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Figure 1: At left, a lemur engages with CreatureConnect within the enclosure. On the right, children use the system in tandem
with lemurs.

ABSTRACT

While zoos deploy technologies for animals’ enrichment and visi-
tors’ education, little research has investigated how technology can
support joint computer use by animals and people working together.
To bridge this gap, we developed CreatureConnect, a distributed
device with which lemurs and zoo visitors alike can control the in-
tensity of sounds, smells, and visuals on either side of the enclosure
boundary. Over 20 days of subsequent observation, we recorded 541
lemur-system interactions, observed 16,139 zoo visitors, and col-
lected 696 sets of questionnaire responses to examine the effects of
distributing control on both species across baseline, visitor-control-
only, lemur-control-only, shared-control, and no-control conditions.
While lemurs used CreatureConnect significantly less when control-
ling it alone, humans exhibited significantly greater engagement,
education, empathy, and overall-experience value under shared-
control conditions, which outperformed all other conditions. In
light of the results and the fundamental role of interaction and
interfaces in animal-computer and human—computer interaction,
the paper examines its vital implications for between-species col-
laboration and control.
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1 INTRODUCTION

Many zoos and aquaria offer visitors direct contact with animals,
with petting, walking, swimming, riding, and feeding encounters
supplying what scholars call animal-visitor interactions (AVIs) [86].
Though these activities are intended to educate visitors, increase
their knowledge of wildlife conservation, and support global con-
servation efforts [2, 27, 29, 81, 86, 95], research suggests that most
AVIs compromise animal welfare and conservation, despite positive
ratings by humans. In addition to the gulf between positive experi-
ences for visitors and negative ones for animals [86], AVIs expand
the transmission of zoonotic diseases and the risks of injury to
both animals and visitors [32, 34]. Yet, with more than 700 million
visits to zoos a year [51, 87], demand for AVIs continues to rise
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[27]. Noting the associated renewed concern about animal-welfare
impacts, the UK government has ramped up its introduction of
regulation aimed at minimising human interactions with certain
captive species [122].

In response, researchers have begun to explore how digital tech-
nologies can mediate AVIs. Studies attest that visitors who can view
or experience the same technology as animals exhibit stronger em-
pathy, engagement, and education [127, 129]. For the animals, such
systems offer valuable enrichment by supporting species-specific
competencies and targeting the cognitive and physical processes
used by their wild counterparts [25]. However, most current tech-
nologies still address either animals or visitors exclusively [64, 78].
This restricts opportunities for genuinely mutual interaction. While
Yamanashi et al. [135] demonstrated that animals and people can
operate the same system, little is known about how control is best
distributed between species, not to mention how particular allo-
cations affect either. Vital questions arise about balancing agency
between animals and visitors in AVI systems’ design.

An animal’s capacity for agency - that is, choice and control over
its own life — correlates with better welfare [14]. Hence, agency
has emerged as a central pillar of the animal-computer interaction
(ACI) discipline [79] and a key theme for the animal-cognition com-
munity [15]. While ACI scholars recognise agency as empowering
animals to use technologies independently and make meaningful
choices over fundamental aspects of their life [25, 131], implement-
ing choice and control presents complex, multifaceted challenges
[31]. One evident factor is that choosing is an inherently reward-
ing and intrinsically motivated behaviour [31, 138]: while animals
cannot say so directly, research strongly suggests that they enjoy
making choices in itself [31]. In fact, choice is so powerful that
animals undertaking a computer-based task often pick options with
less preferable outcomes (e.g., smaller rewards) if these end up
giving them more choices [138]. Also, animals value a non-binary
approach; they typically prefer having more than two options, even
when consistently selecting the same option [31]. In any case, if
animals are to benefit from agency-based approaches, a perceived
‘internal locus of causality’ (or control) must motivate their use
of technology to control the environment [15]. This factor further
complicates implementing animals’ control and choice in human-
managed settings. For instance, humans at zoos may want to exert
control/choice via a shared AVI system. This leads to questions
about designing technologies that offer both parties meaningful
choice and control, alongside how the approach to agency affects
animals and visitors.

To explore choice and control in technology-mediated AVIs at
zoos, we developed CreatureConnect, a dual-device system that
delivers random combinations of bimodal visual, olfactory, and
auditory stimuli in real time to a device for red-ruffed lemurs and a
device for human visitors. We then tested this system by varying
the control over stimulus intensity in four conditions: visitor-only
control, lemur-only control, shared control, and ‘no control’ (con-
trol by the device without user input). Visitors adjusted intensity
via a touchscreen slider while lemurs did so by means of proximity,
with coming closer producing higher values. In single-party control
conditions, the system fixed the intensity of the other modality at
a medium level, whereas the system’s no-control condition ran-
domised the intensity without input from either side. In all four
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conditions, each device presented both stimuli simultaneously to
support joint use irrespective of control. The system was deployed
at our partner institution, Blair Drummond Safari Park, where it
was used by five lemurs and roughly 16,000 visitors over 20 days.
The system recorded the lemurs’ and visitors’ interactions with
their respective devices throughout the study. For further informa-
tion on the impact on visitors, we measured their engagement at the
lemur enclosure (frequency and duration of visit) and employed a
questionnaire to collect data on education effects, empathy, and the
overall experience. Thus, the study addressed two central questions:

RQ1: How does lemur and visitor interaction with Creature-
Connect reflect the environment control afforded: lemur-only,
visitor-only, shared, or none?

RQ2: How does CreatureConnect affect visitors’ engagement,
education, empathy, and overall zoo experience?

Examining the 541 lemur interactions identified and the visitors’
engagement with the technology revealed that control significantly
affected the time lemurs spent near their CreatureConnect device.
The interaction patterns’ dependence on control level led us to
deduce that lemurs can exercise self-directed control via computer
systems. In combination with evidence that choice opportunities
and control over environmental functions improve animals’ welfare
[69], these findings suggest that CreatureConnect could enhance
well-being among lemurs by offering them meaningful opportu-
nities for control. From 1,719 visitor-technology interactions and
696 questionnaire forms, we found that visitor engagement, self-
reported education, empathy, and experience scores were all greater
with the technology than in its absence, reaching their highest lev-
els in the shared-control condition. These indications that AVIs
can significantly enrich visitor experiences point to the importance
of further questions about control dynamics, mutual perceptions
between animals and visitors, and how varying the control factors
shapes agency.

Core contributions: Human-computer interaction (HCI) schol-
ars define interaction as ‘mutual or reciprocal action or influence’
[50]. Building on their exploration of the more-than-human land-
scape, this paper extends the definition to encompass experience
and meaning-making across species boundaries. Our methods, hard-
ware, and software implementations, which enable dynamic ex-
changes between animals and humans, demonstrate reciprocal in-
fluence and shared engagement. This contribution, inspired by
prior work showing how technology can offer support across the
enclosure boundary, might well represent the first investigation of
control and means of its technology-mediated sharing via multi-
species AVIs in zoo settings. By framing animals not as objects
of education but as co-stakeholders and co-controllers in visitors’
learning processes, its approach offers a more inclusive basis for
designing educational technologies. Our findings challenge certain
prevailing assumptions in ACI and animal-behaviour/cognition
work — namely, that animals having more control over their life
automatically enhances their welfare and that animals choose ac-
cordingly [14, 31, 72]. From our new theoretical vantage point, the
relations among choice, control, and animal welfare prove far more
nuanced than previously thought.
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2 BACKGROUND FROM THE LITERATURE

Zoos play a vital role in wildlife conservation, yet captivity in-
evitably constrains some aspects of animal welfare [14, 102]. To
mitigate associated challenges, ACI researchers have introduced
technology-based enrichment in zoos, applying user-centred design
principles adapted from HCI [17, 44, 76]. Below, we review work
on multimodal animal technologies and technology-mediated AVIs,
alongside how the control assigned and the choice provided mould
both.

2.1 Multimodal Technologies for Captive
Animals

Kleinberger et al. [65] offered a starting point with an 800-study
review finding that zoo technologies primarily consist of screen-
and audio-based systems involving interactive objects and wearable
devices. Animal technologies typically apply visual (63.32%) and
auditory (27.64%) modes. Though olfactory ones seldom feature
(1.01%) [65], they are fundamental to animals’ foraging behaviour
and therefore warrant deeper investigation [104]. The review cites
touchscreen video systems for orangutans, which increased the
time spent in technology-equipped areas [106], and classical music
for Asian elephants, which reduced stereotypy [133].

Three cue types are central to non-human primate welfare: vi-
sual, auditory, and olfactory [7, 132]. Visual cues are fundamental
for these primates’ social behaviour and foraging, and visual en-
richment of their environment can reduce abnormal behaviour
and foster appropriate interactions [104, 132]. For example, video
augmentation expanded the space used by Japanese macaques and
reduced maladaptive actions [89]. Auditory stimuli, in turn, are cru-
cial for non-human primates‘ communication and threat detection
(e.g., in alarm calls among tamarins and sifakas). Their elicitation
of strong attentional responses lends support to widespread use of
acoustic enrichment [64, 133]. Red-ruffed lemurs’ foraging speaks
to the value of olfaction [104], with studies of captive red-ruffed
lemurs demonstrating that olfactory cues yield more engagement
than visual or auditory stimuli [127]. Perhaps unsurprisingly, en-
richment that combines several stimulus modes engages animals
more effectively than unimodal stimuli do. For instance, multimodal
combinations produced significantly stronger engagement than any
one mode in the study of red-ruffed lemurs. This makes sense: every
animal both perceives the world and communicates by multiple
means [14].

