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Figure 1: Unexpected body actuation introduces critical challenges. In this work, we (a) focus on three key motion properties of

body-actuating systems that could be conveyed to users prior to actuation, and (b) compare variations of different proprioceptive

cues that communicate these properties either by interrupting or augmenting ongoing user motion with additional torques.

Abstract

Systems actuating the body can proactively assist users in diverse
tasks. However, unexpected body actuation may pose safety risks.
We propose proprioceptive feedback to inform users about an im-
minent actuation before the system takes control. In a user study,
we compare different proprioceptive cues that either interrupt or
augment user motion to convey (1) solely that a body actuation is
imminent, (2) its direction, or (3) its target. To enable a controlled
investigation, we confined the cues to one degree-of-freedom joints
and implemented them in an elbow exoskeleton. The results show
that all cues are highly noticeable, offering an integrated feed-
back channel; yet, their effectiveness in communicating direction
and target differed: While cues that augmented user motion were
more accurate and preferred, disruptive cues enabled faster but
less accurate interpretations. Furthermore, our analysis revealed
that proprioceptive feedback enhanced the expressiveness of the
conveyed information and user’s aspirations for adaptive feedback.
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1 Introduction

Systems that physically actuate the human body, like electrical
muscle stimulation [63, 80] or exoskeletons [55, 83], are gaining
attention in HCI for their potential to enhance physical abilities. For
instance, they can assist in physically demanding tasks [6], support
motor learning [85] or aid activities of daily life [37].

But while these systems are traditionally expected to follow user
intentions, there is also a need for mixed-initiative interactions,
where both user and system proactively initiate actions, enabling
systems to act more like partners [33]. System-initiated actuation
can occur in various situations and ways: For instance, brief system
interventions may prevent hazards unknown to the user, like adjust-
ing lifting posture when sensors detect an obstacle while the user
carries a box downstairs to avoid collision. Beyond safety, systems
may support movement when assistance is needed, such as cor-
recting unergonomic postures or guiding sports movements (e.g.,
golfing [58]) after repeated failed user attempts. In extreme cases,
they may take full control, e.g., to improve task efficiency [59] or
complement user expertise [32].
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However, system-initiated actuation may surprise users or con-
flict with their intentions. To prevent such mismatches, systems
should inform users about their intention to move (ormotion intent).
We envision that communicating motion intent prior to actuation
helps users build expectation, assess its appropriateness and in-
tervene if needed, preserving a sense of control over their body.
Yet, little is known about conveying imminent motions in body-
actuating systems.

Unlike visual and auditory strategies for conveying intent in
off-body robots [25, 52, 60], haptic feedback suits environments
where these channels are unavailable or overloaded, such as in
noisy or visually cluttered settings [71]. For body-actuating sys-
tems, proprioceptive feedback, a haptic modality resulting from
physical movement of the limbs [47], is particularly interesting for
conveying intent: It aligns with the natural feedback capabilities of
body-actuating systems and delivers the information directly to the
affected body part. Yet, proprioceptive feedback remains underex-
plored, and we lack a principled understanding of its effectiveness
for communicating motion intent.

In this paper, we contribute insights from amixed-methods study
investigating the potential of proprioceptive feedback to communi-
cate motion intent of body-actuating systems. The study focuses
on three properties of motion intent critical for body-actuating
systems: They either inform the user (1) only that an actuation is
imminent, or provide additional information about (2) its direction
or (3) its target. For each property, we designed brief proprioceptive
cues informing the user about the imminent actuation based on
distinct strategies that either interrupt or enhance ongoing user
movement (see Figure 1). To provide a controlled yet representative
case for a principled investigation, we investigated those cues in
one degree-of-freedom (DoF) motions of hinge joints capable of
flexion and extension and implemented them in a proof-of-concept
elbow exoskeleton. The exoskeleton was chosen for its precise con-
trol over relevant parameters while requiring minimal calibration,
and the elbow for its relevance in everyday activities [24].

For each property, we assessed how quickly, accurately, and con-
fidently users interpreted the cues and gathered qualitative insights
from interviews. Results reveal that all proprioceptive cues have
high noticeability, yet varied in their effectiveness of conveying
intent: interruptive cues were fastest to interpret, while those aug-
menting motion were interpreted more accurately and confidently
and integrated more seamlessly with the user activity, making them
the preferred user choice. Qualitative feedback shows users’ desire
for adaptive, personalized cues and suggests that the proprioceptive
cues differ in their perceived urgency and add an affective layer
of interpretation. We contextualize these findings by comparing
them to prior studies that have assessed the effectiveness of distinct
feedback modalities.

In summary, this paper makes the following contributions:

• We propose proprioceptive feedback as an embodied means
to convey motion intent of body-actuating systems.

• We designed interpretable proprioceptive cues for 1 DoF
hinge joints and implemented them in an elbow exoskeleton.
The cues either inform the user about the intended motion
onset, direction or target.

• Results show that interruptive cues were interpreted fastest,
while augmenting cues yielded higher accuracy, confidence,
and seamless integration. We discuss the trade-off between
response time and interpretation accuracy, users’ aspirations
for adaptive feedback, and the affective dimension of body-
actuating systems.

2 Related Work

Our work is motivated by the growing interest in body-actuating
systems, the need for interpretable behavior, and research on wear-
able output modalities in HCI.

2.1 Body-actuating Systems

Prior work explores diverse approaches to actuating the body. One
approach is Electrical Muscle Stimulation (EMS), which induces
muscle contractions to actuate the body (e.g., [30, 80]). Magnetic
Muscle Stimulation and Transcranial Magnetic Stimulation have re-
cently emerged as alternatives using magnetic stimulation [81, 82].
Exoskeletons represent a non-invasive form of body actuation
through external structures which apply forces directly to the limbs
using, e.g., motor-driven [26, 55], pneumatic [27] or hydraulic [22]
actuation. Alternatively, string-based systems actuate the body by
pulling strings attached to the user and can be powered via body-
worn motors [15, 23], stationary cage-like structures [68], or mobile
devices such as drones [34]. Other systems actuate the body through
handheld devices using techniques such as air propulsion [31] or
flywheel-based torque cues [91]. These body-actuating systems
have a wide range of applications, from personal contexts such as
gaming [83, 86], navigation [63] and skill acquisition [85], to more
professional contexts in industry [6] and rehabilitation [65]. How-
ever, the systems can also pose usability and safety risks when ac-
tuation occurs unexpectedly [50] or misaligns with user intentions,
impacting users’ sense of agency [39]. Hence, this paper explores
methods to inform users of imminent body actuation before the
action takes place.

