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Our cross-continental teleoperation system enables real-time control of a URSe robotic arm using an unmodified smartphone for motion input,

haptic signalling, and video-based feedback. The system employed a range of haptic cues to communicate five aspects of the physical task: contact,
gripper state, alignment, error boundary, and motion initiation. The architecture relies on commodity devices such as smartphones, web cameras, and video
streaming, thereby reducing cost and complexity compared to systems requiring specialised hardware, while still supporting precision industrial-style tasks.

Abstract— Smartphone-based teleoperation is gaining trac-
tion as a versatile remote control solution, using widely available
hardware to provide a portable and scalable interface for teler-
obotics. However, a crucial limitation of such an approach is the
lack of effective haptic feedback, which restricts accuracy and
increases operator workload. While smartphones offer a low-
entry barrier as well as both portability and scalability, carrent
interfaces rely almost exclusively on visual cues. To address
this gap, we investigate the use of symbolic haptic feedback
delivered through an unmodified mobile device to support re-
mote manipulation tasks. We designed a combined teleoperation
task that integrates object sorting and peg-in-hole insertion,
embedding five candidate haptic cues (i.e., contact, gripper
state, alignment, error boundary, and motion initiation). A
within-subjects study with 16 participants compared visual-
only and visual-plus-haptic conditions. Results show that haptic
augmentation reduced total errors by 42% and significantly
lowered perceived workload. Continuous cues for alignment and
error boundaries achieved the highest recognition rates of 94 %
and 81%, respectively, while brief state cues were less reliably
interpreted. Post-task interviews highlighted user preference for
simple, continuous, and intense signals in visually ambiguous
scenarios. Our findings provide new design guidelines for haptic
cue prioritisation and encoding strategies.

I. INTRODUCTION

The widespread digitisation of manufacturing shop floors
has driven substantial gains in operational efficiency and
adaptability [2]. Simultaneously, the increasing robotisation
of production lines has intensified the need for novel ap-
proaches to human-robot collaboration (HRC) [3]. Among
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these, remote teleoperation (i.e., telerobotics) is a critical
area, focused on bridging the gap between human operators
and distant physical robots. It is a key enabler for addressing
tasks beyond the reach of conventional automation, which
allows human operators to extend their presence and skills
into dangerous or distant environments for critical tasks like
remote manipulation, sensing, and maintenance [4].

In this context, mobile devices, such as smartphones, offer
accessible, portable, and sensor-rich teleoperation platforms,
providing advantages in scalability, cost, and usability [5].
Their usability is further enhanced by the worldwide adop-
tion of mobile devices and thereby also pre-existing and vast
familiarity with smartphone-based interaction methods. This
baseline familiarity may significantly reduce the potential
entry barrier for the operators [6]. Despite these benefits,
current smartphone-based teleoperation interfaces typically
deliver simplistic or inadequate tactile signals, limiting their
effectiveness in accuracy-critical manufacturing scenarios
[7]. Specifically, this absence of effective tactile feedback
negatively affects the precision and efficiency of teloperated
tasks, as well as the operator’s cognitive load [8]. While high-
fidelity haptic devices are available, they are often costly or
impractical for flexible or resource-constrained settings [9].

While the integration of haptic feedback into teleoperation
systems holds considerable promise [5], the specific charac-
teristics of tactile information (e.g., contact onset, slippage
direction, or force magnitude) that bring the most benefit
for encoding with smartphone-available tactile feedback,
such as vibrations, remain largely unexplored. Optimizing
symbolic haptic cues, often referred to as “factons” (short,
symbolic patterns) for smartphone interfaces, offers a novel
approach to significantly enhance teleoperation performance
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and improve overall usability [7], [10]. Addressing this gap
could help to accelerate the broader adoption of teleoperation
in new and complex environments.

Consequently, this paper presents an investigation of hap-
tic signals generated by an unmodified iPhone device to
augment smartphone-based teleoperation. Specifically, the
contributions of this paper are as follows:

1) A novel, literature-grounded smartphone-based haptics
system for industrial telerobotics.

2) In-depth experimental comparison of smartphone-
enabled robotic teleoperation with and without
vibration-based haptic feedback.

3) Empirically-driven extensions of tactons’ design prin-
ciples to smartphone-based industrial telerobotics.

