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Remind me, what 
happened in last 
week’s meeting?

“We discussed plans for the library’s 
summer reading program, which 
involves interactive activities to 
engage kids…

“The Nature 
Expedition activity 
for elementary 
schoolers…

“The Time 
Traveler activity 
for middle 
schoolers…”

Figure 1: To reduce friction in conversations with intelligent voice interfaces, this work develops gesture and audio-haptic

interaction techniques that allow users to rapidly navigate and manage the timing of conversations.

Abstract

Advances in large language models (LLMs) empower new inter-

active capabilities for wearable voice interfaces, yet traditional

voice-and-audio I/O techniques limit users’ ability to flexibly navi-

gate information and manage timing for complex conversational

tasks. We developed a suite of gesture and audio-haptic guidance

techniques that enable users to control conversation flows and

maintain awareness of possible future actions, while simultane-

ously contributing and receiving conversation content through

voice and audio. A 14-participant exploratory study compared our

parallelized I/O techniques to a baseline of voice-only interaction.

The results demonstrate the efficiency of gestures and haptics for
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information access, while allowing system speech to be redirected

and interrupted in a socially acceptable manner. The techniques

also raised user awareness of how to leverage intelligent capabil-

ities. Our findings inform design recommendations to facilitate

role-based collaboration between multimodal I/O techniques and

reduce users’ perception of time pressure when interleaving inter-

actions with system speech.

CCS Concepts

•Human-centered computing→Natural language interfaces;

Gestural input; Haptic devices.
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1 Introduction

Advances in large language models (LLMs) are enabling new oppor-

tunities for wearable voice interfaces that let users perform complex

tasks without visual displays. While traditional deterministic voice

assistants are typically used for short, low-risk transactions (e.g.,

factual questions, reminders, weather updates [32, 43]), the HCI

community is exploring how new LLM-powered display-free de-

vices, such as the Ray-Ban Meta Smart Glasses
1
or Amazon Echo

Frames
2
, can facilitate more in-depth conversations to provide

context-aware activity guidance [31], document daily events [7],

or write emails on-the-go [64].

However, these new capabilities can exacerbate existing chal-

lenges with managing conversations with voice interfaces, due to

the expertise and overhead required to interact with today’s LLMs.

The linear nature of voice input and audio output limits users’ abil-

ity to control the order of system responses, e.g., to branch into

threads of discussion for sensemaking tasks [51, 52] or backtrack to

correct system errors [26, 33]. Managing the timing of conversations
also poses difficulties, as lengthy or irrelevant system responses

can lead to unpredictable time investments [15, 32, 55]; users must

carefully time their speaking and silence to distinguish between

continuing and new requests [43]. Addressing these challenges

with navigational and temporal flow is critical to enabling users to

fully leverage advanced LLM-enabled functionality.

To empower users to flexibly direct conversations with intelli-

gent voice interfaces,we developed a suite of gesture and audio-

haptic guidance techniques to parallelize interactions related

to conversation content and control. This approach draws in-

spiration from prior systems that structure a role-based collabora-

tion between multimodal input techniques (e.g., Pen+Touch [16],

BISHARE [65]). We reserve voice and audio for specifying details

in a conversation, while introducing gestures and haptics for man-

aging flow (e.g., adjusting response conciseness via gestures) and

receiving interaction guidance (e.g., audio-haptic nudges highlight-

ing topics to dive deeper into). To inform the design of these paral-

lelized I/O techniques, we reviewed and classified prior examples

of multimodal interaction with conversational UIs, including both

visual [25, 33] and audio-only interfaces [21, 59].

In a 14-participant exploratory study, we compared our ges-

ture and audio-haptic guidance techniques to a voice-only base-

line, investigating their effectiveness for managing navigational

and temporal flow. To enable this, we developed an LLM-enabled

voice assistant integrated with Ray-Ban Meta Glasses for audio and

wearable devices for gestures and haptics (Fig. 1, 10). Participants

found that our gesture and haptic-driven techniques enabled more

efficient access to information, offering socially acceptable mecha-

nisms to interrupt and redirect system speech to align with their

goals. The techniques also promoted their awareness of possible

future actions in the conversation. However, haptic cues interleaved

with system speech increased participants’ perception of time pres-

sure, and they tended to overlook natural voice-driven interactions

when gestures were available. We discuss design improvements to

mitigate these tradeoffs in future work.