2.2 Animal-Visitor Interaction in Zoo and
Aquarium Settings

Zoos and aquaria not only support animal-welfare efforts but also
provide key venues for public encounters with wildlife, thereby
educating the public in species conservation, ecology, etc. [82, 130].
Through AVIs, untrained visitors can physically interact with cap-
tive animals in ways that are designed to be safe and potentially
beneficial for both parties [27, 112].

AVIs sometimes can jointly serve animal welfare and visitor
education [38, 56]. For example, walk-through ring-tailed lemur
enclosures have increased the closeness perceived by visitors [38],
and visitors’ feeding of crowned lemurs has reduced their aggres-
sion relative to zookeeper-only feeding [56]. However, Spooner et
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al. found that high-intensity visitor contact and prolonged expo-
sure can degrade animal welfare [113]. The waters get muddied
further by generalisation across species. For instance, petting by
humans does not change the behaviour of captive southern hairy-
nosed wombats but can provoke biting among sea lions, which
could bring physical harm to animals and visitors [49]. Given these
mixed outcomes, the World Association of Zoos and Aquariums
issued guidelines recognising AVIs’ potential to benefit animals and
visitors but specifying that animal welfare should take precedence
[134]. In 2025, the UK government tightened its legal regulation of
AVIs to prohibit touch-based interactions with fish and cephalopods
in light of welfare concerns, underscoring growing awareness that
safe, non-contact approaches are needed for ‘wildlife first’ AVIs
[122].

Zoo-based AVIs frequently play a part in conservation education,
yet they can have positive, neutral, or negative impacts. Also, most
encounters remain non-technological [113] even though technol-
ogy offers safe, non-contact alternatives that preserve AVIs’ benefits
while reducing risks to animals and visitors alike [23]. For instance,
Melbourne Zoo’s floor-projection system showcased cognitive and
sensory enrichment for orangutans and added to visitor empathy
from watching the animals play [129]. After that came Yamanashi
et al. [135] system, which enabled chimpanzees and humans to con-
trol a projection device through motion-tracking buoys on each side
of the barrier. They reported no negative effects on chimpanzee
behaviour while observing that the animals spent more time in
the deployment area when the system was made available than in
the control condition, when it was not [135]. Encouraged by these
results, Wang et al’s multimodal device for lemurs [127], which
visitors could see while engaging with a similar device that let them
directly experience the same stimuli. The animals took up this AVI
technology, and it simultaneously improved zoo-visitor education,
empathy, and experience ratings. In other work, Martin et al., who
designed three abstract competitive tasks for chimpanzees and hu-
mans’ joint play via a touchscreen, found that chimpanzee choices
closely matched game-theoretic equilibrium predictions — and were
even more optimal than human choices [77]. Notwithstanding such
clear evidence that AVIs can benefit animals and visitors, and that
animals can apply technology for social tasks and cognitive enrich-
ment, scholars have only scratched the surface of how animals and
zoo visitors might share control of the same technology, let alone
the complexities of how control gets allocated across species and
the effects on both sides of the interaction.

2.3 Control and Choice

One way zoos improve animals’ living and welfare is by according
them agency through opportunities for choice and control [14, 25].
Our discussion of this applies Browning et al’s definitions, under
which agency is an animal’s capacity to make choices and con-
trol its environment in line with individual-specific needs [14],
choice entails selecting between/among alternatives, and control
refers to influencing outcomes through one’s behaviour [15, 31, 68].
Enrichment-focused technologies at zoos should empower animals
to control stimuli themselves rather than rely on human operators,
and they should be offered the ability to exercise choice through
multiple options [25]. Mechanisms aligned with these principles
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act against stress and learned helplessness [11, 14, 25, 137]. Also,
for control to hold meaning, the animals must perceive the ‘locus
of control’ [4, 15] as internal, not external: they must recognise
their actions’ influence on events and on their life. This perception
is so powerful in animals that, for instance, common marmosets
repeatedly turn enclosure lights on and off for the sake of control
[15]. Interpreting control as internal has led to significant reduction
in such negative indicators as pacing and scratching, alongside an
increase in (positive) calm-locomotion behaviours, in comparison
to not sensing control [3, 15, 93]. Animal behaviourists now com-
monly regard an animal’s control over stimuli as mattering more
than the actual stimuli do [3, 15]. A similar pattern is visible for
choice; often, the availability of options proves more meaningful
than the one selected [31, 138]. There is a clear commonality with
the fundamental role of choice and control among humans: even
illusory control can boost people’s engagement and experience
[68].

The parallel is especially visible in the strong effect of expe-
rienced agency on human interactions with technology [70]. In
human-centred design, systems are built to support user choices and
control, to enable shaping one’s technology experiences through
adaptation and personalisation crafted to maximise utility and min-
imise frustration [5]. Scholars of HCI have found that role imbalance
and dependency can arise if the distribution of control between
humans is not handled well [16]; likewise, human-machine shared
control may cause confusion and weaken people’s sense of agency
[21]. These challenges notwithstanding, human-human shared con-
trol has shown an ability to increase enjoyment and engagement by
fostering social identification and interactive communication (e.g.,
in social gaming [19]). Human-machine shared-control systems, in
turn - from intelligent wheelchairs and semi-autonomous driving
to Al-assisted art tools — have reduced cognitive load, improved sys-
tem reliability, and stimulated user creativity [20, 21, 62, 115, 120].

When extending shared-control paradigms to zoos, we faced the
question of how human and non-human users alike can exercise
control such that a mutual system fosters agency and a demonstra-
bly positive user experience for both. While studies with animal- or
visitor-interaction devices have made some forays into cross-species
technology use, we found none investigating ways of concurrently
distributing control of these interactive systems between animals
and humans, let alone how such balances affect either party. To
fill the gap, we devised a dual-interface system whereby red-ruffed
lemurs and zoo visitors can interact with each other, then exam-
ined how varying the assignment of control over the technology
affects both users’ interactions (RQ1) and zoo visitors’ engagement,
education, empathy, and overall experience (RQ2).

3 DESIGNING THE CREATURECONNECT
SYSTEM

The two similar devices in the system, referred to as CreatureCon-
nect, were positioned for physical visibility to both sets of users.
In light of evidence that visitors gain greater educational benefits
when able to see animals interacting with technology [127, 130],
and also since such placement might also enrich the animals’ expe-
rience, we installed them on either side of a glass viewing window
of the lemur enclosure (see Fig. 1). The devices communicated with
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each other via the safari park’s Wi-Fi network. Below, we outline
the system’s design rationale, material choices, interaction mecha-
nisms, component configuration, choice of stimuli, and interfaces
(for human and animal users).

The interaction mechanism: Agency and autonomy were
central ethical considerations throughout the study. Development
of the interaction mechanism began with observing how lemurs
in the relevant enclosure behave. We found that their locomotion
and positioning employ primarily relaxed hand postures rather
than fine motor manipulation. This ruled out complex interaction
mechanisms such as finger-presses or touchscreen interfaces. Also,
we saw no evidence of tool use, so we excluded tools, such as a
stylus, as employed with other primates [63]. We opted not to follow
the path of developing species-specific bespoke buttons, partly
because monkeys in past studies did not reliably operate these as
triggers [61]. Instead, we chose to work with lemurs’ natural spatial
relations. In particular, the tendency to approach stimuli [108] has
shown success as an interaction mechanism for monkeys [45] and
specifically with lemurs [60]. Evidence that voluntary participation
enhances non-human primate engagement [33] further supported
designing a proximity-based control interface: lemurs could use the
device as desired or avoid the interaction area.

To create the area, we used three infrared sensors mounted 30 cm
above the device base, spaced 10 cm apart to match the average
shoulder width of the lemurs. In our design, control was defined as
modulating stimulus intensity. We mapped sensor readings to three
intensity ranges for red-ruffed lemurs: high (4-29 cm), medium
(30-54 cm), and low (55-80 cm), derived from testing with the
animals and from consulting zookeepers to be sure the lemurs could
switch distinctly between levels and engage only when approaching
the device. For visitor’ intensity changes, we chose a traditional
touchscreen with a horizontal slider displayed.

Interaction logic: The design allows both lemurs and human
visitors to activate and deactivate the interface, with visitors doing
so by tapping the screen and lemurs by approaching or leaving the
interaction area (as shown in Fig. 2). Our design choices ensured
that the system can be used whenever a lemur or human visitor is
present and treats the two as equal stakeholders. Permitting acti-
vation by either party facilitates genuine shared control, as does
letting a user keep interacting after the other disengages. This re-
spects user autonomy and choice by letting either party disengage
at any time. In our setting, when a lemur left the interaction area,
the interface was deactivated, unless a visitor remained. After 10
seconds elapsed without a visitor interacting, a prompt popped up,
asking whether the user wished to continue. If no confirmation
followed and no lemur was present, both interfaces were deacti-
vated. As for activation, once triggered, the device presented each
stimulus for 20 seconds (in a loop in the case of auditory or visual
cues), continuing until interaction had ceased. We based this choice
of span on evidence that lemurs typically interact with stimuli for
six seconds [60].

Our context for stimulus control by both lemurs and zoo visitors
was a bimodal combination of stimuli, with the modes (from the
three available) and the content chosen by the system at the start of
each interaction event. Randomising stimulus combinations across
interactions ensured the most balanced representation possible
across all experience conditions, even though this approach might
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When a lemur or visitor starts
the system, it presents the
same bimodal stimuli

on each device.

Visitor adjusts
intensity via slider

Visitor taps to start

If the lemur leaves,
the stimuli remain
displayed on both devices.

Pop-up appears after
10 seconds of inactivity

If the visitor leaves
or is inactive for 10 seconds, ®
the stimuli remain displayed

on both devices.

When the lemur and visitor
both have left, both devices
stop and wait for the
next interaction event.