II. RELATED WORK

To characterise mobile-based teleoperation in manufac-
turing, we conducted a 20-year (2005-2025) systematic lit-
erature review (SLR) following PRISMA guidelines [11].
Searches were run in Scopus, ACM Digital Library, and
IEEE Xplore, with manual backfilling via Google Scholar.
Our SLR included topics such as telerobotics in manufactur-
ing, human-robot control, haptic/tactile feedback, and mobile
interfaces. In total, 343 records were retrieved, 18 duplicates
were removed, and the remaining 325 were screened at the
metadata level. Finally, evaluating the full-text of 62 eligible
reports, we included 52 studies.

TABLE I
MOBILE-BASED TELEOPERATION THEMES AND REPRESENTATIVE
EXAMPLES IN MANUFACTURING

References

(4], [6], [12]-[24]

[4], [6], [14], [16], [25]-[35]

[2], [4], [7], [14], [15], [25], [29],
[30], [33], [36]-[39]

[16], [22], [28]-[31], [40], [41]

Application Theme
Assistance & Telepresence (15)
Operation & Production (15)
Maintenance & Repair (12)

Handling & Logistics (8)

A. Manufacturing Teleoperation Themes

Across the search results, applications of teleoperation
within manufacturing fell into four themes: (i) assistance and
telepresence, (ii) operation and production, (iii) maintenance
and repair, and (iv) handling and logistics (see Table I).

Telepresence systems combine audio—visual and, in select
cases, tactile channels for remote inspection and guidance
[12]. Immersive facilities with virtual reality (VR) or aug-
mented reality (AR) technology overlays frequently enhance
situation awareness (e.g., non-smartphone-based systems
such as remote robot guidance [13]) and education (e.g.,
smartphone-based teleoperated labs improving motivation
and confidence [6]). However, implementations remain dom-
inated by head-mounted and desktop interfaces, with mobile
solutions being in the minority.

Teleoperation supports flexible manufacturing by enabling
remote or distributed human-in-the-loop control for assem-
bly, micro-manipulation, welding, and painting [4], [14],

TABLE I
ADOPTION ISSUES FOR MOBILE-BASED INDUSTRIAL TELEROBOTICS

Challenge Type References

Limited tactile feedback Technical [71, [10], [39], [49]
Sensor reliability Technical [5], [6], [371, [42], [50]
Network reliability Technical [22], [29], [37]

Visual feedback dependency  User [17], [18], [37], [46]
Operator workload User [33], [50]

Absence of regulations Regulatory  [48]

[26]. Large initiatives demonstrate work-from-home par-
ticipation in complex assembly [27]. As above, AR/VR
augmentation is common, whereas mobile-based control is
comparatively under-represented in production settings.

In hazardous or constrained environments, teleoperation
mitigates risk and downtime. Examples include AR-assisted
disassembly of EV batteries [25] and smartphone-based error
recovery [37]. These studies underscore the potential of
lightweight devices but also reveal limits tied to sensing,
feedback fidelity, and standardisation.

Warehouse teleoperation encompasses the supervision of
remote vehicles (e.g., forklifts) and exception handling, in-
cluding commercial deployments and oversight [40]. Immer-
sive frameworks improve visualisation and precision [28],
[31], while smartphone-based control remains less common.

Across themes, the literature emphasises immersive and
desktop interfaces, while only a few studies investigate
smartphone-based teleoperation despite its ubiquity and cost
advantages. Moreover, when smartphones are used, haptic
feedback is typically simplistic or absent, leaving open which
tactile events should be encoded and how to encode them for
reliability under cognitive load. This gap motivates our focus
on symbolic haptic cue design for smartphone teleoperation.

B. Smartphones as Teleoperation Interfaces

Smartphones combine portability, broad operator famil-
iarity, as well as rich on-board sensing and actuation [5],
[42], enabling intuitive gesture-based control and rapid on-
boarding [37], [43]. Empirical prototypes have demonstrated
real-time manipulation and telepresence in manufacturing-
adjacent contexts [6], [44], [45]. Alongside these benefits,
three constraints classes recur (see Table II): technical limits
(i.e., sensor reliability in dynamic or occluded scenes; haptic
fidelity; network latency) [7], [37]; user factors (e.g. visual
dependence, depth ambiguity, fatigue) [18], [33], [46], [47];
and regulatory gaps (i.e., validation, safety, and interoperabil-
ity standards) [48]. These constraints converge on the need
for principled tactile augmentation to ease visual load and
improve precision.