1
Ray-Ban Meta Smart Glasses: https://www.meta.com/smart-glasses

2
Amazon Echo Frames: https://www.aboutamazon.com/news/devices/introducing-

next-generation-echo-frames-carrera-smart-glasses-with-alexa

Our work contributes: (1) a suite of multimodal interaction tech-

niques (combining voice, gestures, audio, and haptics) to facilitate

conversations with voice interfaces, instantiated in a functional

system; (2) an exploratory study demonstrating the benefits of our

techniques for rapid access to information and flexible navigation

within conversations; (3) design recommendations to better facili-

tate role-based collaboration between the I/O modalities.

2 Related Work

Our research extends prior work on conversational interfaces and

multimodal interaction.

2.1 Challenges with Conversational Interaction

Conversational user interfaces are widely adopted for their natural

interaction style and expressive power; however, they exhibit key

interaction challenges that lead even experienced users to restrict

their usage to short and low-risk tasks (e.g., daily reminders, playful

or humorous interactions) [32, 43]. Our work seeks to improve the

navigational flow (the order of user input and system output) and

temporal flow (the timing of user input and system output) for the

next-generation of display-free, AI-enabled voice interfaces, such

as the Ray-Ban Meta Glasses or Amazon Echo Frames. As such, we

review prior empirical studies of both audio-only conversational

interfaces (e.g., smart speakers [32, 43]) and LLM-enabled visual

interfaces (e.g., ChatGPT [26]).

Challenges with navigational flow. Because voice input and

audio output are delivered through low bandwidth channels, users

are constrained to conversing in a linear manner rather than flexibly

navigating system responses, including (1) branching into threads

of discussion (e.g., for sensemaking tasks [51, 52]) and (2) back-
tracking to clarify intent (e.g., due to errors in speech recognition

or misaligned LLM responses [26, 33]). Additionally, using audio

as the sole output channel results in interaction guidance (e.g.,

suggestions for follow-up questions) being interleaved with the

current conversation content. This forces users to context switch

between processing the details of the conversation and determining

appropriate next steps to continue the interaction.

Challenges with temporal flow. Today’s voice UIs have lim-

ited activation periods to avoid always-on speech transcription,

requiring users to carefully their speech and intentional silence

to either maintain the context window in the existing request or

initiate a new request [1, 43, 58]. Especially for complex tasks (e.g.,

formulating recommendations or evidence-based explanations [5]),

LLMs tend to generate lengthy responses that are difficult to parse

and remember through an audio-only modality [15, 18].

Beyond managing timing within a conversation, the overall time

investment is often unpredictable. With traditional deterministic

voice UIs, non-expert users employ repetitive question-answering

strategies to gain an understanding of the floor and ceiling of voice

UIs’ capabilities [32]. This back-and-forth alignment process may

be further prolonged with LLM-enabled functionality, which re-

quires more effort from users to adapt their expectations to the less

transparent decision-making processes of LLMs [55].

Addressing these challenges is critical to enabling end-users to

leverage voice interfaces for complex conversational tasks beyond

the simple, transactional tasks they are currently used for [32, 43].

https://www.meta.com/smart-glasses
https://www.aboutamazon.com/news/devices/introducing-next-generation-echo-frames-carrera-smart-glasses-with-alexa
https://www.aboutamazon.com/news/devices/introducing-next-generation-echo-frames-carrera-smart-glasses-with-alexa
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To this end, our research develops multimodal interaction tech-
niques (combining voice, gestures, audio, and haptics) for users to
�exibly direct conversation �ows. We discuss considerations for
multimodal design in the next section.

2.2 Multimodal Information Processing
HCI research has long studied how leveraging a broad range of
humans' sensorimotor capabilities can enhance users' performance
when using digital interfaces [12]. From a cognitive psychology
perspective, multimodal interaction is feasible due to humans'
ability to process multiple sensory inputs in parallel, using dis-
tinct working memory subsystems�such as the visual-spatial and
verbal-phonological loops�to overcome limitations of individual
processing loops [3, 8, 30]. Speci�c to conversational UIs, prior
studies have found multimodal interaction to support increased
e�ciency [ 14, 36, 39], expressive communication and informa-
tion transfer in collaborative scenarios [13, 27], information re-
tention [9], and richer engagement with system content [49].