2.2 Interpretability of Actuated Systems

When interacting with a system, it is essential for users to under-
stand what actions they can perform and to anticipate those the
system may take. The former is supported through feedforward

interactions, which show the user the available actions and out-
comes [56, 84], the latter through intent communication. Here, the
system communicates its own forthcoming actions to the user to
enhance interpretability. Intent communication has primarily been
applied in physical domains, such as in autonomous driving, where
takeover requests may include contextual cues for safer handover
of control [46], and robotics, where robots convey intended targets
or trajectories to align user expectations [9, 61] and improve safety,
interaction quality, and efficiency [5, 17, 78]. Since body-actuating
systems directly affect the user’s body and surroundings, and users
often have limited time to prepare in case of system-initiated actua-
tion, communicating system intent is critical. Prior work proposed
different concepts for evaluating a system’s interpretability [9],
distinguishing cases where users know the system’s goals from
those where they do not. The latter is most relevant here, as users
may lack awareness when actuation occurs unexpectedly. A key
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concept in this context is legibility, describing a system’s ability to
quickly and clearly convey its intended motion to users [16, 18].
Informed by this notion, we assess the proposed proprioceptive
cues based on how quickly and accurately users interpret them.

2.3 Wearable Output Modalities

Prior work has explored diverse feedback modalities for deliver-
ing notifications in a wearable form factor, including visual, au-
ditory, and haptic feedback (e.g., [4, 67, 74, 88]). Haptic feedback
has emerged as a promising modality as it allows for eyes- and
ears-free interaction and can complement or replace other modal-
ities when those channels are occupied. Leveraging the body as
a feedback channel, these embodied notifications [71] enable di-
rect, targeted communication. Beyond communicating that some-
thing is happening, prior work also used haptic feedback to encode
semantic information. For instance, cutaneous cues may provide
directional information to support motor learning [54], naviga-
tion [28], posture correction [73] or inform users about actions
of their prosthesis [76]. Proprioceptive feedback, referring to the
body’s ability to sense the position, orientation, and movement of
limbs, joints, and muscles [70], offers an alternative channel, e.g.,
for delivering notifications [8], take-over requests in autonomous
vehicles [21], or for conveying spatial or temporal information for
obstacle avoidance [72], motion guidance [11], or prosthetics [1].
However, proprioceptive feedback remains underexplored com-
pared to other haptic modalities and has not yet been considered
for intent communication. We address this gap by comparing tech-
niques for conveying motion intent of body-actuating systems via
proprioceptive feedback and relate our findings to prior work on
wearable output modalities.

3 Approach

Unexpected body actuationmay impact user experience and safety [50,
57]. Thus, we posit that body-actuating systems should inform users
about an imminent actuation and relevant details to help users build
expectation.

We propose proprioceptive feedback to convey such motion
intent, as it can seamlessly integrate with the motion apparatus,
provides a low-friction channel for embodied notifications, and
also allows to encode more specific properties of an upcoming
motion. Furthermore, it does not interfere with sensory channels
required for the primary task and works in noisy or visually clut-
tered environments. We provide this feedback directly at the locus
of interaction, i.e., where the actuation occurs. Such localized feed-
back lets users forefeel imminent actuation at the affected body part,
easing direct mapping and interpretation of information compared
to feedback relocated to other body parts. This can be especially
beneficial when multiple body parts are augmented, preventing
perceptual overlap and preserving intuitive mapping.

In the following, we first establish fundamental motion prop-
erties to convey in body-actuating systems, then derive different
proprioceptive cues for each property, tailored to one degree-of-
freedom (DoF) hinge joints with flexion and extension capabilities.
We then present a prototypical implementation using an elbow
exoskeleton.

3.1 Conveying Fundamental Properties of

Motion

Informed by the properties of motion intent considered in prior
work (e.g., [41, 44, 52, 61]), this paper focuses on three properties
that are particularly relevant for body actuation. They build on
each other, from just communicating that the system intends to
actuate the body, to also communicating the extent and direction
of that imminent body actuation.

The onset of a motion is the most fundamental information,
simply signaling that a body actuation is about to happen. It is
implicitly included whenever a system expresses any motion intent
prior to carrying out the motion.

Second, it is also important to inform the user of the specific
intended direction in which the system wants to move. While
direction is frequently employed as an important property ofmotion
intent, e.g., for mobile robots [51, 52, 79] or humanoids [52], it is
particularly relevant for body-actuating systems as torques applied
in unintended directions can cause injuries [57]. For body-actuating
systems, direction of motion can be naturally defined relative to the
current position of the body. For 1 DoF hinge joints, this is either
towards flexion or extension.

Conveying the intended target of a motion has been extensively
researched in human-robot interaction literature, e.g., [16, 41, 78,
87], but remains an open challenge for body-actuating systems.
Similarly to a direction intent, we define the target as relative to
the body, rather than in 3D world coordinates, and decompose
it into (1) the direction of the target and (2) the extent of motion
required to reach the target relative to the user’s body. Hence, the
system informs the user how far in a specific direction it intends to
move. Communicating the motion extent is particularly relevant
for body-actuating systems to prevent hazardous situations where
ergonomic and safe kinematic limits may be exceeded [50].

3.2 Interpretable Proprioceptive Cues

For each motion property, we propose different proprioceptive
cues that seamlessly blend with the user’s motion to convey the
respective information prior to system actuation. Fundamentally,
we distinguish between cues that interrupt a user’s motion for
the duration of the cue (see Figure 2a) – standalone, as traditional
notifications often are – and cues that augment it by applying
additional torques (see Figure 2b and c) – like a dance instructor
guiding posture.

We first conducted an open-ended brainstorming phase to gen-
erate a broad set of candidate cues for each motion property, which
we refined into a smaller set of fundamental variants. We then sys-
tematically altered these variants by fine-tuning and user testing
key physical parameters (e.g., speed and angular displacement). In
the following, we describe the proprioceptive cues and outline their
underlying parameters.

3.2.1 Conveying the onset of an imminentmotion. For body-actuating
systems that intend to communicate only the motion onset, we pro-
pose three proprioceptive cues (see Figure 2):

The interrupt cue disrupts a user’s ongoing motion through
a brief bidirectional forth-and-back motion that draws the user’s
attention. It is one of the most basic motions achievable in a 1 DoF
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Figure 2: We propose three proprioceptive cues to inform the user about the imminent onset of a motion. They either (a) briefly

interrupt an ongoing user motion, (b) boost it by applying torques in the user’s motion direction, or (c) resist it through opposing

torques.

Figure 3: We propose two proprioceptive cues to inform the user about the direction (flexion or extension) of an imminent

body actuation. The cues (a) either interrupt an ongoing user motion or (b) augment it through a directed pulling torque.

joint and its symbolicmotion loosely resembles twitching, ametaphor
of nervousness or waking up. A similar approach has been taken
as a visual means to convey a humanoid’s motion intent [44] and
for delivering proprioceptive notifications at the finger [8]. For this
proprioceptive cue, the speed and angular displacement of the in-
duced motion are two important parameters that must be selected
so that they are clearly perceptible but have only a minimal impact
on ongoing user activity.

The boost cue briefly speeds up the user’s ongoing motion,
applying a constant and gentle torque aligned with the user’s move-
ment path. This means that rather than fully interrupting, the sys-
tem temporarily modifies the user motion.