A

o O

Lemur adjusts intensity via
distance from the device

D

Figure 2: The interaction logic of CreatureConnect. A: When a lemur enters the interaction area or a visitor taps the start icon,
the system activates, triggering a randomly chosen bimodal combination plus contents and presenting these synchronously
via both user devices. B: If the lemur leaves while the visitor remains, the stimuli from both devices continue and the visitor
may adjust intensity via the onscreen slider. C: If the lemur remains present while the visitor, after more than 10 seconds of
inactivity, either quits explicitly or does not reply to pop-up prompts, both devices’ stimuli continue. The lemur may change
the intensity via distance-based control. D: When lemurs and zoo visitors both have disengaged, the two devices cease their
action and wait for the next interaction event.

2\

Figure 3: Screenshots from the video stimuli used in CreatureConnect: a school of fish (left), a black-and-white abstract pattern
(centre), and a nature landscape at sunset (right).

o . d

influence participants’ sense of control, as discussed below. Lim-
iting adjustability to the intensity of the stimuli, rather than also
including control of their mode and/or content, reduces potential
confounding between choice-making and control. Thus restricting
the elements under lemurs’ control (to stimulus intensity, moder-
ated via proximity to their device) provides for reliable and ethical
measurement of control without reliance on trained abilities. The

design assigns each stimulus channel to no more than one party;
that is, each user adjusts only the intensity of the corresponding
mode under the relevant control conditions: lemurs via proximity
and visitors via the onscreen slider. CreatureConnect presents the
two stimulus modes, the intensity of each, and their specific content
in real time on both devices.
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Stimulus-intensity logic: In response to user input on inten-
sity, the system modified screen brightness, audio volume, and the
amount of scent-infused air emitted by each device. The brightness
bands for the visual stimuli were 100-200 cd/m? for low intensity
(25-50% of the 400 cd/m® maximum), 200-300 cd/m?* for medium
(51-75%), and 300-400 cd/m? for high (76—-100%). For this species, in
which brightness is a primary visual cue [126], these levels ensured
detectable brightness differences without risking overstimulation
[54, 126]. Corresponding sound levels were calibrated for audibility
above enclosure noise and kept within ranges safe for humans and
lemurs [121]: 55-65, 66—80, and 81-95 dB. Finally, lemurs rely heav-
ily on their sense of smell, often using volatile chemicals to com-
municate (i.e., semiochemistry) [55]; however, grappling with scent
intensity imposed several challenges [90, 136]. The commonplace
parts-per-million (ppm) approach [58] does not suit concentrations
of apple, mango, and lavender volatiles: weather variations preclude
accurate measurement outdoors [136], and even in closed environ-
ments they typically extend from a few micrograms to dozens of
milligrams per kilogram [18, 94, 125]. Human-based rating schemes,
such as the Labelled Magnitude Scale (LMS), meanwhile do not suit
cross-species contexts [41, 74]. Rather than resort to ppm or ap-
ply the LMS, we defined aroma intensity levels via a fan-speed
modulation technique followed in prior work [12]: we increased
scent-based air flow for low (25-40%), medium (41-70%), and high
(71-100%) bands. This gave us a practical means of approximating
olfactory intensity in outdoor settings.

The stimuli: Since our device accommodated only three odour
sources, we selected three exemplars per mode. Firstly, to select
the three olfactory stimuli, we conducted careful testing with the
lemurs alongside a zookeeper since zoo-based smell research with
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Figure 4: The structure of the red-ruffed lemurs’ CreatureConnect device (exterior at left, internals at right).

non-human primates is quite limited. Seeking to confirm suitabil-
ity and avoid offputting effects, we tested dried apple, jackfruit,
sweet potato, coconut, pineapple, melon, and mango (studies show
that lemurs prefer dried items to synthetic scents [127]) and also
peppermint, lavender, vanilla, and osmanthus, in light of lemurs’
diet favouring leaves (20.9% by weight), flowers (5.3%), and fruit
(72.5%) [6, 42, 98, 124] and zookeeper suggestions. In addition, we
tried cinnamon (a smell used in macaque scent-baiting [128]) and
sandalwood. All sources were placed in mesh-covered containers,
to which lemurs were exposed for five minutes (with gaps of two
minutes, to avoid odour overlap). After measuring lemurs’ engage-
ment with the scents — by number of lemurs coming over to smell
the items and in terms of interaction duration and frequency [99] -
we selected apple, lavender, and mango for the olfactory stimuli.
All five lemurs had engaged with these smells repeatedly (>5 times)
and for sustained periods (>220 s per 5 min)

The choice of video stimuli paid special attention to colour and
motion, which make a strong impact on non-human primates’ en-
gagement [8, 96]. Importantly, colour vision in red-ruffed lemurs is
sexually dimorphic, with males being dichromatic and females
trichromatic [71]. As our lemur participants were a mixed-sex
group, we prioritised orange, yellow, and blue hues, selecting three
videos with high-contrast motion and colour palettes (see Fig. 3):
Underwater Schools of Fish (blue dominating, with orange fish; mod-
erate speed) reflects preferences expressed by primates for fish con-
tent [46]; Black-and-White Abstract (high-contrast patterns; rapid
motion) responds to red-ruffed lemurs’ reliance on structural and
luminance cues during foraging [13, 53]; and Natural Landscapes
(orange—yellow sunsets; low speed) exploits evidence that natural
scenes elicit sustained engagement in rhesus macaques [57].
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Our system lets you and the red-ruffed lemurs each

:) control the intensity of visual, auditory, and/or scent cues.

Visitor-Control Day: You control the stimulus level for
one random sense by using the slider on the screen. The
other stays at medium intensity.
Lemur-Control Day: The lemur controls one sense’s
input level by moving closer to the device. The other
stays at medium intensity.
Shared-Control Day: You and the lemur each control the
input intensity of a separate
sensory stimulus, influencing each other.
No-Control Day: Both senses’ stimuli are set randomly.
Neither you nor the lemur can change them.
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Figure 5: The visitor interface with the CreatureConnect system: Tapping the onscreen ‘Start Lemurs Game’ button pane A)
causes the visitor device to display an introduction page (shown in pane B) and, after a few seconds, the control interface
(illustrated in pane C). Along the sliders, intensity under visitor control is colour-coded to indicate the level selected — blue for
low, yellow for medium, red for high — while non-adjustable levels are shown in grey. Explanatory text is presented above
these. The lemur interface displays the same elements but without text and with the non-lemur-adjustable levels in grey.

As red-ruffed lemurs are most sensitive to sounds at 2-8 kHz
[28, 36], we selected auditory stimuli consistent with this range
and supported by enrichment effects found in studies of other non-
human primates: Rainforest Ambience (irregular rhythm, 1-6 kHz,
40-60 BPM), commonly preferred by western lowland gorillas
[93, 100]; Electronic Pop (steady rhythm, 0.2-8 kHz, 120-135 BPM),
linked to high engagement levels in gorillas [118]; and Lullabies
(steady rhythm, 0.2-3 kHz, 60-75 BPM), favoured by cotton-top
tamarins and common marmosets [80]. For species-specific welfare
checks, we piloted both the sounds and the video stimuli with the
red-ruffed lemurs in the presence of a zookeeper. In a five-minute
loop with each, no avoidance behaviours or stress reactions were
observed.

Components — hardware and software: The lemur device
utilises a monitor, speakers flanking the screen, and three mo-
torised scent chambers with servo-controlled lids and ventilation
fans housed in a waterproof box. This design was adopted to

present stimuli at the lemur’s body height, for optimal accessi-
bility. Upon activation, the lids open and the fans disperse scents
(through protective grilled vents, to guarantee safety for the lemurs).
The components of the visitor device mirror the design of the
lemurs’ in all respects except that the olfactory system features
no servo-controlled lids, since human olfactory sensitivity does
not necessitate scent sealing. Both devices operate via Raspberry
Pi controllers for synchronised interaction. Each interaction gets
logged locally on the Pi and mirrored remotely on our servers.
In addition to robust data collection, remote access enables main-
tenance with minimal on-site intervention. Finally, a camera op-
posite the lemur device records activity in the device’s vicinity,
supporting non-invasive monitoring of lemur-system interactions.
Our system’s code and hardware schematics are available via the
University of Glasgow Enlighten Research Data repository (see
https://doi.org/10.5525/gla.researchdata.2156) with Fig. 5 showing
the onscreen display.
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4 STUDYING CONTROL VIA THE
IMPLEMENTATION: METHODS

The design of the 20-day field study implemented five conditions,
the four technology conditions plus a baseline. We exposed par-
ticipants to 1) the no-technology baseline, 2) visitor-only control,
3) lemur-only control, 4) shared control, and 5) no control, each
for four days in all (two weekdays and two days at weekends, to
balance the weekend increase in visits to Blair Drummond Safari
Park). Four days per condition provided adequate observation data
from animal behaviour while remaining resource-efficient [35, 103].

To control for order effects, the four technology-present condi-
tions were counterbalanced over 16 days via a Latin square. The
two devices were synchronised in real time across these four con-
ditions, and data were collected from 11am to 4pm each day for
guaranteed comparability across conditions [45, 93]. In both single-
party-control conditions, the party granted control could adjust
one of the two modes while the intensity for the second stimu-
lus mode was fixed at medium level. In shared control, each party
controlled a separate mode’s intensity. On ‘no-control’ days, the
system assigned intensities randomly, without user input.

To safeguard against negative effects, our methods incorporated
several mitigation mechanisms. Firstly, zookeepers casually moni-
tored the lemurs and notified us if they noticed any signs of stress or
negative behaviours; none were observed during the study. Also, a
primatologist carried out behaviour observations during half of the
sessions (monitoring did not cover the entirety of all interactions)
and reported no significant adverse responses.