However, to enable these bene�ts, interactions need to be care-
fully designed to integrate multimodal input (fusion) and deliver
multimodal output (�ssion) while minimizing cognitive load [44,50].
A popular input design pattern isdecision-level fusion[50]: com-
bining multiple input techniques at a semantic level to enable role-
based collaboration [16, 37, 53, 65]. For example, Pen+Touch lever-
aged a digital pen for writing and multi-touch gestures for manipu-
lating content in digital workspaces [16]. XDBrowser [37] explored
role-based cross-device patterns for large and small mobile devices,
e.g., to extend displays or separate viewing and editing interfaces.
To reduce friction in interactions with intelligent voice interfaces,
our work takes a similar approach to parallelize actions related to
conversation content (via voice and audio) and conversation control
(via gestures and audio-haptic cues).

To deliver multimodal output, prior work exploredsynchroniz-
ing content across modalities (e.g., notifying users through both
audio and haptics) to allow users to cross-reference information
and reinforce their understanding, particularly in learning scenar-
ios [8, 12]. Converselystratifying output across modalities enables
multi-tasking (e.g., delivering silent visual noti�cations while the
user listens to a podcast), but should be designed to avoid splitting
users' attention across multiple salient output channels, which can
hinder information retention [8].

Our work builds on these principles to develop a suite of gesture
and audio-haptic guidance techniques, working alongside voice and
audio I/O to facilitate conversations with voice interfaces. Through
a study with 14 end-users, we investigated the impact of both
synchronized techniques (e.g., simultaneous audio-haptic cues to
con�rm users' gestures) and strati�ed techniques (e.g., haptics in-
terleaved with the system's response to emphasize interaction op-
portunities) on participants' conversation �ows.

2.3 Multimodal Interaction with Voice
Interfaces

Our work extends HCI systems research applying multimodal de-
sign principles to enable more expressive interactions with voice
interfaces. Seminal works such as Put-that-there [6] and Quick-
Set [10] combine pointing and voice commands for mixed-initiative

Figure 2: I/O Modality Properties. Our multimodal interac-
tion techniques capitalize on voice input and audio output
for their high expressiveness. To mitigate challenges with
the high time cost of processing audio, we incorporate ges-
tures and haptics as highly e�cient interaction modalities.

manipulation of digital content. In recent systems, we observe sim-
ilar gesture-based techniques for referencing and manipulating
physical objects: GazePointAR [29] leverages pointing to disam-
biguate users' references when querying real-world information;
Minuet [22] enables multimodal control over IoT devices; Wu et
al.'s design space [59] demonstrates full-body input techniques to
voice interfaces.

While prior systems primarily leverage gestures for atomic or
transactional tasks (e.g., ordering food [59], changing tempera-
ture [22]), we also observe trends towards enabling complex text-
based tasks that traditionally require visual interfaces. For example,
Earpod [63] and AudioHallway [46] support silent navigation of au-
dio �les through mouse gestures or head movement. GlassMail [64]
and Voice+Tactile [21] enable coarse- and �ne-grained text editing
in on-the-go scenarios using voice and touch input, respectively.
Similarly, VERSE [56] integrates voice and touch input to support
information-seeking tasks with screen readers for blind and low-
vision users.

Building on these works, we developed multimodal interaction
techniques that not only enable users to guide system speech
through gestures, but also provide haptic channels to raise users'
awareness of system state and possible future actions. We focus
on new types of conversational tasks that are made possible by
LLMs and require more deliberation and turn-taking, e.g., seeking
evidence-based explanations, debating con�icting perspectives, or
crafting recommendations [5].

3 Parallelized I/O Techniques for Conversing
with Voice Interfaces

Given that key challenges with voice interfaces stem from the lin-
ear nature of voice input and audio output, we explored how to
parallelize interactions related to conversationcontentandcontrol
through developing a suite of gesture and audio-haptic guidance
techniques. As shown in Figure 2, gestures and haptics are less
expressive than voice and audio (i.e., they convey less rich or nu-
anced information [20]), but are more e�cient for users to perform
and process [6, 54]. These properties make gestures and haptics
well-suited for rapid functions to control conversation �ow (e.g.,
adjusting conciseness via gestures or receiving interaction guidance
through audio-haptic cues), while voice and audio can be reserved
for posing prompts and receiving responses (Fig. 3).
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Figure 3: Role-Based Collaboration between I/O Modalities.
Traditional voice interfaces leverage voice input and audio
output to exchange conversation content. Our multimodal
interaction techniques parallelize interactions related to con-
versation control through gesture input (to manage naviga-
tional and temporal �ow) and audio-haptic output (to convey
interaction guidance or system state).