C. Haptic Feedback for Teleoperation

Cutaneous feedback improves situational awareness and
can lead to a reduction in force and placement errors in
manipulation tasks, particularly when visual depth cues are
ambiguous [9], [51], [52]. In smartphone contexts, haptic
tactons, offer a practical means to encode salient events
(i.e., contact, boundary approach, and alignment) within the
constraints of mobile actuators [7], [10]. Prior studies have
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shown that simple haptic cues can lower response times and
error rates despite limited information bandwidth [53]-[55].
However, existing implementations rarely (i) prioritise which
cues most benefit teleoperation, or (ii) validate encoding
strategies under realistic cognitive load on smartphones.
We address this gap threefold. First, we derive a func-
tional set of smartphone-compatible cues from the literature.
Second, we implement them as symbolic haptic patterns on
an iPhone. Finally, we empirically compare visual-only vs.
visual-plus-haptics in representative manipulation tasks.

III. HAPTIC ENHANCED TELEOPERATION
A. Identification of Relevant Haptic Domains

A key challenge in smartphone-based teleoperation is the
absence of validated haptic cues tailored to precision and
safety. To address this, we conducted a second targeted
literature review, also following PRISMA [11], which led
to the inclusion of 13 directly relevant studies.

Symbolic haptic feedback, previously labelled in literature
as “tactons”, haptic icons, or cues, uses haptic vibration
motors to encode interaction events as abstract tactile signals
[10], [56], [57]. Unlike grounded haptic devices, these cues
act as lightweight symbolic markers (e.g., object contact,
boundary alerts, or orientation guidance). Prior work shows
they improve situational awareness and reduce cognitive load
despite limited haptic bandwidth [58], [59].

From the literature, four functional roles emerge: (i)
event-specific feedback (e.g., collisions, grasps) [60], (ii)
contact/force acknowledgement cues [54], [61], (iii) align-
ment/orientation guidance (e.g., for insertion or assembly)
[62], [63], and (iv) error or safety alerts (e.g., warning of
hazards or boundary violations) [10], [37], [64].

Common encodings include paired pulses for state changes
[56], [65], short pulses for contact detection [63], [66], con-
tinuous vibrations for alignment [64], and repeated patterns
for error alerts [56]. Optimisation strategies such as intensity
modulation, temporal patterning, and adaptive cue design
improve discriminability [10], [37], [56].

TABLE III
SELECTED HAPTIC CUES, THEIR SIGNAL CHARACTERISTICS, AND
ACTIVATION SCENARIOS FOR SMARTPHONE-BASED TELEOPERATION

Domain Signal Type Activation Scenario
Contact Short discrete pulse  Object grasping

Error Repeated buzz Zone breached

State Paired pulse Gripper opened/closed
Spatial Guidance  Continuous Correct pose detected

Spatial Guidance  Triple pattern Movement initiated

On this basis, we selected five cues for empirical testing
(see Table III): (i) contact detection, (ii) gripper state, (iii)
alignment guidance, (iv) error alerts, and (v) motion initia-
tion. This minimal set strikes a balance between interpretabil-
ity, cognitive load, and smartphone-imposed constraints.

B. Smartphone-Based Haptic System

We developed our system on top of an iPhone-deployed
TeleopLab platform [6]. The base system was reconfigured

Fig. 3. Task architecture and zone layout (not at scale).

while retaining the overall interaction loop. The remote cell
used a URSe! robotic arm with a Robotiq 2F-85 gripper?
mounted on an 81 x 56 cm table. The mobile client ran on
an unmodified iPhone 13 Pro Max, with visual feedback in
the local lab shown on a 15-inch MacBook Air via Zoom.
A ROS Noetic (Ubuntu 20.04) stack handled logging, zone
evaluation, and the client API.

To balance the field of view and cognitive load, we
employed three web cameras, namely, an overview, side, and
end-effector perspective (see Fig. 1), mounted on a custom
3D-printed bracket. Joint speeds were capped at 50% of the
URS5e’s rating, limiting TCP velocity to < 250 mm/s in line
with ISO 10218-1 [67] and ISO/TS 15066 [68].

