather than a pinch-like sensation.

The fundamental challenge for passive haptic feedback is the re-
quirement of having a physical object impersonate each virtual ob-
ject with which the user might interact. Research has shown that
there is some leeway in terms of shape, with users being convinced
by the haptic feedback from a physical object with a similar but not
identical shape to that of the virtual object [17, 11, 12].



Synchronizing the virtual and physical contacts presents chal-
lenges [13, 14]. For instance, if a user’s virtual hand reaches an ob-
ject before their physical hand, the haptic system faces two undesir-
able options: halt the virtual hand until physical contact catches up,
or allow the virtual hand to intersect the object. Likewise, if physi-
cal contact precedes virtual contact, the user may observe their vir-
tual hand move without their physical hand moving, or their virtual
hand stop short of the target object. Synchronizing the virtual and
physical contacts is an important focus of VR haptics research, and
it has been approached from two directions: redirection of the vir-
tual entities to adjust the virtual contact (Sec. 2.2), and positioning
of the physical object to adjust the physical contact (Sec. 2.3).

2.2 Redirection
The redirection method aims to bridge the gap between physical ob-
jects and their virtual counterparts by manipulating either the user’s
body rendering in the virtual world [19, 10, 15], that of their hand-
held prop [37, 45], or the entire virtual world itself [26]. This ma-
nipulation can be done within a threshold that makes it difficult
for users to perceive any significant warping or distortion, i.e., any
anomaly, when virtual objects are positioned near physical ones. A
well-designed physical workspace used in conjunction with redi-
rection can find applications across various domains [30].

Redirection not only deceives users about the position of vir-
tual objects but can also alter the object’s perceived shape [44, 46].
Redirection has been used, for example, to expand the resolution of
a haptic display for it to render haptic feedback for a larger variety
of virtual object shapes [6]. Another application of shape redirec-
tion is reducing the need for complex physical props in specific
tasks, such as surgical simulators [36], where a generic physical
prop can impersonate several virtual surgical instruments. When
the user does not touch the virtual object directly with their hand,
but rather through a handheld prop, the detection threshold for redi-
rection can be even higher [46], expanding the possibilities for hap-
tic feedback to a broader range of applications [34]. For example,
redirection has been used to enhance the realism of tool-based inter-
actions in a virtual workspace, providing haptic feedback evocative
of impact and resistance when using tools like a hammer, a saw, or
a screwdriver [37].

2.3 Encountered-type Haptic Devices (ETHD)
Besides redirection, another way of synchronizing the virtual and
physical contacts is to rely on an active mechanical positioning sys-
tem to place the physical object in alignment with the virtual ob-
ject. Such encountered-type haptic devices (ETHDs) allow provid-
ing haptic feedback for many virtual object positions. There are
several types of ETHDs, including ungrounded ETHDs, such as a
drone [7], and grounded ETHDs, such as a robotic arm [16, 40]
or such as a table-top robot [22]. Drones have drawn attention in
recent years as a way of delivering haptics feedback in VR. Com-
pared to grounded solutions such as a robot arm, a drone can eas-
ily cover a larger 3D volume without an extra mechanical support
system. Drones have been used as a versatile haptic puppet to pro-
vide feedback not only around the user’s upper body, but also to the
user’s feet, as needed for example to simulate kicking a ball [20].
The drone versatility as a haptic feedback device has also been
demonstrated in a study where drones provided reactionary forces
from a wide range of directions [9]. Whereas ungrounded ETHDs
such as drones have the advantage of flexibility and extended reach,
grounded ETHDs have the advantage of higher precision, lower la-
tency, and larger payloads.

Recent surveys indicate that the most commonly used grounded
ETHD is the robotic arm, due to its speed, precision, and versa-
tility [32]. A robotic arm offers versatile manipulation with six
degrees of freedom and can simulate various textures using attach-
ments like textured tips [31]. These tips can also provide fric-

tion feedback by rolling as the user interacts with virtual surfaces.
However, extending the arm’s reach significantly raises costs due
to the need for stronger materials and more powerful motors. Al-
ternatively, reachability can be increased by mounting the arm on
tracks [16]. A separate robot has been employed to transport the
robotic arm anywhere within a room-sized environment [33]. Prior
work has also investigated relying on the user to take their ETHD
with them as they move through the VE [24]. A Cartesian robot, on
the other hand, has the advantage of a larger reach range and pay-
load compared to robot arms of the same cost. Researchers have
begun examining the potential of three-axes Cartesian robots for
haptic feedback [38] in the context of stationary virtual objects.
Our work examines the use of a three-axes Cartesian robot to pro-
vide haptic feedback for stationary and dynamic virtual objects, and
we investigate the extension of the physical capabilities of the robot
through redirection.