To understand the range of implicit and explicit interactions to
parallelize, we classi�ed gesture and haptic-based techniques for
conversing with voice interfaces, based on our own prototypes and
a literature review of multimodal interaction with conversational
UIs, including both visual interfaces (e.g., chatbots) and audio-only
interfaces. Our work builds on prior design spaces of gesture-driven,
task-oriented interactions with voice UIs (e.g., controlling IoT de-
vices, placing orders) [21, 22, 59], but instead we focus on facilitat-
ing complex human-AI conversations (e.g., seeking evidence-based
explanations or debating con�icting perspectives [5]).

While the latest generation of wearable AI devices, such as the
Ray-Ban Meta glasses, incorporate camera data (e.g., for world-
querying tasks [29, 31]), we scoped our exploration to voice and
gesture input to conduct a more focused comparison to traditional
voice-driven interaction. We also note that other multimodal infer-
ence techniques are possible (e.g.,feature-level fusion[50] combin-
ing gesture detection and gesture speed to infer users' preferences
for the pace of conversation) and would be interesting to explore
in future work.

Figures 4-8 depict our suite of parallelized I/O techniques in-
formed by our literature review; techniques in bold are ones we
implemented (Sec. 4) and investigated through an exploratory study
with end-users (Sec. 5).

3.1 Traditional I/O for Conversation Content
A wide range of interactive systems (e.g., wearable assistants, smart
home devices, mixed reality experiences) incorporate voice and
audio to o�er users natural interaction techniques with high expres-
sive leverage. In commercial AI-enabled voice interfaces (e.g., Chat-
GPT's Advanced Voice Mode3) and research systems [31, 59, 64],
voice input is used to express details in a conversation: specify-
ing queries or prompts, specifying stylistic qualities, or correcting
system errors (Fig. 4).

3ChatGPT's Advanced Voice Mode: https://help.openai.com/en/articles/9617425-
advanced-voice-mode-faq

Figure 4: Voice to Express Details.

Figure 5: Audio to Deliver System Responses.

Similarly, the expressiveness of audio makes it an ideal modality
to deliver system responses to the user or issue interaction guidance
that requires signi�cant explanation, such as specifying follow-up
topics to further explore in a conversation (Fig. 5).

Trade-o�s: Voice and audio are transmitted through low band-
width channels, requiring users to speak and listen sequentially
to convey and consume information. As discussed in Section 2.1,
these tradeo�s pose challenges for managing navigation and timing
within conversations, e.g., di�culties backtracking to correct er-
rors [26, 33] and processing information in lengthy responses [15].

Next, we describe how we envision mitigating these challenges
by using gestures, a more e�cient input modality, to guide conver-
sation �ows alongside voice and audio I/O.

3.2 Gesture Input for Conversation Control
Prior conversational UIs place gestures in supporting roles to speed
up intent speci�cation (e.g., pointing to disambiguate vague lan-
guage [29], performing hand poses to add numerical information to
voice directives [59]). Among recent visual interfaces for convers-
ing with LLMs, we also see trends towards gesture-driven direct
manipulation to iteratively re�ne prompts [25,33] or identify future
directions for discussion [18, 52].

Inspired by these prior examples, we developed a set ofgesture-
driven techniques to �exibly navigate system responses (Fig. 6):

(1) Selecting follow-up topics: To redirect the conversation based
on system-suggested, verbally-read options, users can tap to
Select a topic to explore further.

(2) Going deeper into topics: Tapping while the system is speak-
ing drives the conversation toward the topic just discussed.
However, compared to visual interfaces [33, 52], directly ma-
nipulating audio responses is more challenging, as the linear
nature of audio requires precisely timing interactions. To help
users understand when and how they can manipulate system
speech, we incorporate haptic nudges to emphasize keywords
to Go Deeperinto (Sec. 3.3).

https://help.openai.com/en/articles/9617425-advanced-voice-mode-faq
https://help.openai.com/en/articles/9617425-advanced-voice-mode-faq
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Figure 6: Gestures to Control Navigational Flow.

Figure 7: Gestures to Control Temporal Flow.