We collected data from both lemur and visitor use of the system.
The former included 1) device logs written to a local Raspberry
Pi file capturing lemur-system interactions, which automatically
recorded a timestamp, interaction duration, the stimulus mode
and content, the triggering agent (lemur vs. visitor), and intensity,
and 2) CCTV footage of animal-system interactions, capturing
interaction frequency, duration, and the number of lemurs present
simultaneously in the space where CreatureConnect was deployed.
Interactions by human visitors were logged via their device in
analogous format, to enable cross-validation. For privacy reasons,
we did not expose visitors to cameras.

To assess human engagement, education, empathy, and experi-
ence, we examined visitor activity and questionnaire responses in
combination. Over each five-hour stretch, we alternated between
observation and questionnaire periods at one-hour intervals. The
observation gauged engagement in terms of visitor numbers and
time spent at the red-ruffed-lemur enclosure, while a researcher
in a high-visibility vest handled the questionnaire component by
inviting one member of each visitor party at the lemur enclosure
- inclusive of children, upon a guardian’s consent - to complete a
survey and consent form (presented in the supplementary material)
immediately after viewing the lemurs.

The questionnaire solicited data on demographics, visit frequency,
education effects, empathy for the lemurs, and the overall experi-
ence with the CreatureConnect system. We assessed education ef-
fects by means of the Tunnicliffe Conversation Observation Record
(TCOR), a validated metric for judging visitors’ education at zoos
by listening to their conversation topics [91, 119]. To preserve their
privacy, the TCOR instrument was modified to ask visitors which
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topics they had spoken about, within nine domains (animal man-
agement, exhibit features, animals’ behaviours, etc.). For evaluation
of empathy, which plays a pivotal role in eliciting positive attitudes
among visitors and protective behaviours oriented toward animals
[114], we adapted Luebke’s zoo-specific empathy questionnaire
[73] to use ‘smileyometers’, a child-friendly technique that applies
smiley faces to solicit Likert-scale responses from all visitors, from
children to the elderly [123].

Semi-structured interviews with three lemur-keepers supple-
mented the data by probing their views of how the various control
conditions influenced lemur behaviour, of visitors’ impressions, of
the visitor-lemur interactions, and of the system’s future potential.
The interview material allowed triangulation of data from lemurs,
visitors, and lemur-sensitive professionals.

4.1 Terminology

For purposes of clear discussion of animals interacting with com-
puters, this paper uses the term ‘interaction’ for a continuous
event upon system activation when a lemur is identified within the
system’s tracking space while reserving ‘preference’ for lemurs’
demonstration of significantly increased engagement frequency or
duration. Rather than interpret any behaviours as absolute posi-
tive/desirable interaction, we analysed differences in behaviour to
reflect on what patterns across distinct control situations indicate.
As hinted above, consistent patterns of altered engagement upon
changes in control conditions might suggest that lemurs responded
to the availability of control in its own right, independently of prox-
imity’s links to affect, curiosity, or other motivations. To address
another crucial aspect of the phenomena at issue, we use ‘collab-
oration’ to denote zoo visitors and lemurs controlling the system
together.

Irrespective of the above definitions, applying these terms, ‘en-
gagement’, and other HCI concepts to animals requires further
caveats. Some scholars even argue that such notions utterly fail to
suit animal use of computer systems [47]. After all, we do not know
how much an animal can meaningfully interact at what levels, and
what animals comprehend or intend when interacting has gone
largely unexplored [45, 99]. Hence, while reporting on numerical
measurements of lemurs’ interactions, we must be mindful that
these say nothing directly about any animal’s goals or perceptions
[45]. Just as the issue of ambiguous interpretation plagues the field
of child-computer interaction and work with some adults where
direct communication is unavailable, the intention behind the inter-
action loop may be immensely difficult to discern [111]. Critically,
interactions between animals and technological devices may be de-
liberate, accidental, or some combination of the two. Mere proximity
provides no way of distinguishing. While our study applied miti-
gation strategies in connection with a known interaction method,
we remain keenly aware of ample room for misunderstandings,
particularly when interpreting lemur behaviour.

While our chosen terminology serves the practical aim of ex-
amining where animals and technology meet, we use it not in an
HCI-bound fashion but in a far broader sense, to describe observ-
able animal behaviours. Especially in collaboration scenarios, the
window to what constitutes meaningful engagement is clouded.
Though we cannot definitively confirm mutual understanding or
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Lemur device-use data: interaction’s frequency, its duration, and intensity preference
Visitor device-use data: engagement frequency, duration, and intensity preference

Visitor data: engagement (duration and visitor count and questionnaire responses on education, empathy, and overall experience

Figure 6: A diagram summarising the study method.

intention, carefully investigating how collaboration affects what
lemurs do can bring us closer to knowledge of their perspective on
the system and, in turn, honing our interpretation of these concepts.

4.2 Participants

The animals taking part in the study were five red-ruffed lemurs
housed at the safari park. They live as a cohesive group: P1 (fe-
male, 22 years) is the mother of P2 (female, 8 years), P3 (female, 5
years), and P4 (female, 4 years), and P2 is the mother of P5 (male, 3
years). We selected red-ruffed lemurs for their status as critically
endangered; their long-term conservation requires enrichment in-
terventions in captivity [10, 67].

In all, 696 valid questionnaire forms were collected from zoo
visitors, comprising 14.94% children under 15 (n=104), 69.40% indi-
viduals aged 15-60 (n=483), and 15.66% adults above age 60 (n=109).
Their mean age was 37.07 years. The gender distribution was 44.78%
male (n=312), 53.93% female (n=375), 0.86% non-binary/other (n=6),
and 0.43% undisclosed (n=3). Frequency of visits to the host zoo var-
ied, with 7.61% of respondents being first-time visitors and 10.49%
reporting less-than-annual visits. As for regular visits, 30.75% re-
ported coming annually, 29.74% twice a year, 15.95% quarterly, and
5.46% more often. With regard to the red-ruffed-lemur enclosure
specifically, 68.30% were first-time visitors, 20.84% had visited pre-
viously, and 10.86% reported paying regular visits to the enclosure.
The other three humans taking part, the above-mentioned zookeep-
ers who offered professional insight into the behaviour, welfare,
and technology interaction of the lemurs under their care, all were
female. Keeper 1 had four months of experience, Keeper 2 (the team
supervisor) had 19 years’, and Keeper 3 had nine years’ experience.

4.3 Ethics and Welfare Monitoring

Ethics approval was granted by the Blair Drummond Safari Park
Board, the Veterinary Ethics Committee of the University of Glas-
gow (under ID EA1523), and the university’s Computer Science
Ethics Committee (approval 300230165). In addition to obtaining
formal approval, we followed a welfare-centred protocol compris-
ing continuous monitoring, autonomy, precautionary scheduling,
and the principle of minimal disruption. CreatureConnect operated
only during the daytime, never overnight, so zookeepers could

continuously monitor welfare in line with the facility’s established
behaviour-assessment procedures. Whenever keepers judged con-
tinued exposure inadvisable, device operation was immediately
paused. In practice, no such pauses were required during the study
period, as no adverse welfare indicators were observed. For genuine
autonomy, we systematically ensured voluntary access and disen-
gagement, with no training or food attraction involved. Although
operationalising some visitor control was inherent to the design,
we took care to keep stimulus intensities within limits validated as
welfare-safe. So as not to upset the lemurs’ normal daily routines
and to avoid continuous exposure, the system operated for five
hours per day, four days a week. Enclosure layout and husbandry
routines remained unchanged to guarantee that the system func-
tioned as optional enrichment rather than imposing an unavoidable
intervention.

5 THE ANALYSIS APPROACH AND MATERIAL

At no point in the study did any system failures occur, and no
zookeepers, researchers, or primatologists reported negative indica-
tors that would have prompted early termination. Cross-checking
the lemur-side logs with video data made sure all instances fac-
tored in were lemur-triggered (this excluded 11 zookeeper-initiated
events). False negatives, in contrast, wherein a lemur entered the
space without the system activating, accounted for 29 incidents
(5% of all interactions); our analysis did not include these, since
CreatureConnect did not output stimuli. Since we had used ran-
domisation, we checked also that the stimuli were balanced across
conditions, which they were (video+audio = 180, video+smell = 181,
audio+smell = 180). All analysis used the R programming language.

For answers to RQ1, we carried out Kolmogorov-Smirnov tests
for differences in technology interactions (by lemurs and humans)
among the control settings. These showed significant differences
for the number of lemurs, time in the space, and visits to it (all p <
.001); lemurs’ individual-level vs. group system use (for frequency
and duration, all p < .001); and how long human visitors interacted
with the system (p < .001). For non-normal variables, we used
the Aligned Rank Transform (ART) with Wilcoxon rank-sum post
hoc tests and Holm correction, since the analysis compared group-
level interaction and engagement events rather than equivalent
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individual-level paired observations. To probe patterns in lemur—
system interaction (frequency and duration) over time, we used
linear regression. As no prior work supplied effect-size estimates
for cross-species shared-control systems and since the red-ruffed-
lemur sample size was fixed, we report observed effect sizes (r). To
assess which stimulus intensities the humans and lemurs preferred
choosing, we employed chi-squared goodness-of-fit testing with
Holm correction.

To explore effects on visitors per RQ2, we examined all 696
completed questionnaires (after filtering out partly filled-in forms
from the set of 705 collected from visitors to the enclosure). Here
too, we used Kolmogorov-Smirnov tests, which identified three
normally distributed variables: education (TCOR-gauged) (p = .46),
empathy (p = .17), and overall experience of CreatureConnect (p =
.07). We analysed these via one-way ANOVA with Tukey’s HSD
post hoc tests. The remaining, non-normal variables underwent
ART analysis with Wilcoxon rank-sum post hoc testing and Holm
correction.