2.4 Combination of redirection and ETHD

Researchers have begun examining the benefits of combining
ETHDs with redirection. For example, Lee et al., explored the com-
bination of redirection and a robot arm to extend the reach range of
an ETHD [28]. Another prior study employed a robot that could
move on a planar surface, similar to a robotic floor sweeper, to pro-
vide feedback to a user touching stationary virtual objects on a table
in front of them [22]. When the robot is unable to reach the desired
position in time, redirection is applied to bridge the gap between the
robot and the virtual object. Other than the robot arm and sweeper
robot, redirection can also be applied to a drone [7].

Previous studies have demonstrated that redirection effectively
extends the mapping range of an ETHD from its current position.
Consequently, it is evident that redirection can readily enhance the
reachability of ETHDs. Since the target in the tasks of previous
studies was stationary, the reach range of an ETHD can be extended
by the value determined by the detection threshold measured for
hand redirection [43, 23, 18] or for stick redirection [46].

Haptic redirection for dynamic objects has not widely studied.
Moving objects may impact the detection threshold due to the un-
certainty caused by dynamic stimuli. If a dynamic object draws
the user’s attention more towards changes in their hand or handheld
stick, the detection threshold might decrease, consequently reduc-
ing the extendable range of the ETHD compared to tasks involving
stationary objects.

Furthermore, while the detection threshold of stationary objects
can extend the reach range of an ETHD, the speed disparity be-
tween virtual and physical objects becomes apparent when the vir-
tual object transitions between points outside the ETHD. If users
can readily detect this speed difference, the extendable reach range
will be smaller than that facilitated by the detection threshold of
stationary objects.

Therefore, we conducted experiments to measure the detection
threshold for two tasks involving dynamic virtual objects: a tap-
ping task and a following task. The tapping task replicates previous
studies [43, 23, 18, 46], with the distinction that the object can be
either stationary or dynamic. The following task assesses a person’s
ability to discern speed differences between virtual and physical ob-
jects. We work under the assumption that the virtual object the user
intends to touch is known. Our focus is on conducting extensive
experiments to measure detection thresholds for multiple values of
independent variables such as ETHD speed, direction of motion,
and relative position of the virtual and physical objects. Our study
aims to investigate how the dynamic properties of virtual objects
can impact the reach range extended beyond the detection thresh-
old typically measured for stationary objects.



Figure 2: System overview: the ETHD communicates with the head-
set through a server (laptop).

3 USER STUDY

We conducted a user study, with the approval of our Institutional
Review Board, to evaluate how much the reachability of an ETHD
can be extended without the user noticing. The study had two exper-
iments. The first experiment investigated detection thresholds when
redirection was used to cover the positional difference between the
ETHD and the virtual object with which the user interacted. The
second experiment investigated detection thresholds when redirec-
tion was used to cover the speed difference between the ETHD and
the virtual object. We first describe the methods common to both
experiments (Sec.3.1), then experiment 1 (Sec.3.2), followed by ex-
periment 2 (Sec.3.3), and we conclude the section with a summary
of the study results (Sec.3.4).

3.1 Methods common to both experiments

Participants. We recruited N = 25 participants with an average age
of 27.2, 17 men and 8 women, 1 never used VR before, 2 used VR
once, 18 occasionally, and 4 frequently. All participants were right-
hand dominant. The participants completed the two experiments
in two separate days, half starting with the first experiment, and the
other half with the second. Each experiment took about 30 minutes,
for a total of 60 minutes.

Implementation and setup. The participant wore a Meta Quest
2 VR headset [3] and held the controller in their right hand (Fig. 1a).
The stick the participant used to interact with the ETHD was at-
tached to the controller. The participant was seated in front of an
empty table 0.5m wide, which prevented them from reaching the
ETHD with their hand. The VR application was built with Unity
3D [5], version 2022.3.4.

ETHD. The ETHD was implemented with a Cartesian robot that
could reach anywhere in a 50 cm × 50 cm × 30 cm volume. The
robot had a speed range of 10 cm/s to 22 cm/s along the x and y
axes, and of 3 cm/s to 5 cm/s along the z axis. The ETHD was
controlled by the headset through a server, i.e., a laptop, as shown
in Fig. 2. The server was connected to the ETHD through a wired
serial connection and to the headset through a wireless TCP con-
nection. The ETHD coordinate system was registered to the head-
set coordinate system in a calibration step that relied on touching
the disk with the stick at several ETHD positions. The carried ob-
ject was a thin 3D printed PLA disk with 14 cm in diameter that
served as the physical replica of a virtual disk of the same size. The
identical disks minimized the influence of shape for the various im-
pact directions. The virtual contact between the virtual stick and
the virtual disk was synchronized to the physical contact between
the physical stick and the physical disk through redirection. We
chose the carried object to be a disk for two reasons. One is that
the redirection detection thresholds measured for virtual and phys-
ical disks disk are likely to be similar to those for other pairs of
virtual and physical objects. Second, prior work has demonstrated
shape redirection in the context of haptic feedback for VR [46]. In
other words, the physical and virtual objects do not need to be of

the same shape for believable haptic feedback, and the physical disk
has proven to be a versatile proxy for many shapes.