(3) Skipping or replaying system responses: Inspired by light-
weight media controls in audio-only interfaces [41, 63]), we
allow users toSwipe Left to Replay the current response and
Swipe Right to Skip to the next sentence.

(4) Saving system responses:While not implemented, we envi-
sion bookmarking topics for later reference via gestures inter-
leaved with system speech.

We also explored four classes of techniques todirectly manip-
ulate the timing of conversations (Fig. 7):

(1) Initiating interaction with voice interfaces: Aligned with
prior systems [41,59], we use a distinctive gesture (a quick wrist
rotation) to Wakethe voice interface in a subtler manner than
using a verbal wake word.

(2) Adjusting the style or conciseness of system responses: We
implemented three techniques to help users tailor the response
length and level of detail to their needs. First, an interruptive
technique:Restyle Responseallows users to gesture and ver-
bally provide stylistic instructions for the system to regenerate
its current response. Next, two non-interruptive techniques:
Wrap it Upends the response gracefully at the next sentence,
andTell me Moreextends the current response with additional

details. Aligned with our work, prior systems implemented tech-
niques for keyword summarization to reduce users' audio pro-
cessing e�ort [21, 64] and progressive topic exploration, using
link navigation to traverse knowledge graphs [56].

(3) Interrupting system responses [59]: To redirect conversa-
tions in a more socially acceptable way than verbally interject-
ing, theWakegesture can also be used interruptively, stopping
system speech and activating the mic for the user to speak.

(4) Maintaining the context window of the conversation: In
traditional voice UIs, silence signals the end of a conversation,
leading the system to clear its conversation history. To enable
users to pause and process information, we envision users ges-
turing to �hold their place� in the conversation. Minuet [22]
proposed maintaining context via repeated gestures (e.g., to tell
a smart thermostat to keep increasing the temperature).

Trade-o�s and Design Considerations: A one-to-one map-
ping between gestures and system functions can posememorabil-
ity challenges [34]. To reduce the number of distinct gestures, our
implementation di�erentiates gestures performed while the user is
talking, while the system is talking, or during silence. This enables
a one-to-many mapping (e.g.,Pinch gestures correspond toPause
while the system is talking andKeep Listening while the user is
talking). Future approaches could contextually adapt gesture map-
pings based on frequent actions for a particular task. For example,
a Swipegesture could translate toSkip for a summarization task
or Tell me Morewhen learning about new topics.

We also note that gesture-driven interaction may con�ict with
a core advantage of voice interfaces: enablinghands-free task
completion [32]. While we prototyped our interaction techniques
with one-handed gestures (Sec. 4), we envision the techniques trans-
lating to other forms of gesture recognition (e.g., microgestures
designed to work under hand pose or location constraints [19]).

3.3 Audio-Haptic Output for Conversation
Control

The previous section demonstrated user-driven interaction tech-
niques combining voice and gestures to guide system responses.
Next, we present audio-haptic interactions for the system to guide
users to(1)understand system state and(2)plan future interactions.

Traditional voice interfaces use non-verbal audio cues to notify
users about system status without a visual display (e.g., sound ef-
fects to indicate loading). However, with audio-only conversational
UIs, there is a risk that the simultaneous processing of both verbal
and non-verbal audio could overload users' auditory perception
capabilities [12, 40]. To parallelize system output related to conver-
sation content and interaction guidance, we leverage vibrotactile
haptics to repeat ambient interaction cues through a separate sen-
sory channel, which has been shown to reduce user error [48].

A wide range of digital devices employ haptics to provide ambi-
ent awareness and interaction guidance, including mobile phones,
smartwatches, and mixed reality systems [2, 4]. Haptics are emerg-
ing in conversational AI systems as well, e.g., ChatGPT's mobile app
incorporates typing haptics to notify users about response loading
time and length.
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Figure 8: Audio-Haptic Cues to Convey System State.

Figure 9: Audio-Haptic Cues to Convey Interaction Guidance.

First, toreinforce users' awareness of the current status of
the conversation , we designed a set of audio-haptic indicators
(Fig. 8) for the following system states:

(1) Listening to user input: Inspired by prior conversational UIs
and long-distance communication systems [21, 24], our im-
plementation issues vibrotactile feedback to assure users that
their speech is being captured. We trigger this haptic feedback
when users are speaking longer prompts or holding aKeep
Listening gesture.