Local haptics were rendered via Apple CoreHaptics using
five symbolic vibration patterns. Participants used a portrait-
oriented iPhone to control a URS5e robot through direct
pose mirroring. ARKit-derived 6-DOF handset poses were
mapped to the robot’s Cartesian tool center point, with
rotational constraints applied to improve stability. Teleoper-
ation was initiated via UDP streaming and on-screen gripper
toggles. A ROS node logged state data (pose, collisions,
regions) to MySQL and exposed it via a Flask API. The i0S
client polled this API at 5 Hz, decoding RobotPoseDTO to
trigger haptic cues upon entering alignment or error zones.
Guidance was gated by a flag to avoid spurious feedback.

IV. USER STUDY
A. Participants

We recruited sixteen participants (7 male, 9 female; age
M = 23.9, SD = 1.3, range 22-27) using an opportunity
sampling method. Most reported limited or no prior robotics
or teleoperation experience (14/16), though all were familiar
with smartphones. With respect to assembly or manufactur-
ing, only 7 reported prior familiarity.

B. Experimental Design and Task

The study adopted a within-subjects design to evaluate
the influence of haptic augmentation on smartphone-based
teleoperation. The independent variable was the feedback
modality with two conditions: (i) visual-only baseline, and

1'Universal Robots, “Robot step file—URSe/UR7e—e-series,” https:
//www.universal-robots.com [Accessed: 15 August 2025]
2Robotiq, https://robotiqg.com/ [Accessed: 15 August 2025]
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(ii) visual-plus-haptics condition in which symbolic haptic
cues were delivered through the smartphone interface. This
structure enabled direct performance comparisons between
modalities while controlling for inter-participant variability.

Visual feedback was delivered via a three-view camera
display, while haptic feedback was transmitted via the hand-
set. Continuous vibration-guided alignment during insertion
approaches, with rhythmic alerts signalling boundary viola-
tions. Discrete tactile cues confirmed grasp or toggle events.

We designed a combined teleoperation to consist of two
sequential components: (i) object sorting and (ii) peg-in-
hole insertion (see Fig. 3). The sequence was designed to
embed all five symbolic haptic cues into a natural workflow,
ensuring that each cue type could be tested in realistic
contexts rather than isolated trials.

In the sorting phase, three colour-coded blocks (blue,
green, yellow) were used to enforce a fixed pick-and-place
order and unambiguous mapping between each block and its
target location. Colour served only as instructional scaffold-
ing, while the blocks varied in shape and length to introduce
manipulation variability and mitigate learning effects. This
gross-motor manipulation required repeated grasp-release
cycles, systematically triggering contact detection cues at the
moment of grasp and release, and gripper state cues on each
open/close action. Sorting reflects common industrial tasks
such as bin-picking and palletising, and provides multiple
repetitions to assess whether users could reliably interpret
discrete event-based cues under load.

The insertion phase required participants to guide a block
into a narrow pegboard slot. This precision subtask was
chosen because insertion is widely regarded as a benchmark
for assessing operator awareness and fine motor alignment
in teleoperation [69]. Alignment cues were triggered when
the gripper entered predefined staging and task zones around
the target slot, providing continuous haptic guidance until
successful insertion. This allowed for the controlled testing of
whether haptic feedback improved spatial awareness beyond
that offered by visual information alone.

To probe the effectiveness of safety-critical alerts, an
A6-sized (105 x 148 mm) error zone was defined at the
centre of the workspace, marked physically on the table
and implemented virtually in the controller. Entering this
region, or moving the end effector off the tabletop, triggered
error cues that simulated real-world boundary violations. In
contrast, alignment zones acted as positive guidance regions,
ensuring that participants encountered both supportive and
corrective feedback within the same task.

Finally, each trial began with a motion initiation cue
upon activation of teleoperation. This ensured participants
consistently experienced all five cue types within a single,
repeatable workflow. By integrating gross and fine manip-
ulation with structured error and alignment zones, the task
design directly addressed the study’s research questions, i.e.,
which cues are most recognisable, which encodings are most
effective, and whether haptic-enabled feedback improves task
performance in realistic manufacturing-style teleoperation.

TABLE IV
HAPTIC ENCODINGS AND TRIGGERS (CONDENSED).

Cue Encoding (engine; timing) and trigger

Contact CoreHaptics transient (1.0/1.0) at t=0; +0.8 s after
<Gripper> close.