In contrast to boosting, the resist cue applies a torque in the
opposite direction of the user motion, slowing it down. Both cues
must be strong and sustained enough to be noticeable yet weak and
brief enough to avoid interfering with the user’s inherent motion.

3.2.2 Conveying the direction of an imminent motion. We extend
the previous cues to convey direction (see Figure 3):

The directional interrupt cue extends the interrupt cue by
operationalizing the direction of the forth-and-back motion to con-
vey the direction of the imminent motion: First, the system briefly
pushes the limb forward in the intended direction and then pulls
it back in the opposite direction. This creates a direct mapping
between the direction in which the cue pushes the arm and the
system’s intended motion direction. The angular displacement and
speed are key factors to allow the user to discern the direction while
minimizing the interference with their own motion.

The directional pull cue combines boosting and resisting through
a torque applied only in the direction of the imminent motion. Con-
sequently, the system either boosts the user’s inherent motion
when the user is already moving in the intended direction or re-
sists it in all other directions. Conceptually, this is related to the
push/pull metaphors of saltatory vibration patterns to convey di-
rectionality (e.g., [28, 48, 54]). The selected torque must be strong
and sustained enough for users to explore and process the direction
of the torque, yet weak enough to preserve user control.

3.2.3 Conveying the target of an imminent motion. We extend the
previous cues to convey not only the direction but also the extent
of the imminent motion. Figure 4 depicts the proprioceptive cues.

The targeted interrupt cue builds on the directional interrupt
cue by mapping the extent of the directional forth-and-back motion
to the extent of the imminent body actuation: It conveys a smaller
motion extent through a small physical displacement of the limb in
the intended direction and increases the displacement to signal a
larger motion.

In contrast, the targeted pull cue encodes the motion extent
by varying the magnitude of the torque: higher torques inform
the user about an imminent actuation with a larger extent, while
lower torques imply a smaller extent. This aligns with previous
studies mapping the stimulus intensity to spatial or temporal dis-
tances (e.g., [43, 72]).
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Figure 4: The motion target is composed of the motion direction (flexion or extension) and extent (small to large). We propose

two proprioceptive cues to convey the intended target: (a) either interrupting a user motion or (b) augmenting it through a

pulling torque.

3.3 Prototypical Implementation

The proposed proprioceptive cues are applicable to any technology
that can actuate the body with controllable torques, speed and dis-
placements. For our study, we prototypically implemented them in
an elbow exoskeleton, supporting the simple actions of flexing and
extending the joint. The prototype builds on the EduExo Maker1,
which we modified to include a stronger motor (Dynamixel XM430-
W210-T, 3 N.m, 12 V). The motor is controlled via an OpenRB-150
microcontroller. Implementing the proprioceptive cues requires
calibration of their physical parameters to match the context of
use since perceptual thresholds can vary with the user’s motion
speed [29, 40]. We detail on the study setting which informed the
selection of parameters (cf., Table 1) in the next section. The ex-
oskeleton is depicted in Figure 5.

4 User Study

We employed a mixed-methods study [13] to explore the potential
of proprioceptive cues for conveying a system’s intent to actuate
the body. The mixed-methods approach enabled us to collect quan-
titative measures to objectively assess the cues’ effectiveness in
conveying intent, while qualitative data from think-aloud proto-
cols and interviews captured users’ subjective experiences. These
objectives are articulated through two research questions (RQs):
RQ1: How do the proposed cues quantitatively affect noticeabil-
ity and interpretability?
RQ2: How do the different cues qualitatively affect users’ prefer-
ences and experiences of interpreting them?

RQ1 and RQ2 lead to the final mixed-methods research question
(cf. [13]):
RQ3: What implications for the design of proprioceptive cues
emerge from combining the outcomes of the quantitative perfor-
mance data with the qualitative data about user experience?

1EduExo Maker: https://www.auxivo.com/eduexo-maker, last accessed 06/10/2025

Servo motor 

Microcontroller

Figure 5: The elbow exoskeleton used to implement the in-

terpretable proprioceptive cues.

4.1 Apparatus

To implement the proprioceptive cues described in Section 3.2, we
calibrated the physical parameters through pre-tests with adult
participants (2f, 2m, 0d). Participants systematically evaluated com-
binations of torque, velocity, and displacement for comfort, de-
tectability, and preference. The final parameters were those rated
as both comfortable and reliably detectable and can be found in
Table 1. The pre-tests and the main study were conducted under
identical conditions. A Processing application guided participants
through the tasks, logged data, and controlled the prototype.

4.2 Design & Tasks

The study followed a within-subjects design. For each motion prop-
erty (motion onset, direction, target), we compare the propriocep-
tive cues regarding their noticeability and interpretability.

To study proprioceptive cues in a realistic setting, participants
performed upper limb workout tasks using the exoskeleton. The
device first demonstrated a motion sequence by actuating the user’s

https://www.auxivo.com/eduexo-maker
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Property Cue Displacement (deg) Speed (
𝑑𝑒𝑔
𝑠𝑒𝑐 ) Cue Torque (N.m) Duration (sec)

Onset Interrupt 5 forth + 5 back 100 forth + 100 back Boost 0.14 in user’s motion direction 0.8
Resist 0.14 opposed to user motion 0.8

Direction Directional

Interrupt

15 in intended direc-
tion + 15 back

100 in intended direction + 20
back for pronounced effect

Directional

Pull

0.14 in intended direction 3

Target Targeted

Interrupt

10 + 10 (small), 20 + 20
(large)

100 + 20 (both) Targeted

Pull

0.12 (small); 0.24 (large) in in-
tended direction

3

Table 1: An overview of the parameters used to realize the proposed proprioceptive cues in an elbow exoskeleton. All variations

of Interrupt were realized with the motor’s maximum torque. The parameter selection was informed by pre-tests with users.

arm accordingly, then let users practice it independently. After a
random interval, but no later than 20 seconds, it resumed control
to show the next motion, signaling this intent through our proprio-
ceptive cues. Participants pressed a button as soon as they detected
and interpreted the intent conveyed by the cue, then completed an
on-screen questionnaire about their interpretation and confidence.
The demonstrated motion sequence is randomly chosen from four
options, each involving repetitive elbow flexion and extension. The
options differ in direction (starting with either elbow flexion or
extension) and in motion extent, either covering 50% or 100% of the
user’s full motion span.

We split the study into three tasks, each focusing on one prop-
erty of motion. To mitigate order effects between tasks, their order
was counterbalanced with a Latin square. Within a task, we pre-
sented participants with the respective proprioceptive cues in a
randomized order (see Figure 6).

4.2.1 Task 1: Understanding the onset of an imminent motion. The
participant is presented with proprioceptive cues that only inform
them that the exoskeleton intends to soon take over to demonstrate
the next motion sequence. Hence, the participant’s task is to press
a button as soon as they perceive the cue.