The physical stick, measuring 55 cm in length, was securely
attached to the right-hand controller using a 3D-printed part.
Constructed from a hollow aluminum rod, the stick possesses a
lightweight yet sturdy structure, offering both rigidity and elastic-
ity suitable for the tapping and following tasks. During Experiment
1’s tapping task, participants were directed to tap the disk’s green
side. Participants were directed to initiate the task by positioning
their hand and stick 1 meter away from the ETHD. Holding the
stick vertically, they were instructed to gradually and continuously
advance their hand and stick towards the display, as illustrated in
the supplementary video. In Experiment 2, participants were asked
to place their stick on the virtual disk to initiate movement.

Redirection. We use the prior art FreeHand redirection algo-
rithm [46], which we extend to the novel context of dynamic vir-
tual objects. FreeHand is a redirection algorithm that guarantees
the synchronization of the physical and virtual contacts. In other
words, the user sees the virtual stick touching the virtual object pre-
cisely when the user feels the physical stick touching the physical
disk. Freehand relies on a continuous prediction of the two virtual
contact points, i.e., between the virtual stick and the virtual object,
and of the two physical contact points, i.e., between the physical
stick and the physical disk. Based on the prediction of the contact
points, the virtual stick pose is adjusted to synchronize the virtual
and physical contacts. The contact point prediction is based solely
on the previous frame position of the four contact points and on the
current position of the virtual and physical sticks and objects; the
contact point prediction does not rely on predicting the motion of
the user’s hand or the motion of the virtual object, which avoids
delays between the virtual and physical contacts due to motion pre-
diction errors.

Data collection and analysis. Our study measures redirection
detection thresholds by varying the discrepancy between the phys-
ical and virtual worlds and asking the participant whether they no-
ticed the difference. We employ a binary (yes/no) design for the
user study as outlined in [42], aiming to discern any abnormali-
ties in stick or hand movements perceived by users compared to
their daily experiences or expectations. For each discrepancy value
a detection rate is computed as the percentage of ”yes” answers
over all participants and all repetitions. The detection threshold is
computed by first fitting a sigmoid psychometric function to the
(discrepancy, detection rate) data points. The sigmoid is given in
Equation 1, where x stands for the discrepancy magnitude. The
fitting process determines parameters α , β , and δ : α determines
the horizontal position of the sigmoid; β determines the inverse of
the slope of the sigmoid; and δ determines whether the sigmoid in-
creases or decreases (from left to right). Then the detection thresh-
old is computed by intersecting the sigmoid with the horizontal line
of 50% detection rate [42]. Unlike for a the two-interval forced-
choice (2IFC) design where the threshold is read at the intersection
with the 75% line, using the 50% line is appropriate for our ”yes /
no” detection threshold experimental design. Indeed, the ”yes” rate
decreases to 0% as the stimulus (i.e., the amount of redirection) de-
creases to 0, and it increases to 100% as the stimulus increases, so
the midpoint, when a majority of participants can detect the redi-
rection, is at 50%.

Σ(x;α,β ,δ ) =
1

1+ eδ
x−α

β

(1)

In addition to determining the detection thresholds, we also con-
duct statistical comparisons of the participant detection answers for
several independent variables such as ETHD speed, virtual object
speed, and discrepancy direction. We use a significance level of
α = 0.05. Two groups of the categorical data are compared us-
ing Fisher’s exact test [21]. Three groups are compared with the



Figure 3: Sigmoid psychometric functions fit to find the 12 detection
thresholds for Experiment 1. In each graph, the y axis gives the
detection rate, and the x axis gives the distance ε between the virtual
and physical objects. Negative ε values correspond to the physical
disk trailing the virtual disk, and positive values correspond to the
virtual disk trailing the physical disk. Each graph shows six sigmoids:
three for negative ε values, one for each speed, and three for positive
ε values. The detection thresholds τ are computed at the intersection
between a sigmoid and the 50% line (square dots). The τ values are
given together with the root mean square error (RMSE) of the fit.

Chi-square [35] test first; if the difference is significant, pairwise
comparisons are performed with the Fisher’s exact test using a Bon-
ferroni correction of ×3 to account for the three pairs. We used the
SciPy statistical package [39].

3.2 Experiment 1
The first experiment investigates how far apart the physical and vir-
tual disks can be before participants notice the redirection.

Task. A participant performed multiple trials. A trial consists
of a single tapping task. The participant was asked to tap the green
side of the virtual disk using the handheld stick. The redirection
algorithm changed the orientation and length of the stick to syn-
chronize the virtual and physical contacts. After the tap, the partic-
ipant was asked ”Did the virtual stick move abnormally?”, and the
participant selected either the ”yes” or the ”no” answer.