Ullmpact (heavy) x2 at t=0, 0.18s on toggle.
CoreHaptics continuous (0.7/0.6) up to 120s; ac-
tive in A5/A6 if phone downward; 0.2 s tail-off.
CoreHaptics transient x3 at t=0, 0.07, 0.13s;
repeats every 0.5s in A4 or off-table.

Ullmpact (heavy) short-long—short at ¢=0, 0.09,
0.24s on Start Teleop.

Values in parentheses are intensity/sharpness; A4/A5/A6 are defined zones

Gripper (state)
Alignment

Error (boundary)

Motion (activ.)

C. Experiment Protocol

The experiment took place across the Atlantic Ocean, with
participants physically present in Europe and the robotics
setup located in North America. Given the intercontinental
setting, we conducted a post-experimental latency character-
isation to quantify end-to-end system delay. Round-trip con-
trol latency, measured via timestamped command-response
logging across the UDP pipeline, averaged 300 ms, with a
maximum observed delay of 500 ms falling within common
ranges for teleoperation [70].

After providing informed consent, participants completed
a pre-experiment questionnaire that captured their demo-
graphics and prior experience with robotics, teleoperation,
and assembly tasks. Next, participants were then familiarised
with the smartphone interface, which provided three con-
trols: Start Teleop (motion mirroring), Open/Close Grip-
per, and Reset. Training involved a simple pick-and-place
task, repeated as needed until participants were comfortable,
or 10 minutes of training had elapsed. Before continuing,
participants completed the Simulator Sickness Questionnaire
(SSQ) [71] to check for pre-existing discomfort (e.g., nausea,
oculomotor disturbance). Only those reporting no significant
symptoms proceeded.

The main study comprised the two counterbalanced con-
ditions: visual-only (control) and visual-plus-haptic. Each
participant completed the full teleoperation task once under
each condition. During each trial, we captured task com-
pletion time, defined as total duration from task initiation
to successful completion, further decomposed into three
sub-blocks to capture performance patterns [72]. We also
recorded the error rate defined as the count of error-zone
entries (validated via pose data), object misalignments or
drops, and unintended collisions (recorded manually).

After each trial, participants completed the NASA Task
Load Index (NASA-TLX) to track perceived cognitive
taskload [73], System Usability Scale (SUS) to capture over-
all usability rating of the interface [74], and Flow Short
Scale (FSS) to measure perceived flow (deep involvement,
concentration and focus on a task) and anxiety during task
execution [75]. The experiment concluded with a semi-
structured interview and a cue recognition test guided by
the Technology Acceptance Model (TAM) [76]) covering
perceived usefulness, ease of use, and helpfulness of cues.

Finally, a cue recognition test assessed interpretability:
participants were presented with vibration patterns and asked
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TABLE V
DESCRIPTIVE RESULTS OF OBJECTIVE PERFORMANCE MEASURES AND CUE RECOGNITION BY FEEDBACK CONDITION

Performance Measures

Measure Condition N Min Max M SE 95%-CI1

Total Errors Visual-only 16 2 12 5.94 0.82 [4.33, 7.55]
Visual-plus-haptic 16 0 8 344  0.65 [2.16, 4.71]

Task completion time (min)  Visual-only 16 6.05 2297 1058 1.21 [8.22, 12.94]
Visual-plus-haptic 16 5.12 17.37 9.28 0.99 [7.34, 11.21]

Cue Recognition Test

Measure Cue N  Accuracy (%) SE 95%-CI

Cue Recognition Contact (detection) 16 25.00 11.18 [10.18, 49.50]
Gripper (state) 16 18.75 10.08 [6.59, 43.01]
Alignment 16 93.75 6.25 [71.67, 98.89]
Error (boundary) 16 81.25 10.08 [56.99, 93.41]
Motion (activation) 16 62.50 12.50 [38.64, 81.52]

to identify the corresponding event (e.g., contact, gripper
closed), enabling analysis of recognisability and confusion.

Fig. 4. Task completion time by feedback condition (circle = an outlier).

V. USER STUDY RESULTS

Statistical significance was evaluated at a conservative
level of @« = 0.05. A z-score outlier screen (|z| < 3)
identified no outliers. Descriptive summaries for the objective
measures and cue recognition are provided in Table V.