In this task, we vary Motion Onset Cue as an independent vari-
able with three levels: Interrupt, Boost, Resist (see Section 3.2.1).
We used the following dependent variables to assess how quickly
and clearly the cues can be understood:
• Detection accuracy (in %): The percentage of trials for which
the participant correctly detected the cue. For each trial, we
logged whether the participant correctly pressed a button after
the cue occurred. A trial was counted as a miss if the button was
pressed either before the cue occurred or too late (timeout after
10 seconds).

• Detection confidence: For each detected cue, we asked partic-
ipants to rate their confidence in having correctly detected it on
a 7-point Likert Scale2.

• Response time (in sec): We logged the time from the presentation
of the cue to the participant pressing the button.

4.2.2 Task 2: Understanding the direction of an imminent motion.
The participant is presented with proprioceptive cues that convey
the system’s intended motion direction. Hence, the participant’s
task is to press a button as soon as they interpreted the cue and
indicate in a questionnaire whether they think the next motion will
start either with elbow flexion or extension.

In this task, we vary Motion Direction Cue as an indepen-
dent variable with two levels: Directional interrupt and Direc-
tional pull (see Section 3.2.2). In addition to evaluating how well
users noticed the stimulus, it is also important to understand how
effectively they interpreted the information it conveyed. There-
fore, we used the following dependent variables to assess both the
noticeability of the cue and the interpretability of the directional
information:
• Detection accuracy, detection confidence, response time:
Analogous to Task 1.

• Interpretation accuracy (in %): The percentage of trials that
the participant correctly interpreted the direction.

• Interpretation confidence: After each detected trial, partici-
pants rated their confidence in having correctly interpreted the
direction on a 7-point Likert Scale 2.

4.2.3 Task 3: Understanding the target of an imminent motion. The
participants are presented with proprioceptive cues that convey
the intended target. Hence, in addition to whether the upcoming
motion will be a flexion or extension (direction), they also interpret
whether it will be small or large (extent). While the cues could, in
principle, convey continuous information about motion extent, we
discretized the extent into two levels. This allowed for a focused
calibration of parameters encoding the small and large motion
extent, which becomes increasingly complex with finer granularity.

We vary Motion Target Cue as an independent variable with
two levels: Targeted interrupt and Targeted pull (see Sec-
tion 3.2.3). We can build on the measures of Task 1 and 2 and use
the following dependent variables to assess the noticeability and
interpretability of the cues:
• Detection accuracy, detection confidence, response time:
Analogous to Task 1.

• Interpretation accuracy (in %): The percentage of trials for
which the participant has correctly interpreted both the direction
and motion extent conveyed by the cue.

• Interpretation confidences: This measure holds two items
on a 7-point Likert Scale 2: After each detected trial, partici-
pants rated (1) their confidence in having correctly interpreted
the motion extent and (2) their confidence in having correctly
interpreted the motion direction.

21: no confidence, 7: full confidence
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Setup

Welcome, Demographics,

Calibration

Semi-structured 
Interview

Motion Onset Motion Direction Motion Target

Introduction
to motion property and

familiarisation with first

proprioceptive cue

Inquiring User
Preferences 

Cue 1
Qualitative

feedback and
familiarization
with next cue

 Cue 2
Qualitative

feedback and
familiarization
with next cue

 Cue 3

1

2.1

2 3

2.2 2.3

Qualitative
feedback

Counterbalanced

Task 1: Understanding the Onset of an Imminent Motion
Randomised

3 Trials 3 Trials 3 Trials

Evaluation of Motion Onset Cues

Task 1 Task 2 Task 3

Figure 6: The study consists of three tasks, each corresponding to one property of the system’s imminent motion. For each

task, we varied the proprioceptive cue as an independent variable. The order of tasks was counterbalanced, the order of cues

randomized.

4.3 Procedure

The study took place in a quiet environment, while the partici-
pant was seated at a table. Figure 6 illustrates the procedure. After
collecting informed consent and demographics, the experimenter
calibrated the exoskeleton to the participant’s comfortable range of
motion and familiarized them with the task of the physical work-
out (step 1).

The experimenter then introduced the participant to the prop-
erty of motion that will be conveyed as part of the task (either
the motion onset, direction, or target) and the first proprioceptive
cue. In an initial learning phase, the participants familiarized them-
selves with the cue until they felt confident in interpreting the
conveyed information (step 2.1). Next, three consecutive trials were
conducted where participants pressed a button upon detecting and
interpreting the cue and logged their answers in a questionnaire.
Afterwards, participants described their experience with the cue.
This was repeated for all cues of the current task (step 2.2). Once all
proprioceptive cues of a task were evaluated, participants ranked
the cues by preference (step 2.3). Steps 2.1–2.3 were repeated for
all three tasks. All throughout, the participants were encouraged
to think aloud.

The study finished with a semi-structured interview to gather
feedback on the noticeability and interpretability of the cues and
understand factors that influenced participants’ experiences (step 3).
Each study session took 90–120 minutes and was audio-recorded.
The studywas approved by the university’s ethical review board (no.
23-07-6).

4.4 Participants

We recruited 12 participants (6f, 6m, 0d; M = 26 y; SD = 3.4 y) from
various cultural backgrounds (Europe, Middle East, Eastern Asia)
and educational levels (Bachelor, Master, PhD, PostDocs), with back-
grounds in HCI, robotics, haptics, and cognitive science. Eleven
participants were right-handed, one left-handed; all wore the ex-
oskeleton on the right arm. Prior work shows similar joint position
sense in both arms [42], indicating no bias due to handedness. None

reported any physical or neurological condition that would have
affected their arm’s motion or proprioception.

4.5 Data Analysis

For the quantitative data, we first assessed the assumption of nor-
mality using QQplots. In case of violated normality and for the
ordinal Likert items, we apply the Friedman test for Task 1, as it
is suited for IVs with more than two levels. For significant results,
we follow up with pairwise Wilcoxon signed-rank tests. We report
Kendall’s𝑊 as the measure of the effect size. For Task 2 & 3, which
both have IVs with two levels, we directly apply the Wilcoxon
signed-rank test and report rank-biserial 𝑟 as the measure of the
effect size. For both, rank-biserial 𝑟 and Kendall’s𝑊 , we use the
suggestions by Cohen [12] to classify them as small (>.10), medium
(>.30), or large (>.50). For parametric data, we apply a one-way
RM ANOVA for Task 1 and applied Bonferroni-corrected t-tests for
post-hoc analysis; we report the generalized ETA squared 𝜂2𝑔 as the
measure of the effect size (small: > .01, medium: > .06, large: > .14).
For Task 2 & 3, we directly apply the t-tests and report Cohen’s
d as the measure of the effect size (small: > .20, medium: > .50,
large: > .80).

We analyzed the qualitative data inductively. After transcribing
participants’ statements, we conducted a qualitative content anal-
ysis (QCA) [53] with an objective focus on the cues’ detectability,
interpretability, and integration in the user’s ongoing motions and
a thematic analysis [7] to identify themes related to participants’
experiences across cues.