(2) Processing user input: Aligned with traditional voice UIs, we
also deliver audio-haptic cues to indicate system loading times.

(3) Indicating conversation timeout: Silence typically signals
the end of a conversation to voice interfaces. To help users antic-
ipate when the system will forget their previous interaction, we
issue subtle haptic feedback after 5s of silence. Speaking within
another 5s allows users to continue the conversation, while re-
maining silent clears the history. Prior systems explored salient
haptic feedback to achieve the opposite e�ect: encouraging
users to reduce screen time [38].

(4) Indicating error state: While not implemented, we envision
audio-haptic cues to notify users of various system faults (e.g.,
gesture recognition errors, LLM response failures [45]).

Finally, we explored a set of techniques tosupport awareness
of potential future interactions and guide users on how to
execute them (Fig. 9).

(1) Con�rming users' input: Our implementation issues audio-
haptic cues for various types of gestural input to assure users
that the system is acting upon their intent. Based on our pilot
studies, we decided to use distinct cues for only two system

functions: microphone activation and deactivation. For all other
gestures (e.g.,Go Deeper, Wrap it Up), we deliver a uniform
con�rmation signal to reduce users' cognitive load when dis-
tinguishing between cues.

(2) Nudging users to take future actions: Inspired by spatial
cues in audio browsing interfaces [35, 46], we designed ambient
haptic patterns to raise users' awareness ofwhento execute
interactions. Haptic nudges interleaved with system speech
indicate keywords for users to explore more deeply (paired
with the Go Deepergesture).

(3) Teaching users to perform interaction techniques: In a
future implementation, we also envision cues to teach users
how to execute interactions. To this end, Voice+Tactile pro-
vides �nger-level gesture guidance via a touchpad tactile inter-
face [21] and Xu et al.'s haptic patterns [60] convey semantic
associations (e.g., rendering feedback around a wristband to
simulate grabbing for aSavefunction).

Trade-o�s and Design Considerations: Transmitting mean-
ingful information through haptics is a known design challenge,
while distinguishing unique haptic patterns poses challenges for
users [54]. Our pilot studies suggested that audio counterparts to
haptics were essential for participants to understand system state
(e.g., mic activation, system loading). An exception to this rule was
cues synchronized with the voice interface's speech (e.g., keyword
nudges), for which participants preferred haptic-only feedback to
avoid distracting from the audio response.

4 Implementation
To demonstrate interaction techniques along our design space, we
developed an LLM-enabled voice interface as a Unity application
integrated with two in-house research devices for gesture input
and haptic feedback (Fig. 10). We simulated a smart glasses form
factor by streaming audio from the Unity client to Ray-Ban Meta
glasses via Bluetooth.

LLM-enabled Voice Interface (Fig. 10A): To power the intel-
ligent voice interface, we used GPT-4o to develop 4 agents that
generate, parse, or modify various aspects of the conversation.
The primary agent is anInformational Audio Assistant that
generates responses to users' prompts given a truncated conver-
sation history and optional stylistic instructions. We embedded
prior work's design guidelines for voice interfaces [28, 57] into
the GPT-4o prompts to improve the quality of responses (e.g., to
encourage conciseness and predictable sentence structures). We
also developed aKeyword Identifier that highlights important
words in the system's response, aFollow-up Generator that sug-
gests subtopics for users to explore, and aResponse Extenderthat
generates more details at the end of the system's current response.
Appendix A.3 shows the prompts for all agents.

We used the Meta Voice SDK4 (version 66.0) fordictation(to
convert users' speech into a text-based request for GPT-4o),text-
to-speech(to translate GPT-4o's text responses into audio output
for the user), andvoice commands(to activate the microphone via
a wake word in our user study, as described in Sec. 5). To enable
interleaving gesture input and haptic feedback with the system's

4Meta Voice SDK: https://developer.oculus.com/downloads/package/meta-voice-sdk/

https://developer.oculus.com/downloads/package/meta-voice-sdk/
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Figure 10: Voice Interface System Architecture. We developed the LLM-enabled voice assistant as a Unity application (A) using
GPT-4o (E)and the Meta Voice SDK (F). We connected the Ray-Ban Meta Glasses as a Bluetooth device to deliver audio output (D)
and used two in-house, wireless wearables for gesture input (B) and haptic feedback (C).

speech, we usedtext-to-speech word events, which provide timing
o�sets for every word in an audio clip.