Independent variables. One independent variable is the ETHD
speed, for which the experiment investigates three values: 0 cm/s,
i.e., the ETHD does not move, 12 cm/s, and 20 cm/s. A second
independent variable is the ETHD moving direction, which is ei-
ther horizontal or vertical. The virtual object always moves with
the same speed and direction as the ETHD; a third independent
variable encodes whether the virtual object precedes or follows the
ETHD. Consequently, experiment measured 12 detection thresh-
olds (3 speeds, 2 directions, and 2 relative positions).

Data collection and analysis. The experiment collected the

”yes” / ”no” answers of participants for five values of the gap ε

between the physical and virtual disks: {0 cm, 7.5 cm, 15 cm, 22.5
cm, 30 cm}. No redirection should be noticeable for ε = 0cm when
no redirection is applied, and the redirection is clearly noticeable
for ε = 30cm. The data was analyzed with the sigmoid function in
Eq. 1, for which the x variable was the gap ε .

Procedure. A participant performed 162 counterbalanced trials:
12 independent variable value combinations × 4.5 ε values (the 0
cm value is used for both relative positions) × 3 repetitions. Prior
to each trial, the ETHD moved to the starting position, and partici-
pants were instructed to hold the stick close to their body, i.e., right
fist close to right shoulder. At the beginning of each trial, the virtual
disk appeared and started moving, in sync with the ETHD . To pre-
vent memorization, a random offset between -5 cm and 5 cm was
applied to the initial disk position. Participants were asked to tap
the disk on its green side and the green side was always the trailing
side of the disk . In other words, the stick moved in the same di-
rection as the disk, catching up to it. For the trials when the speed
was 0 cm/s, the entire disk was green, indicating that the partici-
pant could tap it on either side. If a participant attempted to tap the
disk against its motion, the ETHD and the virtual disk stopped, and
the invalid trial was discarded and repeated. In all trials, the ETHD
moved for a duration of 2 seconds, providing participants sufficient
time to see and tap the virtual disk. If this time limit was exceeded,
the trial was restarted. A countdown timer was displayed above to
inform participants of the remaining time. Before the actual experi-
ment, a participant completed 18 practice trials, two for each of the
9 ε values, for various directions and speeds.

Results. Fig. 3 shows the sigmoids fit to find the 12 detection
thresholds for Experiment 1. The RMSE indicates the average ver-
tical distance between data points and the sigmoid. The RMSE val-
ues are in the [1.4%, 4.2%] range, which indicates a tight fit. The
smallest absolute τ value is 17.4 cm, which indicates that redirec-
tion can increase the reachability of the ETHD by 17 cm horizon-
tally and vertically with fewer than 50% of the participants noticing.
This corresponds to increasing the 50 cm linear reach of the Carte-
sian motor to 84 cm, a 68% increase. Furthermore, the detection
thresholds do not decrease with ETHD speed, and the horizontal
detection thresholds increase with speed. The horizontal detection
thresholds are symmetrical with respect to ε = 0, i.e., τl and τr have
similar values, but the vertical detection thresholds are not. We fur-
ther investigate this difference below.

Influence of ETHD speed. Next we investigate whether for a
given virtual to physical gap ε the redirection detection rate depends
on the ETHD velocity. Tab. 1 compares the detection errors for all 9
ε values between the three ETHD velocities, for both the horizontal
and the vertical moving direction. The only significant differences
are for large gaps, and between the stationary ETHD (0 cm/s) and
the non-stationary ETHD (12 cm/s and 20 cm/s).

Influence of the relative position of the virtual and physical ob-
jects. The detection threshold τb is consistently smaller than τt
for all ETHD speeds, as shown in Fig. 3. We have investigated
this asymmetry by comparing detection rates between +ε and −ε

(Tab. 2). The differences are not significant for the horizontal direc-
tion, but they are significant for the vertical direction, except for the
smallest absolute value of ε =±7.5cm. We attribute this asymme-
try to the asymmetrical influence of gravity, which is aligned with
the vertical direction and not with the horizontal direction. When a
participant hits down, the physical stick accelerates until it hits the
physical disk. When the physical disk is lower than the virtual disk,
redirection decelerates the virtual stick to delay the virtual contact,
which is more unexpected and perceptually more salient than the
virtual stick accelerating faster than expected.