5 Results

We present the results of the experiment structured around the
three tasks, followed by a performance comparison across tasks
and an analysis of the final interview.
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Figure 7: Results of Task 1 show that participants confidently detected all three proprioceptive cues with a high accuracy above

90% and low response times and expressed a slight preference for Boost. All error bars depict the standard error.

5.1 Task 1: Understanding the Onset of an

Imminent Motion

Task 1 sought to compare three levels of Motion Onset Cue
(Interrupt, Boost, and Resist) for conveying the onset of an im-
minent motion. Figure 7 provides an overview of the quantitative
results.

Detection accuracy. The analysis shows that Interrupt yielded
the highest mean detection accuracy (𝜇 = 100.0%, 𝜎 = 0%), with no
missed trials. Boost and Resist perform almost equally (𝜇 = 91.7%,
𝜎 = 15.1% vs. 𝜇 = 91.7%, 𝜎 = 20.7%). We did not find a significant
effect of Motion Onset Cue (𝜒2 (2) = 2.8, 𝑝 > .05) on the
detection accuracy.

Detection confidence. We analyzed the self-reported detection
confidences on a 7-point Likert scale (from 1meaning no confidence
to 7 meaning full confidence). Participants reported a very high
median of 𝑥 = 7 with a median absolute deviation (MAD) of 0
for all cues, indicating that all cues could be confidently detected.
Unsurprisingly, we did not find a significant (𝜒2 (2) = 4.6, 𝑝 > .05)
effect.

Response time. The results show that Interrupt yielded the
lowest mean response time (𝜇 = 0.8𝑠 , 𝜎 = 0.3𝑠), followed by Re-
sist (𝜇 = 1.2𝑠 , 𝜎 = 0.7𝑠) and Boost (𝜇 = 1.3𝑠 , 𝜎 = 0.6𝑠). The
analysis reveals a significant effect (𝐹2,22 = 8.00, 𝑝 < .005)
with a medium (𝜂2𝑔 = 0.13) effect size. Post-hoc tests revealed
a significantly lower response time for Interrupt compared to
Boost (𝑡 (11) = 4.08, 𝑝 < .01).

User preferences. When asked about preferences, there was no
clear trend for any proprioceptive cue: Boost was first-ranked by
four participants and Resist and Interrupt by three participants
each. However, with eight participants, Resist was most frequently
ranked last, while Boost was last-ranked by two and Interrupt
by only one participant.

Subjective feedback. Here, we report the results of the QCA,
reflecting participants’ opinions of each cue:

Participants found that Interrupt is easy to detect (n=6), re-
quires low focus (n=2), enables fast reactions (n=2) and “[b]etween

these three [cues], I felt it is most expressive” (P9). However, partici-
pants also noted that Interrupt “might cause you to just fail the

thing that you are trying to do”, highlighting its rather disruptive
nature.

Contrarily, many participants stated that Boost integrated well
with their motions (n=6), as it feels natural (n=3), subtle (n=5), and
“rewards the movements I’m doing instead of interrupting” (P10). But
the almost seamless integration with the participant’s motion also
increased the difficulty (n=9) and time (n=3) required to detect “that
actually the robot is moving your arm instead of yourself” (P2). P5
added that they would “prefer the smoother, more subtle interactions

that [...] get more intense if I’m ignoring them”, addressing the trade-
off between good noticeability and integration.

Finally, for Resist, participants positively stated that the cue
was easy to detect (n=5) and described it as natural (n=2) and famil-
iar (n=2). However, other participants were less positive as it would
be a more intense way of conveying intent, which less seamlessly
integrates into the participants’ ongoing motion (n=4): While “it
feels still comfortable to ignore or slightly overcome [the torque]” (P8),
others mentioned that “it kind of feels like I have to work against

it” (P10).

5.2 Task 2: Understanding the Direction of an

Imminent Motion

In Task 2, we compared two levels of Motion Direction Cue
(Interrupt, Pull) for conveying the direction of an imminent
body actuation, either moving towards flexion or extension. Figure 8
provides an overview of the results.

Detection accuracy. Directional interrupt yielded a very high
detection accuracy of 𝜇 = 97.2%, 𝜎 = 9.6%. All instances of Direc-
tional pull have been detected (𝜇 = 100%, 𝜎 = 0%). Unsurprisingly,
the analysis did not reveal significant effects of Motion Direction
Cue (𝑉 = 1, 𝑝 > .05) on the detection accuracy.

Detection confidence. Further, participants reported a very high
detection confidence for both cues (𝑥 = 7, MAD = 0), indicating
that they can be confidently detected. Hence, we also did not find a
significant (𝑉 = 0, 𝑝 > .05) effect.
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Figure 8: Results of Task 2 show that participants could confidently detect both proprioceptive cues with a high accuracy above

90%, while Directional pull yielded better interpretability and was more preferred. All error bars depict the standard error.

Response time. The analysis revealed significantly (𝑡 (11) = 4.02,
𝑝 < .005) faster response times for Directional interrupt (𝜇 =

1.6𝑠 , 𝜎 = 0.9𝑠) compared to Directional pull (𝜇 = 2.3𝑠 , 𝜎 = 1.1𝑠)
with a large (𝑑 = 1.2.) effect size.

Interpretation accuracy. Beyond accurately detecting an immi-
nent motion at all, we also assessed whether participants correctly
interpreted the intended direction. The results show that Direc-
tional pull yielded a higher (𝜇 = 77.8%, 𝜎 = 32.8%) interpretation
accuracy than Directional interrupt (𝜇 = 62.5%, 𝜎 = 33.4%),
with a chance level of 50%. However, the analysis did not reveal a
significant difference (𝑉 = 21.5, 𝑝 > .05).

Interpretation confidence. Participants also self-reported their
confidence in interpreting the conveyed direction correctly. In line
with the interpretation accuracies, participants had higher confi-
dence when interpreting the direction conveyed by Directional
pull compared to Directional interrupt (𝑥 = 6 vs. 𝑥 = 5; both
MAD = 1.5). We did not find a significant (𝑉 = 28, 𝑝 > .05) effect.

User preferences. Ten participants indicated a clear preference
for Directional pull over Directional interrupt for conveying
the direction of an imminent body actuation.

Subjective feedback. P1 interpreted the Directional interrupt
cue positively as “showing a little bit of the motion already. . . the mo-

tion in very small.” However, five participants pointed to problems
when interpreting the cue as the system moves the arm forth into
the intended direction and then again back because they then “have

to figure out which one was the first [direction] that’s relevant” (P9).

While the cue is still easy to detect, this additional step makes inter-
preting the conveyed direction more challenging, which is reflected
by its low interpretation accuracies.

Feedback onDirectional pullwasmainly positive: Participants
compared it to a physical guidance (n=6) with “a natural affordance

on where I should bemoving” (P8); P7 added: “it’s this whole embodied

idea, where I don’t need to think.” These experiences might explain
both the higher interpretation accuracies and the clear preference
for this cue.