Gesture input device (Fig. 10B): We used an in-house wearable,
wireless ring that uses active electrical sensing to detect contact be-
tween the user's index �nger and other parts of their skin. The ring
is instrumented with a set of electrodes that measure impedance
changes that occur when the index �nger touches skin (similar
to [23, 61, 62]), an IMU that infers the orientation of the �nger,
and an optical proximity sensor that di�erentiates across multiple
touch locations. Using this setup, we distinguish between two tap
positions: the distal phalanx and the proximal phalanx, which we
refer to asA and B herein. A heuristics-based signal processing
pipeline fuses data from these sensors to infer on-skin touch events
and one-handed gestures, such as thumb-tap on position A or B.
These gesture events that are streamed to the Unity client.

For our user study, we designed a gesture mapping that leverages
simple semantic metaphors to help users remember which gestures
correspond to system functions (Fig. 12). For example, Tap B se-
quences correspond to going forwards in the conversation (Skip
andTell me More), while Tap A sequences signal backtracking
or stalling the conversation (Replay andWrap it Up). While we
instantiate the gesture set with our ring device, we designed and
developed the interaction techniques to be agnostic to the gesture
recognition method: the voice interface could be extended to accept
gesture events via keyboard simulation or camera-based gesture
input detected via cameras.

Haptic device and audio-haptic cues (Fig. 10C): To enable
haptic feedback, we used another in-house wearable device: a wire-
less wristband lined with 4 vibrotactile actuators, which are evenly
spaced on the top, bottom, left, and right of the wrist. We worked
with a professional sound designer in our organization to create
audio cues for three categories:(1)con�rming gesture detection,
(2)supporting awareness of system state (when the system is load-
ing responses or listening to users' speech), and(3)nudging users
to take future actions (emphasizing keywords or encouraging the
user to continue the conversation after periods of silence). We then
created haptic patterns matching the frequency and amplitude of
the audio cues (which are played through all 4 actuators on the
wristband simultaneously). We designed these audio-haptic cues to
be just noticeable to prevent interrupting the �ow of conversation.

5 Exploratory User Study
To investigate how introducing gestures and haptics as parallel I/O
channels for voice-based interaction impacts the navigational and
temporal �ow of conversations, we conducted an exploratory study
with 14 end-users of voice interfaces. Through two conversational
tasks with our LLM-enabled voice interface (Sec. 4), participants
compared traditional voice-only interaction with our gesture and
haptic-driven guidance techniques.

The study was approved by the Institutional Review Board (IRB
#00000971). We conducted 90-minute in-person study sessions. Par-
ticipants were compensated for their time.

5.1 Participants
We advertised the study via public mailing lists, contacting a ran-
dom distribution of 50 interested individuals. Participants met in-
clusion criteria requiring English �uency, hearing capabilities, and
the ability to perform hand gestures. Since we used Ray-Ban Meta
Glasses as the voice interface form factor, we recruited participants
who would be comfortable removing their glasses to ensure proper
�t; vision impairment was not a disquali�er. From the 16 completed
sessions, we omitted 2 participants from our analysis, one due to a
temporarytext-to-speechfailure with the Meta Voice SDK and the
other due to low performance on our attention check questions.

The �nal sample of 14 participants had an average age of 31 years
(range: 21-61), with 5 women, 7 men, and 2 participants preferring
not to report.

Experience with voice-based interfaces: 11 participants used
voice interfaces daily, 1 used them monthly, and 2 never used them.
Among the daily users, 3 used wrist-worn devices (e.g., Apple
Watch), and 8 used mobile phones or smart home devices (e.g., Ama-
zon Echo). Voice interfaces were primarily used for simple tasks
such as checking the weather, controlling lights, setting alarms, and
voice-based texting.

Experience with AI-enabled chatbots: Compared to voice
interfaces, participants were less frequent users of AI chatbots with
visual interfaces (e.g., ChatGPT), with 7 using them daily, 4 weekly,
and 3 once a month or less. Chatbots were primarily used for writing
tasks, software development, and exploring new topics for fun.