6 RESULTS

The total duration of lemur interaction with CreatureConnect, over
all four technology conditions, was 23,656 seconds. On average,
lemurs used the system for 24.64 minutes in total per day, with
a mean of 33.81 interactions a day. Average interaction time over
the 541 occasions was 43.73 seconds. On average, we observed 807
human visitors daily (breakdown of the 16,139 visits: 2,418 in the
baseline condition; 3,379 in the visitor-control-only one, 3,054 in the
lemur-control one, 4,112 in the shared-control setting, and 3,176 in
no-control technology use) and collected 35 questionnaires per day
(corresponding distribution of valid forms: 119, 152, 125, 154, and
146). We recorded 1,719 CreatureConnect interaction events across
the four technology conditions: 466 times in the visitor-only setting,
525 with shared control, and 364 each in the lemur- and no-control
condition, averaging 107.43 interactions/day. The discussion below
proceeds from our analysis of these observations and other data,
considering RQ1 and RQ2 in turn.

6.1 How CreatureConnect Control Conditions
Affected Lemur Interactions (RQ1)

Neither the number of lemurs entering the technology space nor
their visits/day count differed significantly between conditions
(lemur count: F(4, 594) = 1.16, p = .44; visit count: F(4, 15) = .64, p
= .64); see Table 1. However, the amount of time spent in lemurs’
CreatureConnect space showed significant variation (F(4, 594) =
4.18, p = .003). Lemurs used the relevant space for significantly
longer spans when the technology was available see Table 2), thus
demonstrating greater interaction when it was active. Reflecting on
the system’s impact, Keeper 2 remarked that ‘the lemurs spent a lot
of time around it — they quite liked the technology’, and Keeper 1
described them ‘sitting on the box... hanging around it’ and ‘lying
over by it, kind of sleeping around it’.

Interesting, interactions in the technology space were shortest
with lemur-only control, significantly briefer than in the shared-,
visitor-only-, and no-control condition. Having detected this pat-
tern, Keeper 2 mused that perhaps the lemurs ‘were more engaged
when the public controlled the system alongside them’. Reflecting
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on these findings, Keeper 3 suggested that ‘maybe the lemurs just
didn’t want to control it entirely by themselves’.

As for tendencies in lemurs’ chosen stimulus intensity, Table 3
shows interaction patterns wherein the animals typically choose
medium audio volume (53%; )(2:17.31, adj. p < .001), high air flow
for olfactory stimuli (67%; y?=53.49, adj. p < .001), and high bright-
ness for videos (59%; y?=31.36, adj. p < .001). These differential
preferences across modes suggest that lemurs understood and delib-
erately adjusted stimulus intensity, rather than selecting randomly.
Keeper 3 expressed this sense thus: the lemurs ‘seemed to under-
stand that being close triggered something stronger, and they often
approached to elicit scent’.

Although both duration and frequency of system use display
downward trends over time (see Figure 7 and 8, respectively), nei-
ther decline reached statistical significance. This implies the absence
of a substantial novelty effect - that is, of a change in response
prompted by repeated stimulation (frequency: r = -.43, p = .10, R? =
.19; duration: r = -.45, p = .08, R? = .20). However, when examined
by control condition, lemur engagement duration and frequency
exhibited different temporal patterns over time. Under visitor-only
control, both interaction frequency (r = -.58, p = .42, R? = .34) and
duration (r =-.52, p = .48, R2= .27) showed moderate but non-signit-
icant negative trends over time. Under lemur-only control, neither
frequency nor duration varied with study day (frequency: r = -.02,
p = .98, R? < .001; duration: r = .004, p = .99, R? < .001). The shared-
control condition exhibited strong but non-signiticant trends, with
frequency decreasing (r = -.79, p = .21, R? = .63) and duration in-
creasing (r = .76, p = .24, R? = .58). By contrast, in the no-control
condition, interaction duration declined significantly over time (r =
-.99, p = .01, R? = 97), while frequency did not (r = -.54, p = .46, R?
=.29). Also, lemur-system interactions did not vary significantly
by one-hour window (duration: y?(4) = 5.65,p = .23, W = .09;
frequency: y?(4) = 4.12, p = .39, W = .06). This points to consistent
engagement with the device irrespective of the time of day. Reflect-
ing on these results, Keeper 2 remarked that the system is ‘definitely
useful for lemurs, even over long periods’, a musing that contrasts
with the typical longevity issues of computer-based enrichment
systems.

Half of the time, the lemurs used CreatureConnect as individuals
(50.08% of occasions), while the rest of the time was split among
groups of two (33.26%), three (14.98%), and four (1.68%). The dura-
tion of an engagement event did not differ between single lemurs’
interactions and group ones (F(3, 346) = .97, p = .41). These results
demonstrate that the system can function as a part of social interac-
tion and for individuals’ enrichment. When asked about group and
single-animal interactions with the system, Keeper 2 noted that
‘the younger females showed the strongest interest’, which points
to individual-level differences.

Investigating other impact factors, we looked for correlations of
lemur—device interaction duration or frequency with the visitor—
system equivalents. No significant relationship was visible (du-
ration: r = -.27, p = .66; frequency: r = -.15, p = .57), so lemur
engagement probably did not co-vary with visitor activity.
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Baseline Visitor-only Lemur-only

Shared No-control

Baseline -

Visitor-only  r=-.55
Lemur-only r=-.55 r=-.18
Shared r=-.73 r=.55
No-control r=-.37 r=-.27

Z—llOp 47 z=-1.105, p=.25 z=-1.46, p=.67 z=-.73, p=.77

z=-.37, p 56 z=1.10, p=.89 z=-.55, p=.88

z=-73,p=1 z=.37,p=.38

=-.37 - z=1.10, p=.56
r=.18 r=.55 -

Table 1: How frequently lemurs visited the system space across all study conditions. Unadjusted p-values and corresponding r
and z statistics are reported, as Holm-adjusted values were uniformly equal to 1 and thus uninformative.

Baseline Visitor-only

Lemur-only

Shared No-control

Baseline - 2=288,p=004" 7=-196, p=047" 7=-2.88, p=004" 2=-329, p<.001"
Visitor-only  r=.24 2=3.34, p .004*  z=-1.04,p=.30 z=-1.88, p=.06
Lemur-only r=.18 r=.29 2=-4.06, p<.001* z=-2.95, p=.012"
Shared r=.25 r=.09 r=.37 - z=-1.02, p=.31
No-control r=.30 r=.17 r=.24 r=.09 -

Table 2: The time lemurs spent in the technology-equipped space, compared across all study conditions, with p-values and also

r and z values (* indicates significance).

Sense mode Low-level Medium Intense )(2 Adj. p
Auditory 24% 53% 23% 17.31 < .001*
Olfactory 10% 23% 67% 5349 < .001*
Visual 17% 24% 59% 31.36 < .001*

Table 3: Lemurs’ triggering of stimuli of each intensity, by percentage of occasions (* indicates statistically significant preferences.

6.2 How Control via CreatureConnect
Influences Visitor Interactions (RQ1)

Turning our attention to the humans, we found that differences in
control significantly affected the length of visitor interactions with
CreatureConnect (F(3, 1715) = 36.99, p < .001; see Table 4). Visitors
used the system significantly longer in the shared-control condition
than when either the lemurs had full control (r = .26, adj. p < .001)
or neither party had any control (r = .34, adj. p < .001). The shared-
control condition featured frequently in comments by visitors, such
as P432, who found it ‘amazing to hear their calls in response to
the smell I triggered. They also changed the video brightness for
me’. Likewise, P183 stated that ‘it was a magical experience sharing
this moment with them’. Having identified this pattern, Keeper 3
said that ‘visitors stayed longer because they were interacting with
the box, and they were especially drawn [in] when they saw the
lemurs using it’. Even granting visitors complete control yielded
greater engagement, by our metrics. When controlling the system
on their own, they still continued with it significantly longer than
when only lemurs controlled the system (r = .15, adj. p < .001) or
when neither party did (r = .20, p < .001). Remarking on the visitor-
control-only condition, P220 summed up: ‘Tloved seeing the lemurs
respond to the scent I chose’

As the lemurs did, visitors exhibited intensity preferences, signif-
icantly favouring high-intensity stimuli across all sensory modes
(see Table 5). Keeper 3 suggested that this preference stemmed from
‘people probably just think[ing] stronger intensity will get more
lemurs’ reacting. Visitor comments support this conclusion; for

instance, P123 said that ‘they moved closer to the screen when I
increased the brightness to the highest level’ and P199 said the
lemurs ‘seemed to enjoy the strong mango smell I controlled’.

6.3 CreatureConnect’s Impact on Visitor
Engagement, Education, Empathy, and
Experience (RQ2)

Visitor engagement: Visitor engagement, represented by the num-

ber of humans visiting the enclosure area (F(4, 7311) = 617.15, p

<.001) and how long each stayed near the enclosure (F(4, 7311) =

1583.90, p < .001), varied significantly across all conditions. Tables

6 and 7 present the figures for these. When the technology was

available, more visitors were attracted than in the baseline condi-

tion, and they spent longer at the enclosure (all r > .16, all adj. p <

.001). When sharing control of CreatureConnect with lemurs, visi-

tors spent longer by the enclosure than in any other technology-use

condition (visitor-only control r = .36 and adj. p < .001, lemur-only
control r = .46 and adj. p < .001, and no control r = .43 and adj. p <

.001), and we noticed more people visiting the enclosure area (all r >

.06, all adj. p < .001). Visitor-only control proved next most popular,

followed by the no-control condition and lemur-only control, with

the baseline condition attracting the fewest visitors. Visitors spoke
of their attraction to the exhibit with its technology in terms such as
these: “The idea of adjusting the sensory intensity to attract lemurs
is interesting. I tried to attract lemurs, and they actually came to
use it’ (P449). Visitors commented on lack of control too, recom-
mending that in future it would be good to work together when
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Visitor-only Lemur-only Shared No-control
Visitor-only - z=4.32, p<.001* z=-1.89, p=.06 2=5.76, p<.001*
Lemur-only r=.15 - z=-7.75, p<.001* z=1.89, p=.06
Shared r=.06 r=.26 - z=10.14, p<.001*
No-control r=.20 r=.07 r=.34 -

Table 4: Pairwise comparison of how long visitors interacted with the CreatureConnect system across the four deployment

conditions, where * indicates statistical significance.