Virtual to physical position difference ε [cm]
-30 -22.5 -15 -7.5 0 7.5 15 22.5 30

0 [cm/s] 82.1 61.5 28.2 9 2.6 10.3 41 60.3 83.3
12 [cm/s] 59 28.2 16.7 1.3 3.8 5.1 16.7 46.2 62.8”yes” answer [%]
20 [cm/s] 52.6 29.5 17.9 5.1 2.6 5.1 16.7 32.1 66.7

p <0.001 <0.001 0.152 0.093 0.863 0.342 <0.001 0.002 0.011Chi-square test
0 vs 12 vs 20 [cm/s] statistic 16.393 23.234 3.769 4.743 0.295 2.147 16.551 12.484 8.997

0 vs 12 [cm/s] 0.008 <0.001 - - - - 0.004 0.325 0.019
12 vs 20 [cm/s] 1.558 3 - - - - 3 0.301 2.213

Horizontal

Pairwise comparison
Fisher’s exact test p 0 vs 20 [cm/s] <0.001 <0.001 - - - - 0.004 0.002 0.077

0 [cm/s] 60.3 42.3 19.2 7.7 6.4 5.1 38.5 75.6 94.9
12 [cm/s] 59 46.2 15.4 10.3 1.3 7.7 38.5 64.1 85.9”yes” answer [%]
20 [cm/s] 62.8 44.9 17.9 7.7 5.1 6.4 30.8 61.5 76.9

p 0.882 0.886 0.813 0.804 0.257 0.808 0.512 0.136 0.006Chi-square test
0 vs 12 vs 20 [cm/s] statistic 0.251 0.242 0.414 0.437 2.716 0.427 1.337 3.987 10.372

0 vs 12 [cm/s] - - - - - - - - 0.302
12 vs 20 [cm/s] - - - - - - - - 0.649

Vertical

Pairwise comparison
Fisher’s exact test p 0 vs 20 [cm/s] - - - - - - - - 0.006

Table 1: Comparison of detection rates between three ETHD speeds (0 cm/s, 12 cm/s, and 20 cm/s), for each ETHD direction (horizontal
and vertical), and for each gap ε. The three speeds are first compared together (Chi-square), and then, if differences are significant, pairwise
(Fisher’s exact). Significant differences are shown in red.

3.3 Experiment 2

The second experiment investigates how large the difference in
speed between the virtual and physical objects can be before partic-
ipants notice the redirection.

Task. The participant was asked to place the stick on a station-
ary virtual disk. Then, once contact was made, the virtual disk
started moving, and the participant was asked to keep the stick on
the moving virtual disk. The physical disk carried by the ETHD
is stationary at the beginning, and then when contact is made, the
ETHD starts moving in the same direction as the virtual disk, but
with a different speed. When the ETHD is slower than the virtual
disk, the ETHD starts ahead of the virtual disk. When the ETHD is
faster , the ETHD starts behind the virtual disk. The gap between
the physical and virtual disks starts out large , then it shrinks to 0
as the faster disk catches up to the slower disk, and then it increases
again . The motion of the disks lasted for 1.5 s. The gap is bridged
through redirection to show the virtual stick in contact with the vir-
tual disk at all times. After the 1.5 s, the participant was asked ”Did
the virtual disk have a different speed from the physical disk?”, and
the participant selected either the ”yes” or the ”no” answer.

The physical and virtual objects are not aligned at the begin-
ning of Experiment 2 to focus on the detection of speed redirection
while minimizing the confounding effect of position redirection.
Specifically, we chose an initial position for the physical and vir-
tual objects that is within the position redirection detection thresh-
old established by Experiment 1. This ensures that as the objects
move, their positions remain below this threshold. If the objects
were placed at the same initial position, noticeable position dif-
ferences would quickly arise, especially when the relative speed
between the objects is large. Such position discrepancies could in-
fluence the detection threshold for speed redirection. Therefore, by

Fisher’s exact test p for −ε vs ε [cm]
-30 vs 30 -22.5 vs 22.5 -15 vs 15 -7.5 vs 7.5

0 [cm/s] 1 1 0.129 1
12 [cm/s] 0.743 0.031 1 0.367Horizontal
20 [cm/s] 0.102 0.862 1 1
0 [cm/s] <0.001 <0.001 0.013 0.746
12 [cm/s] <0.001 0.036 0.002 0.78Vertical
20 [cm/s] 0.08 0.054 0.092 1

Table 2: Detection rate comparison for the same virtual to physical
gap size (i.e., absolute value of ε) but different virtual to physical
relative position (i.e., different ε sign).

allowing the objects to start from different positions, Experiment
2 can more reliably measure speed redirection detection thresholds
across a wider range of relative speeds.

Independent variables. One independent variable is the ETHD
speed, for which we investigated two values, i.e., 12 cm/s and 20
cm/s. A second independent variable is the motion direction, which
was either horizontal or vertical. A third independent variable was
whether the virtual disk was faster or slower than the ETHD.