A. Objective Performance

The Shapiro-Wilk and Levene’s tests of the natural-log
transformed values revealed normality and homogeneity.
A paired t-test showed no significant difference between
conditions, ¢(15) = 1.85, p = 0.082, though visual-plus-
haptics trended faster by ~ 7.8s on average. A two-way
repeated-measures ANOVA with factors condition and block
(blue cube, green cylinder, yellow cuboid) confirmed a main
effect of block, F(2,30) = 4.80, p = 0.016, with green
slowest and blue fastest, but no condition or interaction
effects (see Fig. 4). Here, the block reflects the sequential
execution of three distinct block—target pairings included to
capture within-task difficulty and learning effects.

Errors comprised collisions, zone infringements, and
misalignments (see Fig. 5). Counts were modelled with
a log—Poisson general linear model (GLM) after verify-
ing Poisson adequacy at the condition level using Kol-
mogorov—Smirnov tests. Haptic augmentation significantly
reduced total errors (y?(1) = 10.41, p = 0.001, exp(B) =

Fig. 5. Robot end effector pose plot example overlaid onto an image of
the task setup, recorded during visual-only conditions.

0.579) corresponding to an estimated ~ 42% reduction
relative to visual-only (see Table V). A repeated-measures
ANOVA (condition X error type) corroborated main effects
of condition (F(1,15) = 852, p = 0.011) and error
type (F(2,30) = 13.55, p < 0.001), without interaction,
indicating a consistent reduction across error categories.
Recognition was highest for alignment (93.75%) and error
(81.25%), moderate for motion (62.50%), and near chance
for contact (25.00%) and gripper (18.75%) (see Table V).
Binomial tests against a 20% chance level (five-option identi-
fication) confirmed above-chance recognition for alignment,
error, and motion (p < 0.001), but not for contact (p =
0.402) or gripper (p = 0.648). A logistic regression indicated
that gripper cues were significantly less recognisable (5 =
—4.17, p = 0.001), consistent with participants’ reports.

B. Subjective Evaluations

Weighted NASA-TLX scores were significantly lower with
haptics (¢(15) = 2.93, p = 0.010 Cohen’s d = 0.73) (see
Fig. 6). However, in light of recent NASA-TLX critiques, we
advise caution when interpreting the overall weighted score
[77]. Median reductions were most evident for mental de-
mand, effort, and frustration, suggesting a practically mean-
ingful decrease in workload with haptic-enabled feedback
and a more consistent user experience compared to the high-
variance workload perceptions of the non-haptic condition.
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Fig. 6. TLX scores by feedback condition (0 = low demand, 100 = high
demand; for performance, 0 = perfect and 100 = failure; circle = outlier)

System Usability Scale (SUS) Scores by Condition

=

B Visual-only
90 B Visualplus-Haptic

SUS Score

Visual-only Visual-plus-Haptic

Fig. 7. SUS scores by feedback condition (higher score is better).

Received usability was acceptable under both conditions
(visual-only M = 70.16, haptics M = 73.59). However,
the mean difference was not significant (¢(15) = —1.15,
p = 0.270) (see Fig. 7).

Fig. 8. FSS scores by feedback condition, separated into Flow (left) and
Anxiety (right) dimensions (higher flow and lower anxiety are better).

Flow trended higher with haptics (M = 5.94 vs. M =
5.68) with a moderate effect size, but did not reach sig-
nificance, t(15) = —2.03, p = 0.060. Also, anxiety did not
differ between the two conditions (M = 3.29 vs. M = 3.19),
t(15) = —0.31, p = 0.758 (see Fig. 8).

C. Qualitative Feedback

Interview data converged on three themes that contextu-
alise the quantitative findings. First, participants described
clear benefits of haptics. Here, 12/16 preferred the haptic-
enabled condition, citing improved spatial awareness and
more reliable boundary detection, particularly when visual

depth cues were ambiguous. Second, cue interpretability var-
ied systematically, specifically, alignment and boundary-error
feedback were deemed intuitive and continuous, whereas
contact and gripper cues were often ambiguous or con-
fusable, mirroring the recognition results. Third, usability
considerations centred on depth perception, camera distor-
tion, and end-effector orientation. Several participants noted
small on-screen controls and edge-adjacent placements that
contributed to miss-clicks and inflated error counts. Despite
these issues, the interface’s overall simplicity was valued.