5.3 Task 3: Understanding the Target of an

Imminent Motion

Task 3 compared two levels of Motion Target Cue (Targeted in-
terrupt, Targeted pull) for conveying the target of an imminent
motion intent. Figure 9 provides an overview of the results.

Detection accuracy. The results show that Targeted pull yielded
a high detection accuracy of 𝜇 = 86.1%, 𝜎 = 22.3%. All instances of
Targeted interrupt have been detected (𝜇 = 100.0%, 𝜎 = 0%). We
did not find a significant effect of Motion Target Cue (𝑉 = 1,
𝑝 > .05) on the detection accuracy.

Detection confidence. Participants reported a very high detection
confidence of 𝑥 = 7 (MAD = 0) for both cues. We did not find a
significant (𝑉 = 1, 𝑝 > .05) difference, indicating that both cues
are clearly noticeable.

Response time. We found significantly (𝑡 (11) = 4.02, 𝑝 < .005)
faster response times for Targeted interrupt (𝜇 = 2.3𝑠 , 𝜎 =
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Figure 9: Results of Task 3 show that both proprioceptive cues could be correctly and confidently detected. Targeted pull

yielded a higher interpretation accuracy, but slower response times compared to Targeted interrupt. The confidence in

interpreting motion direction and extent are comparable. Users indicated a slight preference for Targeted pull. All error

bars depict the standard error.

1.1𝑠) compared to Targeted pull (𝜇 = 3.5𝑠 , 𝜎 = 1.6𝑠) with a
large (𝑑 = 1.16) effect size.

Interpretation accuracy. To interpret the target intent, partic-
ipants had to correctly state both, the perceived direction (flex-
ion or extension) and extent of the upcoming motion (small or
large), yielding a chance level of 25%. The analysis revealed signifi-
cantly (𝑉 = 44, 𝑝 < .05) higher target interpretation accuracies
for Targeted pull (𝜇 = 83.3%, 𝜎 = 21.3%) compared to Targeted
interrupt (𝜇 = 41.7%, 𝜎 = 32.2%) with a large (𝑟 = 0.96) ef-
fect size. As the target intent includes both direction and motion
extent, we further analyzed the interpretation accuracy for each
property separately to examine whether the effectiveness of the
cues varied depending on the type of information conveyed. We
found significantly higher interpretation accuracies of the motion
direction for Targeted pull (𝜇 = 100.0%, 𝜎 = 0%) compared to
Targeted interrupt (𝜇 = 69.4%, 𝜎 = 22.3%, V = 45, p < .01) with
a large (𝑟 = 1) effect size. Contrary, we did not find a significant
effect of the Motion Target Cue on the interpretation accuracy of
themotion extent (Targeted pull: 𝜇 = 83.3%,𝜎 = 21.3%; Targeted
interrupt: 𝜇 = 61.1%, 𝜎 = 31.2%, 𝑉 = 35.5, 𝑝 > .05).

Interpretation confidences. Participants stated confidences for
having correctly interpreted the direction of the imminentmotion in
median of 𝑥 = 6 for Targeted pull and 𝑥 = 5 for Targeted inter-
rupt (both MAD = 1.5). They stated slightly lower confidences in
interpreting the motion extent with a median of 𝑥 = 5 (MAD = 1.5)

for both cues, consistent with the lower interpretation accuracies
of the motion extent. The tests did not reveal a significant effect for
the interpretation confidence of the direction (𝑉 = 25, 𝑝 > .05)
and the extent (𝑉 = 10.5, 𝑝 > .05), respectively.

User preferences. Participants indicated a slight preference for
Targeted pull for conveying target intent. This proprioceptive
cue was ranked first by seven participants, while five participants
preferred Targeted interrupt.

Subjective feedback. For Targeted interrupt, two angular dis-
placements encoded the extent of the upcoming motion. The large
displacement felt distracting for half of the participants (n=6) as it
“feels like it forced me against my motion” (P11). This results in a less
seamless integration, but clearer detectability and faster reactions.

Compared to Targeted interrupt, Targeted pull was more
effective in conveying intent. Yet, participants noted that the torque
required to convey a large motion extent might interfere with their
primary activity (n=6): “this is the best for me to understand the

[intent]. But is it the best for the performance? I think no” (P4). In
contrast, P12 felt that higher torques integrated particularly well
as resisting forces naturally fit the physical workout task.

5.4 Comparison Across Intents

The three tasks shared the detection accuracy, confidence, and re-
sponse time as dependent variables. All cues across tasks achieved
high detection accuracies and confidences. However, response times
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notably increased with the amount of information participants had
to interpret, prompting a follow-up analysis comparing mean re-
sponse times across tasks. Unsurprisingly, solely understanding the
onset of an imminent motion generally was the fastest (𝜇 = 1.1𝑠 ,𝜎 =

0.6𝑠), as it does not require any further interpretation, followed by
interpreting direction (𝜇 = 1.9𝑠 , 𝜎 = 1.1𝑠) and target (𝜇 = 2.9𝑠 , 𝜎 =

1.4𝑠). A Friedman test revealed a significant (𝜒2 (2) = 18.5, 𝑝 < .001)
effect with a large (𝑊 = 0.8) effect size. Post-hoc pairwiseWilcoxon
signed-rank tests confirmed significantly faster times for inter-
preting the motion onset compared to both direction (𝑉 = 77,
𝑝 < .0001) and target (𝑉 = 0, 𝑝 < .0001) as well as signif-
icantly (𝑉 = 3, 𝑝 < .005) faster response times for direction
compared to target, indicating an increase in cognitive load when
more complex information are conveyed.

5.5 User Perspectives on the Proprioceptive

Cues

We conducted a thematic analysis to better understand participants’
experiences with the proprioceptive cues, providing further insights
into their qualities and relevant design considerations. We structure
the results around two themes:

Proprioceptive cues enhanced the expressiveness of the con-

veyed intent beyond mere information delivery. The results
of our analysis suggest that the proprioceptive cues conveyed not
only the actual intent, but also impacted its perceived urgency and
added an additional affective layer of interpretation:

Several participants noted that the proprioceptive cues elicit dif-
ferent tones of interactions which shape the perceived urgency of
the imminent motion. The descriptions of these tones ranged from
a gentle suggestion, guidance, and advice to a rather strict instruc-
tion, notification, command, or alert. Directional and targeted
pull were often described as guidance or suggestion because “it’s
also showing how to do it instead of just a symbolic meaning” (P8).
According to P5, a suggestion in this context implies that the user
has the option to decline. Conversely, more forceful or disruptive
cues such as Interrupt would rather resemble commands which
the user must obey (P8).