Figure 4: Sigmoid psychometric functions fit to find the 8 detection
thresholds ∆ for Experiment 2. In each graph, the y axis gives the
detection rate, and the x axis gives the speed difference λ between
the virtual and physical objects. Negative λ values correspond to
the virtual disk being slower than the physical disk (∆s), and positive
values to the virtual disk being faster (∆ f ). Each graph shows four
sigmoids: two for negative λ values, one for each ETHD speed, and
two for positive λ values. The ∆ values are given together with the
root mean square error (RMSE) of the fit.



Virtual to physical speed difference λ [cm/s]
-10 -8 -6 -4 -2 0 4 8 12 16 20

12 [cm/s] 56.4% 41% 16.7% 16.7% 5.1% 11.5% 5.1% 12.8% 19.2% 34.6% 46.2%”yes” answer [%] 20 [cm/s] 28.2% 15.4% 10.3% 7.7% 10.3% 6.40% 12.8% 20.5% 25.6% 39.7% 52.6%Horizontal
Fisher’s exact test p <0.001 <0.001 0.348 0.14 0.368 0.402 0.159 0.283 0.443 0.619 0.522

12 [cm/s] 71.8% 47.4% 38.5% 20.5% 19.2% 9% 10.3% 17.9% 29.5% 38.5% 59%”yes” answer [%] 20 [cm/s] 32.1% 20.5% 15.4% 12.8% 7.7% 14.1% 14.1% 24.4% 43.6% 48.7% 67.9%Vertical
Fisher’s exact test p <0.001 <0.001 0.002 0.283 0.059 0.453 0.625 0.433 0.096 0.258 0.318

Table 3: Comparison of detection rates between two ETHD speeds (12 cm/s and 20 cm/s), for each ETHD direction (horizontal and vertical),
and for each relative speed gap λ . The two speeds are compared using Fisher’s exact test. Significant differences are shown in red.

Data collection and analysis. Experiment 2 collected the ”yes”
/ ”no” answers of participants for six speed differences λ between
the ETHD and the virtual disk. When the virtual disk was not
slower than the ETHD, the λ values are 0 cm/s, 4 cm/s, 8 cm/s,
12 cm/s, 16 cm/s, and 20 cm/s. The maximum value of 20 cm/s
was chosen to yield an initial gap between the virtual and physical
disks of 15 cm, which is below the detection threshold for station-
ary virtual objects [46]. Indeed, over the 1.5 s of motion, a 20 cm/s
speed difference corresponds to a drift between the two disks of 30
cm, which distributed evenly between the starting and ending posi-
tion corresponds to a 15 cm initial gap. When the virtual disk was
not faster then the ETHD, the λ values are -10 cm/s, -8 cm/s, -6
cm/s, -4 cm/s, -2 cm/s, and 0 cm/s. The largest speed gap of -10
cm/s was chosen such that the virtual disk moves with a speed of at
least 2 cm/s when the ETHD speed is 12 cm/s.

We investigated ETHD speeds that were both slower and faster
than the speed of the virtual object because the ETHD does not only
have a maximum speed but also a minimum speed: the Cartesian
robot cannot move slower than 10 cm/s due to physical limitations
(asking the stepper motors to produce lower speeds causes mechan-
ical vibration and noise). This way the experiment informs both on
redirection detection thresholds for a virtual extension of the maxi-
mum ETHD speed, as well as for overcoming the minimum speed
limitation of the ETHD.

The ”yes” answer rate data was analyzed with the sigmoid func-
tion in Eq. 1, for which the x variable is now the speed difference
λ . Experiment measures 8 detection thresholds, for each ETHD
speed (12 cm/s or 20 cm/s), motion direction (horizontal or verti-
cal), and virtual/physical relative position (virtual disk following or
being followed by physical disk).

Procedure. Each participant completed 14 practice trials for var-
ious λ values, ETHD speeds, and moving directions. Then each
participant completed 132 trials in counter-balanced order, cover-
ing the 11 distinct λ values, two directions, two speeds, and three
repetitions. Like for experiment 1, at the beginning of the trial the
participant is asked to retract the stick. There is no time limit, as the
trial is guided by the motion of the disk. If the participant moves
the stick off the disk before the 1.5 s, the trial is repeated.

Results. Fig. 4 shows the 8 detection thresholds ∆ measured
by experiment 2: two motion directions (horizontal and vertical)
× two ETHD speeds (12 cm/s and 20 cm/s) × two relative speeds
between the virtual disk and the ETHD (∆s for when the virtual disk
was slower than the ETHD, and ∆ f for when it was faster).