VI. DISCUSSION
A. Implications for Smartphone-Based Teleoperation

The study results demonstrate a clear hierarchy of cue
usefulness and interpretability. The alignment and bound-
ary—error feedback achieved the highest recognition rates
(93.75% and 81.25%, respectively), motion initiation was
moderate (62.50%), and brief, discrete state cues, i.e., con-
tact, gripper were near chance (25.00%, and 18.75%, re-
spectively) as shown in Table V. Based on these results, we
arrived at three design guidelines offered below.

Interviews converged on the same pattern, i.e., continuous
guidance was described as “noticeable” and ‘“‘confidence
building”, while rhythmic error alerts were “clear” and “hard
to miss”, whereas single taps were frequently overlooked or
confused. Thereby, what the cue communicates (alignment,
boundary) and how it is encoded (continuous or rhythmic
versus brief transients) jointly determine effectiveness. This
extends previously established tacton design guidance [10]
to the smartphone teleoperation with limited actuation band-
width, salience through temporal extent or repetition is more
reliable than isolated pulses for semantically rich events.

Qualitative comments attribute the accuracy (estimated
~ 42% error reduction) and lower workload benefits to
clearer boundary awareness and easier fine alignment under
visually ambiguous viewpoints. This matches prior findings
that cutaneous cues can reduce slips and improve certainty of
state [7], [9] while not necessarily accelerating task execution
in repetitive regimes [33].

Three design guidelines follow directly from our study
results. First, prioritise alignment and boundary cues as
primary channels on phones as they carried the largest
perceptual and behavioural payoff in our task, and they
generalise to many industrial workflows. Second, encode
high-stakes events with continuous or rhythmic tactons. If
state cues are required, increase separability with paired or
patterned pulses rather than single transients, and consider
intensity and tempo modulation to communicate proximity
or severity, consistent with transformational tacton principles
[10]. Third, treating haptics as a remedy for visual ambiguity
is not a replacement for interface ergonomics. The partici-
pants highlighted depth perception, orientation management,
and small or edge-adjacent buttons as usability impediments.
Therefore, while haptic confirmation is helpful, the camera
layout and user interface must also be carefully designed.

These findings bridge two strands of work, i.e., teleop-
eration safety and accuracy with haptic augmentation [7],
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[9] and tacton design for mobile and assistive contexts [10].
Unlike grounded kinesthetic devices, smartphones constrain
force bandwidth. Nonetheless, by selecting which events to
represent (e.g., alignment, boundary) and how to render them
(e.g., continuous, rhythmic), we observe substantial accuracy
and workload benefits on commodity hardware.

B. Limitations and Future Work

Generalisability is constrained by the participant profile,
laboratory setting, and task duration. Real production en-
vironments introduce shift-length fatigue, distractions, and
richer error taxonomies. Results also reflect a single smart-
phone actuator, while device-to-device variance may shift
perceptual thresholds. Future work should therefore recruit
professional operators, extend trial horizons, and test au-
dio—vibro fusion under variable latency.

VII. CONCLUSION

In this work, we examined whether, and how, symbolic
haptics on unmodified smartphones can enhance teleop-
eration in manufacturing-relevant tasks. Across objective,
subjective, and qualitative measures, haptic-enabled feedback
produced a robust reduction in errors (about 42%) and a
significant decrease in perceived workload. At the same time,
task completion time and usability remained comparable
to those of the visual-only control. The pattern of cue
recognisability and interview reports converged on a simple
rule: prioritise what matters (e.g., alignment, boundary) and
render it with encodings that are continuous or rhythmic
rather than brief and discrete.

Practically, these findings yield actionable guidance for
industrial-related deployments such as implementing align-
ment and boundary tactons as first-class signals; encoding
state changes with paired or patterned pulses if needed;
exploiting intensity and tempo to convey confidence or
proximity; and addressing visual ambiguity and interface
ergonomics alongside haptics. Our results also extend tacton
design principles to the smartphone teleoperation context,
showing that even with limited actuator bandwidth, mean-
ingful safety and quality gains are achievable on commodity
smartphone devices.

Future studies should validate these findings with expe-
rienced operators in production settings over longer hori-
zons, systematically optimise encodings for state and contact
events, integrate depth- and orientation-aware assistance,
and explore multi-sensory fusion under realistic network
conditions. Taken together, these steps will refine a principled
“haptic language” for mobile teleoperation and accelerate its
adoption in smart manufacturing.
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