Participants also often attributed human-like qualities to the
interaction, adding an affective layer to their interpretation of intent.
This tendency was implicitly reflected in their choice of words, but
also explicitly stated when they mentioned they “definitely gave

the exoskeleton a character” (P5). This character was shaped by the
proprioceptive cues: When moving forcefully, some participants
described it as grumpy (P5), aggressive (P3, P12), or angry (P9).
These forceful cues in turn sometimes also evoked emotions: While
some participants emphasized that these motions could scare (P2,
P3) the user, others found them rather motivating (P11). Adding to
this, many participants also drew on analogies from interpersonal
interaction to describe their experiences. In particular participants
frequently described pull as a human-like motion (P3, P5, P9) that
resembles situations in which the user receives friendly support,
for instance, “if [your partner] wants to guide your body towards

something or wants to keep you away from something” (P4) or when
“some coach is teaching me how to move my body” (P7). Interrupt,
in contrast, was generally compared to less gentle experiences with

other human-beings, as “if someone is shaking” (P5) the arm to draw
attention.

Proprioceptive cues should be adapted to the user’s context

and preferences. The analysis of the interviews reveals users’ as-
pirations for a system that adapts torques, the selection of cues, and
the motion property to be conveyed to user context and preference:

Participants noted that the torques should be adapted to the
urgency of the motion intent: “If it’s like an important thing the

robot wants to tell you because of safety reasons for example [. . . ] it’s

probably better to have strong feedback” (P2) whereas “if the machine

wants to just notify or teach some motion, so it’s better to use a normal

force” (P9) as forceful motions feel “quite like an emergency” (P3).
Furthermore, the urgency may also be a factor in the selection of
the proprioceptive cue: “[Interrupt] wakes you up, it just draws

your attention to the exoskeleton” (P4), “[Resist] might make me pay

more attention” (P5), but “I wouldn’t notice [Boost] if I was really
busy doing something” (P5).

In addition, interpreting the intended target caused high cogni-
tive load: “I felt there was a point until which the most [cues] were

actually helpful [. . . ]. But [. . . ] there was a clear saturation for me

after which I felt like ’okay this is too much information”’ (P7). Con-
sequently, participants reported on mitigation strategies (P3, P10,
P11), such as shifting their focus more towards the system and
their own body even before the cue occurred to be “more active or

reactive” (P11).
Participants also wished to tailor the proprioceptive cues to their

own desires. This involves personalizing physical parameters, such
as force or speed due to varying subjective preferences and design-
ing “custom modes” (P12). These should help to find the cues’ “sweet
spot between just poking and distracting you. And just gentle enough

but not ignorable” (P4), while also avoiding incorrect interpretations
that could cause expectation mismatches and frustration (P7).

6 Discussion & Implications

We now discuss the findings of the study and derive implications
for the design of interpretable proprioceptive cues.

6.1 A Design Trade-off Between Response Time

and Interpretation Accuracy

Our results highlight a central design trade-off between how quickly
and how accurately the meaning of a cue can be interpreted (see
Table 2). Interrupt produced the fastest responses, likely because
it disrupted ongoing motion and thus stood out strongly. Yet this
disruption also reduced interpretation accuracy when users had to
identify spatial details like direction or extent. In contrast, cues that
augmented user motion through assistive or resistive forces were
slower to interpret but yielded higher accuracy, as they supported
a more embodied and deliberate exploration of intent. Furthermore,
participants generally preferred these cues due to their rather seam-
less integration into user’s motion.

For solely conveying the onset of an imminent motion, all cues
achieved high detection accuracies (>90%), indicating that both
disruptive and motion-congruent cues can serve as reliable alerts
during ongoing movement. However, once the conveyed intent be-
came more complex, performance diverged. Pull-based cues main-
tained reasonably high interpretation accuracies (>75%), whereas
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Property

Interrupting Augmenting

Interrupt Directional Interrupt Targeted Interrupt Boost & Resist Directional Pull Targeted Pull

Detection accuracy ✓ Higher (97-100%) ✓ High (86-100%)
Response time ✓ Faster (0.8-2.5 s) ✗ Slower (1.2-3.3 s)
Interpret. accuracy / ✗ Lower (42-63%) / ✓ Higher (78-83%)
Rated as most preferred

by x% of participants

25% 16.7% 41.7% 33.3% & 25% 83.3% 58.3%

Suited for . . . attention grabbing communicating detailed information
Table 2: A summary of the design trade-off between cues interrupting and augmenting user motion.

the interpretation accuracies of the interrupt-based cues decreased.
A certain decrease could be expected for the interrupts conveying
spatial information as the threshold for detecting an externally in-
duced movement is lower than that for detecting its direction [29].
But while the interpretation accuracies of interrupt were still above
chance, their performance is clearly below optimal.

Taken together, these findings suggest a layered design approach:
interrupts can act as high-salience attention grabbers, while motion-
congruent cues are better suited for communicating detailed spa-
tial information. To mitigate interpretation errors and expectation
mismatches, we recommend combining such proprioceptive cues
with complementary modalities, where they could reinforce the
presented information, enabling both rapid detection and robust
interpretation.

6.2 Interpretable Proprioceptive Cues Should be

Adaptive and Personalized

The results demonstrate the need for adaptive and personalized
proprioceptive cues. First, interpretation times rise with the amount
of conveyed information, yet users often have limited time and cog-
nitive resources, making complex intents impractical. Considering
the physical suitability is equally critical: Particularly interruptive
and forceful cues disrupt ongoing movements, posing risks for user
activities requiring high dexterity or involving fragile or hazardous
objects. Cue parameters must also adapt to the user motion, as
perceptual thresholds are affected by the dynamics of the ongoing
motion [29, 40], and carefully balance noticeability, interpretabil-
ity, and integration with ongoing movement. To achieve this in
real-world systems, information levels and parameters should be au-
tomatically adjusted to match user activity, with optimization- and
AI-based methods offering promising directions. Finally, such sys-
tems should support personalization, starting with custom modes
and enabling users to teach the system when to favor specific cues.

6.3 The Affective Dimension of Body-Actuating

Systems Should Be Considered

Body-actuating systems foster an intimate relationship with the
user due to their close-to-body attachment. This intimate relation-
ship makes it essential to also consider interaction qualities be-
yond quantitative performance. In the study, participants attrib-
uted human-like qualities and emotional responses to the system.
These observations align with prior work arguing that haptic cues
can convey and evoke emotions [2, 14], indicating a collaborative

dimension even when the system merely signals an intended actua-
tion. As in human interaction, where more urgent information are
conveyed with greater emphasis, participants interpreted motion-
congruent cues more like gentle guidance and disruptive cues as
commands, influencing perceived urgency. This suggests that such
cues could be strategically employed to convey the urgency of a
motion intent, acknowledging that not all actuations are equally
critical. Ultimately, while the attribution of human-like qualities
may partly stem from unconscious sensemaking strategies [89],
they can also foster trust and ease interaction [19, 93], warranting
deeper exploration in future work.