The virtual disk can be faster than the ETHD by as much as 15
cm/s before the discrepancy is noticed by more than 50% of the par-
ticipants. This reveals that the ETHD with redirection can be useful
at providing haptic feedback for dynamic objects that move consid-
erably faster than the ETHD. In other words, redirection can bring
a virtual increase of the speed of the ETHD, without the cost of ac-
tually increasing the speed of the Cartesian robot. The graphs show
that the detection rate barely reaches 50% for the highest positive λ

values, which could suggest trying even larger λ values to establish
reliably even higher detection thresholds ∆ f . However, λ cannot
be further increased as that would either reduce the contact time

below 1.5 s and participants will not have enough time to perceive
the redirection, or it would increase the initial gap between disks
beyond the detection threshold of 15 cm, revealing the redirection
from the beginning. For example, a λ = 30cm/s either implies a
contact time of (15 cm × 2) / 30 cm/s = 1 s, or, to maintain the 1.5
s contact time, an initial gap of (30 cm/s × 1.5 s) / 2 = 22.5 cm.

When the virtual disk is slower than the ETHD, redirection can
support virtual objects moving with low speed, circumventing the
Cartesian robot minimum speed limitation. For example, for the
ETHD speed of 12 cm/s, the virtual object can move with a speed
of 12 cm/s - 9.3 cm/s = 2.7 cm/s. We decided to investigate nega-
tive λ values in the range [-10 cm/s, 0 cm/s] based on a small scale
pilot study where participants consistently detected the redirection
for λ =−10cm/s. The actual experiment reveals that most partici-
pants cannot detect redirection at -10 cm/s, so the thresholds ∆s are
computed by extrapolation.

Like for experiment 1, the detection thresholds are similar for the
horizontal and vertical directions, with slightly lower thresholds for
the vertical direction, especially for larger ETHD speeds.

Tab. 3 reveals that the ETHD velocity doesn’t influence the de-
tection rate, i.e., the pairwise comparisons between the two speeds
for a given λ do not reveal significant differences. The only excep-
tions are for the cases when the virtual disk is considerably slower
than the ETHD, i.e., λ ∈ {-10 cm/s, -8 cm/s}. In these cases, when
the ETHD speed is 12 cm/s, the virtual disk moves slowly, i.e.,
with absolute speeds of 2 cm/s and 4 cm/s; when the ETHD speed
is 20 cm/s, the virtual disk absolute speeds are 10 cm/s and 12 cm/s;
the results show that the detection rate is significantly higher when
the virtual disk moves slowly, e.g., 56.4% vs 28.2% and 71.8% vs
32.1%. When the virtual object is faster than the ETHD, the detec-
tion rate is not influenced by the ETHD speed. In other words, users
are sensitive to the absolute speed difference λ and not the relative
speed difference (i.e., λ divided by the ETHD speed). While this in-
dicates that our results might remain valid for higher ETHD speeds,
it also means that these higher ETHD speeds might not increase the
range of speed differences that can be hidden through direction.

3.4 Study results summary
Experiment 1 demonstrates that regardless of the speed and direc-
tion of the ETHD, the detection thresholds for dynamic objects con-
sistently equal or exceed those for stationary objects. This suggests
that the presence of dynamic objects does not increase the user’s
focus on changes to their virtual hand or handheld stick. Therefore,
the detection thresholds measured for stationary objects in previous
studies, such as [46], can be directly applied to extend the reacha-
bility of an ETHD. This finding can be extrapolated to other stick
lengths or types of ETHD, while acknowledging that the absolute
thresholds may vary.

Experiment 2 shows that redirection can extend the speed range
of the ETHD from [emin,emax] to [5,emax + 15], in cm/s. For our
ETHD emin = 10 cm/s and emax = 22 cm/s, so [10,22] can be ex-
tended to [5,37], in cm/s.

Fig. 5 leverages the results of experiments 1 and 2 to show for
how long haptic feedback can be provided for a virtual object mov-



Figure 5: Connection between ETHD speed, reach, and longest pos-
sible haptic feedback duration, based on the detection thresholds
τ = 17cm and ∆ = 15cm/s established by experiments 1 and 2. For
the red region of the [ETHD speed × ETHD reach] plane, the ability
to provide haptic feedback is limited by the user’s ability to detect the
redirection. For the green region, the ability to provide haptic feed-
back is limited by the ETHD mechanical capabilities.

ing at the emax+15 cm/s speed. The graph connects the reach and
speed capabilities of the ETHD to the maximum virtual object
speed for which the ETHD can provide haptic feedback, and for
how long. For example, if a VR application wants to provide haptic
feedback for at least 2 s for virtual objects moving with speeds up
to 45 cm/s, the ETHD maximum speed has to be at least 30 cm/s;
furthermore, the ETHD reach has to be at least 60 cm. In Fig. 5,
point A corresponds to and ETHD maximum speed of 30 cm/s and
a reach of 45 cm, which cannot meet the 2 s requirement. Point
B corresponds to an ETHD with the same maximum speed of 30
cm/s, but with a 75 cm reach, which meets the 2 s requirement.