Sense mode Low-level Medium Intense )(2 Adj. p
Auditory 20% 21% 59% 29.36 < .001"
Olfactory 16% 29% 55% 2398 < .001"
Visual 20% 28% 52% 17.16 < .001*

Table 5: Visitor activations of stimuli of each intensity level, as percentages (* indicates a significant preference).

humans are not given control: ‘Lemurs can control the intensity,
but I can’t. It would be great if I could control that as well” (P296),
‘the experience of only the lemur being able to control it is not the
best’ (P315), etc. Finally, Keeper 3 remarked on the curiosity effect,
‘even just with the box sitting inside, visitors were interested in
seeing what it was. It attracts more people towards the enclosure,
doing something different’.

Visitor education: We found that all conditions featuring the
technology drew visitors’ conversation more toward education-
linked topics, to a statistically significant extent (F(4, 691) = 158.41,
p < .001). As Table 8 demonstrates, the shared-control condition
exerted the strongest human-education effect. Free-form feedback
echoed this finding: Keeper 3 noted that the shared-control con-
dition ‘gave visitors something different to go home with’, under-
scoring its role in fostering learning and reflection. Visitors too
highlighted the educational impact. For instance, P431 remarked
that ‘T learned what lemurs eat’, and P406 said ‘I released the apple
scent; lemurs like fruit’.

Empathy in visitors: Likewise, visitor empathy differed signifi-
cantly over the five conditions (F(4, 691) = 98.65, p < .001) (Table 9).
As with education, the baseline condition produced significantly
lower figures than all other conditions (all adj. p < .001). Visitor
empathy for lemurs was discussed most by those exposed to the
shared-control condition (95%), though we found no significant
differences in this regard between the shared- and no-control con-
dition (95% and 85%, respectively, for diff. = .10; adj. p = .82). The
shared-control condition did produce empathy for lemurs signif-
icantly more often than visitor-only control (diff. = .17, with adj.
p = .03) and than lemur-only control (diff. = .26; adj. p < .001).
Even the no-control setting yielded higher empathy scores than the
visitor-only-control one (diff. = .07, with adj. p = .17); however, this
difference did not reach statistical significance. Visitors regarded
understanding lemurs in relation to themselves as a part of form-
ing empathy, as P450 stressed: ‘It is interesting to compare lemur
and visitor choices on the same interface. A more profound effect
was evident for P585, who said ‘T saw them reacting to a gentle
rhythm, and I felt the same great integration of senses as lemurs’.
Our findings in this regard meshed with comments by Keeper 3,

who noted that ‘instead of having to watch [the] lemurs, visitors
felt they had done something for the lemurs today when they can
use the boxes with lemurs, together’. Joint use fostered a stronger
sense of emotional connection to lemurs. Empathy has close ties
also to anthropomorphism, wherein people ascribe human qual-
ities to animals so as to understand and relate to them. Keeper 3
identified the latter too, observing that visitors even joked with
zoo personnel that the lemurs were ‘spoiled, like having a TV as
people’.

Visitors’ overall experience: Analysis of visitors” overall ex-
perience at the enclosure revealed that all four technology-present
conditions significantly outperformed the no-technology one in
human experience ratings (r = .35, adj. p < .001). Shared control
received the highest score from visitors (M=4.53), significantly sur-
passing visitor-only control (M=4.09), no control (M=3.92), and
lemur-only control (M=3.87, all adj. p < .001).

Asking about plans to visit the enclosure again elicited expres-
sion of significantly greater revisit intentions among visitors ex-
posed to the shared-control condition relative to the baseline (F(4,
691) = 158.31, p < .001): 87% of them expressed a strong desire to
return, compared to only 3% of those with a no-technology ex-
perience. Shared control also outperformed visitor-only control
and no control in this regard (both 77%, with adj. p < .05) but not
lemur-only control (80%).

The opinions of visitors rating CreatureConnect depended signif-
icantly on the technology-control scenario (F(3, 573) = 1361.17, p <
.001). Ratings from exposure to the system’s shared-control condi-
tion were the highest (M=4.83), significantly exceeding those from
the visitor-only-control (M=4.08), no-control (M=3.84), and lemur-
only-control condition (M=3.75) (all with adj. p < .001). Keeper
1 summed up: ‘Visitors prefer doing something, like using this
technology, rather than just listening to [the keeper] talk.’ In con-
junction with their ratings, visitors described the technology as of
‘[n]ice design and engages the kids a lot!” (P663) and said that they
‘loved how interactive the technology was. It really held both the
lemurs’ and our attention’ (P684). Some visitors, however, left nega-
tive comments, which focused on the animals’ emotions - ‘it’s a bit
of a shame to see them like that’ (P48), ‘none look happy’ (P64), and
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Baseline Visitor-only

Lemur-only

Shared No-control

Baseline -

Visitor-only r=.61 -
Lemur-only r=.55 r=.14
Shared r=.65 r=.06
No-control r=.41 r=.38

r=.20 -
r=.26 r=.43 -

2=-31.63, p<.001* z=-28.94, p<.001* z=-34.57, p<.001* z=-20.72, p<.001*
2=7.80, p<.001* 2=-3.38, p<.001* 2=20.44, p<.001*

- z=-11.40, p<.001* z=14.18, p<.001*
2=23.69, p<.001*

Table 6: Pairwise comparison of visitor counts for the red-ruffed lemurs’ enclosure across the five types of control (* denotes

significance).

Baseline Visitor-only

Lemur-only

Shared No-control

Baseline -

Visitor-only r=47 -
Lemur-only r=.45 r=.22
Shared r=.16 r=.36
No-control r=.44 r=.24

r=.46 -
r=.14 r=.44 -

2=-24.37, p<.001* z=-23.68, p<.001* z=-8.51, p<.001* z=-22.24, p<.001*
2=12.26, p<.001* z=-20.26, p<.001* z=12.91, p<.001*

- 7=-26.22, p<.001* 7=7.63, p<.001*
2=24.24, p<.001*

Table 7: Pairwise comparison of per-visit duration (i.e., single-visit duration) for all visits to the lemurs’ enclosure across the

five control types (* denotes statistical significance).

Baseline Visitor-only Lemur-only Shared No-control
Management 10% 87% 82% 89% 87%
Social factors 22% 80% 76% 96% 82%
The exhibit 27% 74% 74% 94% 81%
Location 28% 80% 77% 95% 82%
Information 35% 84% 74% 89% 88%
Emotions 48% 82% 71% 91% 79%
Body parts 39% 86% 79% 93% 85%
Behaviours 20% 79% 74% 92% 85%
Names 33% 77% 75% 94% 83%
Mean 29% 81% 76% 93% 84%
Table 8: The percentage of visitors who reported discussing particular topics while at the lemur enclosure, for each control
setting.
Baseline Visitor-only Lemur-only Shared No-control
Concern 25% 80% 74% 95% 81%
Consideration 14% 74% 65% 95% 90%
Connection 22% 79% 68% 94% 85%
Mean 20% 78% 69% 95% 85%

Table 9: The percentage of visitors in each control setting who reported emotional empathy with the red-ruffed lemurs.

that interaction on lemurs’ part was lacking: ‘not much happened;
they were sleeping’ (P78). Concerns about negative impacts were
expressed too. For instance, ‘when they hear the music, they run
away’ (P290), and a few visitors worried that the technology might
have negative effects on the lemurs since it could ‘antagonise them’
(P81) and since the interactivity did not seem clear for lemur or
human use in that it was ‘hard to control the machine’ (P296).

Effects of Visitors’ System Use and of Observing Others’:

While 88% of visitors used CreatureConnect themselves, some only
observed other humans doing so. As P380 mentioned, it can be ‘fun
to see other people using it with the lemurs’. Visitors frequently
echoed the sentiment cited above that CreatureConnect ‘engages

the kids a lot!”. The visitor using vs. observing others did not signif-
icantly influence the statistics for engagement (M = 4.19 vs. 4.12; r
=.05, adj. p = .39), education (M = 4.16 vs. 4.07; r = .07, adj. p = .21),
empathy (M = 4.17 vs. 4.12; r = .02, adj. p = .61), or overall experience
(M = 4.16 vs. 4.04; r = .06, adj. p = .16). Participant 215’s comment
that ‘[w]atching others use the box was already enjoyable; I didn’t
need to try it myself to feel involved’ indicates that observing other
visitors’ interactions created a positive experience on its own. In
contrast, whether the visitor observed lemurs use the system had
a marked effect: the 76% of people who reported seeing a lemur
interact with the device showed significantly higher average scores
for engagement (M = 4.19 vs. 3.96; r = .26, adj. p < .001), education
(M =4.21 vs. 3.97; r = .25, adj. p < .001), empathy (M = 4.20 vs.
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Figure 7: Lemur—-device interaction time (in seconds) for each
day, with a linear trend line. Points are plotted for specific
control-type conditions across the 16 technology-use days,
coloured by condition.
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Figure 8: Each day’s frequency of lemur-triggered device ac-
tivation, with a linear trend line. Data points, with colours
denoting the relevant type of control, are plotted to correspond
to specific conditions across the study’s span.