6.4 Contextualizing with Other Studies

Localized proprioceptive cues enable the most direct way to de-
liver information compared to feedback relocated to other body
parts. But delivered at the position where the motor action takes
place, these cues may experience sensory attenuation when the
joint moves. However, relocation is not a guaranteed solution, as
other body parts may also move or be actuated themselves, while
alternative modalities may be susceptible to sensory attenuation,
too. Alternative modalities, nonetheless, offer distinct advantages.
To better situate the performance of the proprioceptive cues, we
compare our findings with prior work across modalities:

Conveying the onset of an imminent motion. We reviewed
prior HCI work reporting detection accuracy and response time of
wearable notifications under dynamic conditions (e.g., walking or
running), which better match our study than static contexts. In our
study, all three proprioceptive cues conveying the motion onset
achieved fast response times (0.8–1.3 s) and high detection accura-
cies (91.7-100%). By comparison, on-body visual feedback showed
wide variability, with response times from 2.9 to 76 seconds [49, 67]
and detection accuracies of 89.6–95.2% [67], suggesting visual cues
may be less suited for fast communication in dynamic contexts.
In contrast, audio feedback was fast (1.6-1.9 s) and achieved high
accuracies (>99.2%) [67], indicating a strong potential for mobile
contexts. Yet, it may be less effective in noisy environments. For hap-
tic modalities, vibrotactile feedback yielded response times between
1.3 s [67] to above 2.5 s [38]; detection accuracies varied largely
depending on the body part, ranging from 98.4% on the finger [67]
to ∼30% on the thigh [38]. Poking yielded similar times (1.6-2 s) and
accuracies between 88.2–96.8% [4, 67]. Other modalities such as
pinch, moisture, suck or brush were slower (2.1–2.5 s), but achieved
comparable detection accuracies (84–95.3%) [4]. Finally, thermal
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feedback was substantially slower (3.0-14.9 s) [67, 90] with accura-
cies between 76%–92% [4, 67].

The proposed proprioceptive cues achieve comparatively faster
response times and competitive detection accuracies while the
user is moving. Yet, they do not require a complementary sensory
channel, or additional haptic actuators, hence offering a particularly
integrated way for body-actuating systems to conveying the onset
of an imminent motion.

Conveying direction and target of an imminent motion. Di-
rectly comparing response times and accuracies for direction and
target intent is challenging due to differing performancemetrics (e.g.,
angular error vs. accuracy) and study conditions. While diverse hap-
tic modalities were investigated to convey directionality (e.g., [36,
62, 75, 77]), vibration remains the dominant modality. A few stud-
ies offer sufficient overlap in granularity of directions and body
location to allow for rough comparisons: For instance, binary direc-
tional cues via vibrotactile feedback on the hand achieved 75–97%
accuracy with response times of 0.7–1.2 s [69], while similar cues on
the forearm yielded 93% accuracy and 0.4–0.65 s response times [35].
In contrast, saltatory vibration mappings typically yielded slower
response times (∼2.3–4.5 s) [3, 48], but comparably high accura-
cies (e.g., [54]). The response times for interpreting directional cues
in our study (1.6–2.3 s) fall between those of single and saltatory vi-
brotactile cues. Although our interpretation accuracies (62.5–77.8%)
are lower, the study was conducted in a dynamic context unlike
prior work [35, 54, 69], and vibrotactile detection is known to de-
teriorate during active motion [10, 64]. Integrating proprioceptive
and vibrotactile feedback thus appears promising, combining the
high detection accuracy of proprioceptive cues with the spatial
clarity of vibrotactile signals for enhanced interpretation of more
complex intents.

7 Limitations and Future Work

Our study has several limitations. We discuss them now and outline
how these could be addressed in future work.

Generalizing to other systems, body parts and more degrees-

of-freedom (DoF). This study focused on proprioceptive cues for
1 DoF hinge joints, implemented in an elbow exoskeleton. We chose
the exoskeleton as it represents core actuation strategies applicable
to other body-actuating systems. For example, both exoskeletons
and EMS-based systems can enforce or augment motion [20], sug-
gesting similar designs may apply. However, future work should
explore how user perception changes with different systems. An-
other interesting question for follow-up work is how the proposed
cues generalize to other body parts, different joint types with more
DoFs and motions beyond flexion-extension. For instance, the cues
could be implemented in leg-based systems where the device might
twitch before it helps the user stand up, or gently amplify a step to
signal a change in walking direction.

Conveying further properties of motion. We focused on three
fundamental properties of motion. Future research should explore
additional properties, such as the force or speed of the imminent
actuation, enabling users to preview the type of assistance and
increasing the granularity of direction andmotion extent. Moreover,
different physical parameters such as the cue’s speed could be

explored to encode these properties. Second, the proposed approach
conveys information about the motion before the action is initiated.
Future work could examine conveying intent during the ongoing
action. Here, inspiration could be taken from prior work, such as
easing-in and out of the motion [78] or exaggerating the trajectory
towards the target (e.g., [5]).

Comparison to other feedback modalities. While we contextu-
alized our findings with prior work, future research should directly
compare proprioceptive feedback to other modalities. However,
how best to convey imminent motion through these modalities
remains an open question. Furthermore, we designed the proprio-
ceptive cues as brief signals preceding system takeover. Therefore,
they should be distinguishable from the system’s main actions. Yet,
confusion may occur in certain circumstances. Here, multi-modal
cues could help disambiguate and reduce sensory attenuation, to
which localized proprioceptive feedback may be susceptible. Future
work should also explore other haptic feedback as an alternative
for tasks where proprioceptive cues interrupt performance.

Evaluating proprioceptive cues across broader samples and

contexts. Our study provides first insights into the potential of
proprioceptive feedback to convey motion intent. Although the
sample size aligns with prior CHI work [4, 45, 66, 92], future work
should involve larger sample sizes and more diverse user demo-
graphics. In the study task, the user and the system shared the
same goal of a workout, with clearly assigned roles, a low cognitive
and steady physical effort. Future work should assess the impact of
interpretable cues on agency and safety and across diverse activities
in in-the-wild scenarios, diverging user and system intentions, and
varying cognitive and physical demands. Additionally, it will be
also important to investigate how intent communication influences
task performance.

8 Conclusion

In mixed-initiative settings, body-actuating systems may take con-
trol proactively. To mitigate unexpected body actuation, systems
should communicate their motion intent before the action takes
place. We propose proprioceptive feedback to deliver this infor-
mation directly to the affected body part. We focus on three key
properties of imminent motions: (1) either informing the user that
a body actuation is imminent or (2) also about the direction or
(3) target. For each property, we designed proprioceptive cues tar-
geted at one degree-of-freedom joints and implemented them in an
elbow exoskeleton. In a user study, we compared response times,
interpretation accuracy and confidence. The results reveal that all
cues are highly noticeable. However, their effectiveness in convey-
ing information differed: Interruptive strategies appear beneficial
when rapid interpretation is critical. Contrarily, if interpretation
accuracy is prioritized, cues that augment the user’s motion are
recommended, despite slower response times. We further suggest
combining such cues with other modalities to reinforce information
and discuss the need for adaptability in embodied intent communi-
cation. We hope these findings serve as a valuable foundation for
future research and contribute to the development of autonomous
body-actuating systems that collaborate smoothly with humans.
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