CHI '25, April 26�May 01, 2025, Yokohama, Japan S. Rajaram, H. Surale, C. McConkey, C. Rognon, H. Mehta, M. Glueck, C. Collins

Figure 11: User Study Set-Up. Participants in our exploratory
user study were instrumented with Ray-Ban Meta Glasses for
audio output (B) and in-house wearables for gesture input (E)
and haptics (F). The LLM-enabled voice interface ran on a
laptop (A), connected to a Logitech Snowball microphone (C)
to capture participants' speech. We displayed task instruc-
tions and illustrations of the gesture set on a monitor (D).

5.2 Method
Figure 11 shows the components of our study apparatus. The
study consisted of a training session and two scenario-based tasks,
where participants conversed with our LLM-enabled voice interface
(Sec. 4) using two di�erent interaction styles:

� Voice-Driven Interaction: Users specify requests via voice
and receive responses via audio. Invoking awake word(�Hey
Roger�) can be used to activate the system and speak a prompt,
as well as to interrupt the system's response. We provide audio
feedback to indicate when the mic is active and when responses
are loading. This traditional interaction style served as a baseline
to compare our gesture and haptic techniques against.

� Gesture+Haptic-Guided Interaction: In addition to using
voice and audio for conversation content, users can control con-
versation �ows using a subset of gesture and haptic guidance
techniques from our design space (Fig. 3). Similar to thewake
word in the Voice-Driven condition, awake gesture(Wrist
Roll ) can be used to initiate a spoken prompt and interrupt the
system. The system provides the full range of audio-haptic feed-
back that we designed to support users' awareness of system state
and con�rmation of their gestural input. Additionally, the system
nudges users to take future actions (e.g., exploring keywords) via
haptic-only feedback.

Training: Conversing via Voice and Gesture-Based Inter-
action Techniques (15 min) . We familiarized participants with
traditional Voice-Driven interaction through a conversation about
their country of residence. Then, using the same conversation topic,
we walked through a subset of fourGesture+Haptic-Guided
interactions available during the �rst task (Fig. 12):Waking the
Mic to pose a prompt,Playing Follow-up Topics , Selecting
Keywords or Follow-up Topics to branch into new directions,
andTell me Moreto keep exploring the current topic.

Conversation Task 1: Learning about an Unfamiliar Topic
(25 min) . First, we explored the a�ordances of gesture and haptic
guidance techniques for the common LLM use case ofinformation

Figure 12: Mapping of Gestures to System Functions. For our
user study, we designed a gesture set leveraging three distinct
poses (Wrist Roll, Tap A, Tap B) with variations of the tap
gestures (holding or repeated taps) to distinguish between
system functions. This mapping is a simpli�ed version of
the gesture set described in Sec. 3. (*) indicates gestures in-
troduced in Task 2.

foraging[42] (i.e., probing a vast information space to deepen one's
understanding of a speci�c facet). This task was selected for its
known challenges with navigational and temporal �ow (e.g., parsing
long responses and traversing branches of discussion [52]).

Participants chose an unfamiliar topic from a prescribed list (e.g.,
�how manual clocks work,� �uses of coriander�). Starting with either
the Voice-Driven or Gesture+Haptic-Guided interaction styles,
they conducted a 2-min conversation with the voice interface, aim-
ing to remember details about the topic. To verify participants'
attentiveness, we asked them to teach the topic back to the re-
searchers. Following the conversation, we discussed aspects of the
system that made it easy or challenging to use.

Participants repeated this task with the interaction style they had
not yet experienced, using di�erent conversation topics. We coun-
terbalanced the order of theVoice-Driven andGesture+Haptic-
Guided conditions across participants. For theGesture+Haptic-
Guided condition, participants could control the �ow of the conver-
sation using the subset of gestures they learned in the training ses-
sion (Waking the Mic, Playing Follow-up Topics , Selecting
Keywords or Follow-up Topics, andTell me More).

In a semi-structured interview portion after both conversations,
we again discussed the easy and challenging aspects of the system
usage and participants' preferences for interaction techniques. We
also asked participants to compare both conditions and comment
on how, if at all, the way they navigated the assistant's responses
and managed the timing of the conversation changed.

Conversation Task 2: Preparing for a Meeting (25 min) . In
contrast with Task 1, which focused on in-depthtopic exploration,
Task 2 required participants to quickly summarize abreadthof
information. We established a scenario of using a voice assistant to
prepare for an upcoming meeting while commuting to work. This
scenario was intended to induce time-pressure for participants,
enabling us to compare the a�ordances of voice vs. gestures for
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