4.03; r = .11, adj. p = .01), and the overall experience (M = 4.20 vs.
3.96; r = .20, adj. p < .001). Illustrative comments are P414’s remark
‘Since the lemurs didn’t move but stayed near the device, people
gathered around to watch. Very engaging!” and P352’s note that
‘Tdidn’t see them use it today, so the experience felt less special’.
Hence, we conclude that not using the system oneself but observing
lemur-system interaction was the key factor in visitors’ engage-
ment, education, empathy, and general experience. The former had
no significant influence on the figures for these, while the latter led
to higher scores across the board.
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Visitors made several recommendations for future research and
improvements related to CreatureConnect. Some proposed explor-
ing lemurs’ responses to other stimuli; e.g., humans could ‘vote
on the next stimuli’ (P665) or ‘choose which songs to play for the
lemurs’ (P281), while others mentioned testing alternative interac-
tion mechanisms for lemurs, such as letting them ‘tap the screen
like we do’ (P491). Some visitors requested clearer visuals or audio
cues for the interface, to enhance its education value. For exam-
ple, P698 suggested adding ‘a lemur profile for each individual’
while several other participants asked for graphical explanations
of lemurs’ general responses to certain stimuli (P485, P537, P549,
and P635). Also, to improve accessibility, especially for children,
P676 recommended ‘audio narration for younger kids who can’t
read’. Finally, similar systems could be implemented elsewhere at
the zoo: Thope you can try it with other species too’ (P585). These
ideas highlight several possible paths to enhancing animal well-
being while also helping visitors via clearer cues that support better
understanding of lemur behaviour.

6.4 Computers for Shared Control vs. Viewing
of Information

For a broader picture of the connections stimulated, let us ‘zoom
out’ from CreatureConnect, which lets lemurs and humans jointly
control a bimodal system, via comparison with our previous system
coined SensorySafari [127] which allowed zoo visitors to view in-
formation about lemurs’ interaction with a multimodal system. The
two studies were done in the same zoo setting, with the same lemur
group, so data from our team‘s previous separated devices [127]
can be plotted directly against figures for our connected devices.
We compared the condition wherein SensorySafari was available
for both lemurs and zoo visitors to when lemurs and humans con-
trolled CreatureConnect together. Since the studies were performed
at different times of the year, with visitor counts diverging accord-
ingly, we examined human engagement by comparing duration and
frequency to the respective study’s baseline. Table 10 presents a
summary.

Comparing conversation topics under each of the nine distinct
education categories, we found significant differences for three: 1)
SensorySafari, the separated system, elicited more management-
related discussion (W=19,550, p = .003, Z=1.26, r = .06) while Crea-
tureConnect, our connected system, elicited more socially focused
(W=26,108, p < .001, Z=4.08, r = .20) and name-related conversation
(W=25,898, p < .001, Z=3.91, r = .19). 2). For empathy, all three
figures were higher with CreatureConnect: concern (W=24,876, p <
.001, Z=3.08, r = .15), consideration (W=23,045, p = .006, Z=1.59, r
=.08), and connection with the lemurs (W=22,550, p = .021, Z=1.18,
r = .06). Finally, 3) visitor experience of the enclosure showed sig-
nificant differences but only with regard to the technology-use
experience, with higher ratings for CreatureConnect (W=17,785; p
=.001; Z=2.70; r = .13).

Within comparable one-hour windows (11am to 4pm in both
studies), lemurs spent significantly more time interacting with
CreatureConnect than with SensorySafari (p < .001, r = .059). Their
interaction frequency, on the other hand, did not differ significantly
between the two systems (p > .51, r = .047).
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Dimension

SensorySafari (separate devices)

CreatureConnect (connected devices)

Visitor engagement

Average time in the enclosure area: 546.96 s per
visitor (3.86 times the baseline average)

Average time in the enclosure area: 534.51 s per
visitor (2.32 times the baseline average)

Visitor conversation topics

Management: discussed by 96% (+)
Social factors: discussed by 69% (-)

Naming: discussed by 70% (-)

Management: discussed by 89% (-)
Social factors: discussed by 96% (+)

Naming: discussed by 94% (+)

Empathy among visitors

Concern: reported by 76% (-)
Thoughts/feelings: reported by 84% (-)

Connection: reported by 88% (-)

Concern: reported by 84% (+)
Thoughts/feelings: reported by 95% (+)

Connection: reported by 94% (+)

Visitor ratings of the tech-
nology experience

4.56 out of 5 (-)

4.83 out of 5 (+)

Other visitor-related out-
comes
sults by all metrics.

Visibility of the device improves education.
Seeing other visitors’ interactions improves re-

Seeing interaction by visitors or lemurs improves
results by all metrics.
Visitors set all stimuli to high intensity.

Lemur engagement
unimodal stimuli.

Visual-only stimuli brought the least engagement.

Interaction episodes lasted shorter than with Crea-

tureConnect. (-)

Engagement was stronger with multimodal than

Lemurs chose high visual and olfactory intensity
and medium audio volume.
Lemur-only control produced the least engage-
ment.
Event-specific durations were longer than with
SensorySafari. (+)

Table 10: SensorySafari and CreatureConnect compared (with ‘+’ denoting a statistically significantly better outcome for a given

item and ‘-’ used for the other system.

7 DISCUSSION

Our study delved into the effects of varying the control dynamics of
a shared bimodal computer systems on lemurs and visitors in sev-
eral respects. The most crucial findings are that lemurs interacted
with our system least when they alone controlled it while humans
interacted most when sharing control with the lemurs (RQ1) and
that figures for visitor engagement, education, empathy, and overall
experience were significantly better among the humans who had
used the computer device alongside lemurs (RQ2). The findings,
captured in Figure 9, are especially relevant in two domains of
theory: what ‘interaction’ is in the context of AVIs and how control
and choice affect humans and animals in an AVL

7.1 Understanding Interaction in
Animal-Visitor Settings

While we identified an impact of CreatureConnect on visitor and
lemur behaviours, with lemurs engaging in fewer interactions with
the system amid conditions of autonomous control, thereby answer-
ing RQ1, the underlying mechanisms remain unclear. Also, while
lemurs’ active use of the system demonstrates potential, impacts
on animal welfare warrant further investigation. Although lemurs
did not actively avoid the space (as their high interaction counts
attest), this does not necessarily imply a positive effect on their
well-being. While we cannot straightforwardly ask lemurs about
their experience or the factors driving these behaviour patterns, the
engagement persisting over 16 days does tell us something about
the system’s value, even if the type/nature of that value remains

open to debate. One could suggest that the system offered an op-
portunity to engage directly with humans, a form of environmental
enrichment in its own right [22]. This sparks deeper questions
about how lemurs and humans understand their interactions with
each other.

Cultivation of understanding between species is shaped in part
by people’s empathy, their education, and engagement with another
species. Our answer to RQ2 is that CreatureConnect can enhance
visitors’ engagement, education, empathy, and overall experience
of the system, especially in shared-control scenarios and compared
to our previous separated systems [127]. We suspect this to be due
to the system’s guidance toward mutual understanding. Broader
reflection on how humans and animals can develop shared under-
standing in the context of AVIs points to possible mediation by
social cues. In human-to-human technology-mediated interaction,
social cues often arise from observing others’ actions or sensing
co-presence, from inputs such as gaze, head motions, and hand ges-
tures [39]. These cues are crucial for facilitating interaction between
human users, especially in the absence of verbal communication
[105]. Similarly, social cues present in animal-human interactions,
such as gaze, body movements, and pointing, have been pinpointed
as signals that at least some animals can recognise and respond
to [97, 105]. Although scholars have not fully clarified which so-
cial cues lemurs in particular can recognise, evidence from various
human-animal interactions suggests that social cues may mediate
how members of one species understand and react to members
of another in the context of zoo AVIs. While our findings suggest
that visitor presence influenced lemur engagement, whether the
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Figure 9: Key findings for all five distinct control-assignment conditions.

heightened interaction reflects sensitivity of this species to visitor-
originated social cues remains unclear.

This leads us to the technology-design question of how social
cues can be effectively established in AVIs. In our system, visitors
had direct visual feedback from slider positions and from lemurs
using their interface with CreatureConnect, while lemurs could ob-
serve visitor engagement in the space around the visitor device,
the stimulus changes that followed, and the slider positions on
their own screen. Of course, the lemurs might not have grasped
the causal link between human actions and the system-initiated
responses. That is, they may have lacked what animal-cognition
scholars term the means—end connection: the recognition that one’s
action produces a specific outcome [85]. Accordingly, all mentions
of interaction or shared control in this paper refer to observable
reciprocal influence between species. We do not claim any evidence
of lemurs’ means—end understanding. Scholars must attend to the
elephant in the room, then: how to enhance social cues in accor-
dance with animal perspectives. Providing one seed for future work,
studies with non-human primates have shown that some species
take the gaze direction of others, including human experimenters,
as guidance for their behaviour. The implication that gaze can act
as a social cue in certain cross-species contexts [59] could inspire a
design that, rather than display a slider position on two devices, es-
tablishes social cues by visually representing lemurs’ and humans’
actions of triggering the stimuli. For example, when visitors adjust
intensity, the CreatureConnect screens could show a video of the
corresponding human gaze direction and of the lemur’s correspond-
ing use of the system on the respective devices. This would extend
the work in which Martin and colleagues found that chimpanzees
can make strategic choices through seeing the joint-action cues
from human users on their screen when playing a competitive game
together [77]. Although we do not yet know whether lemurs can
interpret facial cues of that kind and whether these animals fully
understand links involving such cues, concrete visualisation signals
of such a sort on their device screens might well enhance social
cuing, particularly in situations wherein the lemurs are not facing
the visitors or cannot localise sounds in their environment.