The plane of ETHD mechanical capabilities is partitioned by a
line in a region where the haptic feedback is limited by the ETHD
capabilities (green in Fig. 5) and a region where the haptic feedback
is limited by the user’s ability to detect the redirection (red). For A,
the haptic feedback is limited by the ETHD capabilities: the ETHD
can move for 45 cm / 30 cm/s = 1.5 s, whereas the virtual object
can move for (45+34) cm / (30+15) cm/s = 1.76 s. For B, the haptic
feedback is limited by the user’s ability to detect redirection: the
ETHD can move for 75 cm / 30 cm/s = 2.5 s, whereas the virtual
object can move for (75+34) cm / (30+15) cm/s = 2.42 s.

The graph in Fig. 5 can also be used when building an ETHD.
Given a maximum ETHD speed, the reach should be sufficient to
avoid that the reach be the limiting factor when providing haptic
feedback. For example, for an ETHD maximum speed of 30 cm/s,
the reach should be at least 68 cm (i.e., point C on graph). The
decision boundary is denoted as ET HD reach = 2τ

∆ f
ET HD speed.

In our context, this fraction 2τ

∆ f
is determined to be 34

15 . While τ

and ∆ f can vary due to factors such as stick length or prolonged
usage with redirection, the established relationship remains consis-
tent. Essentially, this equation elucidates how the reachability of
an ETHD correlates with the disparity in speed between virtual and
physical objects during following tasks.

In summary, given a desired duration of interaction, the appli-
cation cannot fully benefit from the user’s inability to detect speed
redirection unless the ETHD provides a minimum reachability. In
other words, a fast moving virtual object will run out of ETHD
reach before the desired duration of interaction is reached, even
though the low ETHD speed is not a problem per se.

4 CONCLUSIONS, LIMITATIONS, AND FUTURE WORK

We have conducted a study that investigated how much the hap-
tic feedback capabilities of an ETHD implemented by a Cartesian

robot can be extended through redirection. Specifically, we estab-
lished the redirection detection thresholds for the position and the
speed differences between a virtual and a physical object, consid-
ering multiple ETHD speeds, motion directions, and relative posi-
tions of the virtual and physical objects.

Our study has several limitations. One limitation stems from
the fact that, surprisingly, participants were not able to detect the
redirection consistently even when the virtual object was moving
slower than half the speed or faster than twice the speed of the phys-
ical object. Additional experiments should be run to improve the ro-
bustness of the measurement. Our study focuses on a single carried
object shape, with the shape having little impact on our tapping or
following tasks, but future work should replicate the experiments
for other shapes. Our study included three trials per parameter
set, providing robust measurements of detection thresholds across
25 participants, resulting in 75 yes/no responses for each virtual-
to-physical position (ε) or speed differences (λ ). Future research
could expand this by increasing trial numbers per participant for
precise threshold measurement. To manage participant fatigue, a
between-subjects design may be necessary. Once individual thresh-
olds are established, inferential statistics can determine significant
differences among ETHD speeds or movement directions.

Our ETHD has a fairly high minimum speed, so it does not sup-
port very slow virtual objects. One question that future work should
answer is what is the highest minimum speed of an ETHD to sup-
port arbitrarily small virtual object speeds, i.e., approaching zero.
Our experiments indicate that redirection detection acuity increases
for slowly moving virtual objects, so it could be that a minimum
ETHD speed of 3 cm/s is still too fast to provide extended haptic
feedback for virtual objects moving ten times slower at 0.3 cm/s.
Since ETHDs typically struggle to render low speeds, redirection
is essential to extend their usability for such scenarios. Additional
studies are needed to investigate how slowly a virtual object can
move using an ETHD with a given minimum speed, without partic-
ipants noticing the speed redirection.

Our experiments were conducted with a rigid stick of 55 cm in
length, but other stick stiffnesses and lengths might result in dif-
ferent thresholds, which future work should examine. Our experi-
ments used identical physical and virtual objects, and future work
could also investigate redirection detection thresholds for physi-
cal and virtual objects of different shape, leveraging prior work on
shape redirection [46]. Finally, future studies could also investigate
allowing the user to touch the virtual object directly, for matching
or redirected surface properties such as stiffness and texture.

Our ETHD is well-suited for outside-looking-in interactions,
where the user engages with a desktop-sized virtual world from
the outside. However, it is not suitable for inside-looking-out in-
teractions, where the user walks through the virtual environment.
For such interactions, other designs, such as drones, are preferable.
Although we chose to use a grounded Cartesian robot due to its
large reach, payload capacity, and low cost, our study could also
inform the development of other ETHD designs, including drones,
movable robotic arms, and other types of Cartesian robots.

We have demonstrated that virtual redirection can significantly
and robustly extend the position and speed range of an ETHD,
which is likely to benefit in the context of VR applications across
various domains such as education, simulation and training, and en-
tertainment. For example, our work contributes to the infrastructure
needed to stand up virtual laboratory applications where the learner
does not only see the objects but can also touch them, strengthening
the embodied cognition that has been shown to promote learning.
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