Alongside social cues, the shared interaction points to another
critical aspect of whether lemurs and human visitors understand

each other’s actions with such systems — the intentions and re-
sponses of the other species in the system setting. Again, we cannot
ascertain whether mutual understanding exists, as humans are
locked out of lemurs’ perceptions. While Haraway’s ‘becoming-
with’ concept [43] helps shed light on how entities grow attuned
to each other through knowing, creating new forms of knowledge
and hybrid identities, can such interconnectedness emerge from
the brief, transitory interactions between zoo animals and visitors?
In many respects, CreatureConnect creates hybrid ‘contact zones’
that are part machine, raising compelling questions about how
machine-enabled spaces might facilitate shared understanding and
nurture new forms of symbiotic being between the human and
other species.

Stepping back, we posit that mutual understanding, or a deep
sense of knowing, may not be essential for reaping education value
for visitors and enrichment for lemurs via technologically medi-
ated AVIs at zoos. Despite being informed of the system-interaction
mechanics, visitors often could not tell whether lemurs were ac-
tively engaging vs. merely present around the device, especially in
cases with multiple individuals nearby, yet they still began reflect-
ing on the meaning and interpretation of lemurs interacting with
computers (even when the lemurs were sleeping, in the cases of
P78 and P352). Whatever technological shortcomings were present
and irrespective of their philosophical musings, human visitors
reported significantly stronger engagement, education, empathy,
and overall-experience effects when lemurs were controlling or
interacting with the device in tandem with them. Reflecting on our
prior work, we also know that these reports are more significant in
connected than separated systems [127] highlighting the benefit
of the connected systems for humans. By the same token, while
the study’s lemurs may have been unaware of many facets of the
control mechanisms, visitor involvement, and what linked visitor
actions and the stimuli, all technology-present conditions brought
significantly increased lemur engagement in the area around the
device, especially when visitors were involved.

One crucial implication of our research is that ambiguity and
possible impediments to mutual understanding do not necessarily
cancel out the positive outcomes among human visitors. In combi-
nation, this result and the outcome of the lemurs always staying
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in the space longer when it was interactive than under baseline
conditions suggest that mutual comprehension indeed might not be
central for beneficial technology-based zoo AVIs. Hence, our find-
ings call for ethics-focused reflection on cross-species interaction
design for zoos, with specific attention to whether full mutual under-
standing is necessary for meaningful benefits and to well-grounded
definition of genuine, value-creating animal-human interaction.

If authenticity of interaction matters, future work should more
extensively probe ways to enable bidirectional engagement through
technology design. On the other hand, irrelevance of whether the
lemur or the human is genuinely interacting with the other species
prompts a different question: does it matter if the animal and human
participants are real? One could speculate about robotic devices pre-
programmed to supply visitors and/or animals with perceived but
illusory visitor-animal interaction. Such systems with artificial ma-
terial could address practical limitations faced at zoos: sometimes
animals are not on view, while on the other side visitor numbers
might be low or the zoo may be closed. In fact, scholars have already
proposed that robot animals with realistic behaviours might evoke
visitor responses comparably to real animals [37]. While presenting
robotic agents could create misleading illusions, sow seeds of doubt,
etc., and thereby both reduce the education and emotional benefits
for visitors and limit potential welfare benefits for real animals
by paring back the opportunities to benefit from direct engage-
ment with zoo visitors or the technology, it may be tempting. Amid
ethics-related pressure and the practical challenges of involving
live animals in research, housing animals at zoos, and maintaining
the technology, simulated AVIs could grow increasingly central
as technologies advance. It might be possible to replicate animal
behaviours convincingly and facilitate/evoke both human and an-
imal engagement, yet this is a slippery slope to entirely new sets
of challenges, far beyond the scope of our work. Once the systems
employ robotic or artificial stand-ins, there is no longer a real AVI;
these interactions require direct animal-visitor interaction through
technology.

7.2 Effects of Control and Choice on AVIs

Reflecting on how control and choice shape AVIs, as addressed in
RQ1, we found that one potential source of value from the system
for lemurs lies in choice and control over their environment. We
designed CreatureConnect so as to let them choose (whether to
engage, disengage, and adjust intensity) rather than remain pas-
sive observers in their environment. Yet our lemur-control-only
condition, in which the animals had full authority over the system,
produced the shortest lemur interactions with the device. Keeper
3’s above-mentioned musing that the lemurs were reluctant to oper-
ate the system alone offers one possible explanation: perhaps they
saw the shared interaction, as opposed to the stimulus provided,
as the beneficial aspect. This interpretation is further consistent
with a comparison to the SensorySafari system, which atforded
observation-only AVIs [127] . For lemurs, co-present interaction
with shifting control between visitors and lemurs may help sustain
lemurs’ engagement compared to animal-only interaction through
providing unpredictability, which in itself may sustain interest. To-
gether, these findings suggest that cross-species control allocation
in shaping animal-system interaction is more complex than the
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simple idea that giving animals more control will lead to more in-
teraction. Notwithstanding evidence that other primate species will
use technological systems for the predictability and environmental
influence provided rather than for specific stimuli or content [15],
the role of shared vs. solo agency has not been studied in depth.
Several systems do exist whereby people can use computers concur-
rently with animals [77, 135], yet mechanisms for shared control
still present a puzzle. Variation within and between species adds
complexity in this domain. Furthermore, what constitutes truly
beneficial control varies by species [1, 2, 48], with the multifac-
eted ways in which choice and agency benefit animals remaining
especially tricky to measure [83] in multi-user contexts.

By examining the benefits of control and choice, our work re-
sponded to the recognised centrality of control and choice over
one’s own life to animals’ welfare (e.g., the facility-accreditation
standards of the Association of Zoos and Aquariums deem these
vital). Its results challenge the widely held assumption that greater
control for animals correlates with more/stronger interactions with
technology and, thereby, with their improved well-being [48, 75].
We posit that such views may be overly simplistic: as our lemur-
control-only data attest, individuals’ agency alone does not always
boost engagement with technology. Animals’ engagement with
computer devices may hinge also on how control is shared and
dynamically negotiated as interaction progresses, with the nego-
tiation process itself contributing to the benefits. In essence, their
welfare might gain more from the changes in control dynamics, the
sequence of transitions in these, etc. Understanding control thus -
as processual and fluid - aligns with viewing animal agency as a
dynamic, interactive process rather than some static state [24]. This
perspective is consistent with research wherein offering HCI con-
trol options via computers alone does not advance agency [70, 107]
and in which joint operation that yields no responsive feedback or
co-presence confers purely illusory control [70]. It is the extent of
one’s perceived influence on events affecting one (i.e., the person
or animal’s locus of control) that proves decisive [15, 70]. Critically,
animals must develop a meaningful sense of control and of exercis-
ing agency before they can attribute system responses to their own
actions.

The nature/extent of the choice matters too. CreatureConnect’s
design offers a restricted landscape of choice: an option of (de)
activating the interface and of adjusting the intensity of its stim-
uli. Though this improves on the choice range of typical animal-
computer systems (on/off), it remains quite limited. To address the
other extreme, choice overload from facing numerous or rapidly
changing options [84], HCI design presents structured choices. For
instance, navigation menus may guide the user through branches
of options, with headings that remain consistent between sec-
tions/applications [84, 117]. We do not yet know whether animals
interacting with computers might benefit from structured choice
presentation, such as approaches that introduce options gradually
or arrange them in distinct categories, though some researchers
have already extended these HCI-anchored choice structures to
such devices for animals as speech-board menus for parrots that
group elements hierarchically and by category [26]. The experi-
ence of choice in such work remains unclear, just as our system,
nearer the middle of the continuum, may or may not have provided
genuine choice beyond basic activation and conditions. Perhaps
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it merely exposed users to different control settings. After all, the
lemurs had no say in the control arrangements as we varied who
controlled the stimuli from one day to the next. Our design might
have been able to grant them some choice in this regard, expanding
their options. Along similar lines, although lemurs interacted most
with the device under shared-, human-only-, and random-control
conditions, we recommend that such systems leave even the least
preferred control assignments (here, lemur-only control) available
to choose from. As noted above, some animals favour larger sets
of options even if this requires them to select suboptimal condi-
tions. Lemurs might, similarly to chimpanzees [30], value increased
choice regardless of their interaction patterns.

When implementing more choice and control for animals in cap-
tivity, zoos must factor in choice and control for human visitors too.
In many ways, this reflects the more general balancing act between
the two aims of zoo environments. It is insufficient to consider
animal enrichment, visitor education, or animal agency in isolation;
what matters is how control is distributed, as each configuration
of technology-mediated shared control can constrain, moderate,
or facilitate AVIs in particular ways. This highlights a key consid-
eration behind the sharing of control: should allocation prioritise
animals’ agency (via their greater control) or strive for meaning-
fully balancing control between species? Our findings suggest that
meaningful balance, rather than maximal animal or human control,
may optimise outcomes for both.

7.3 Reflections on Methodology

Our daily change of control conditions, while preventing order
effects, may have hindered lemurs’ forming of solid associations
between their actions and system responses. That is, it could have
led to what Norman [88] has called a ‘gulf of execution’, a mismatch
between user intentions and system feedback. This problem points
to a crucial methodological challenge in research such as ours: how
to connect the control with predictable control patterns that animals
can understand. Animals sometimes make seemingly irrational
choices when encountering inconsistent reward structures [138]
or numerous options [116]. One could argue for implementing
longer periods for each condition (greater stability should help
the animals learn the system’s patterns) or for crafting adaptive
mechanisms that clearly signal control changes to the animal users.
Tensions inherent to ACI rear their head here: researchers must
navigate the need for experimental rigour and the cognitive needs
of animal participants, all while managing the habitat effects that
every technology introduces.

Further methodological reflection led us to recognise that the
interaction modality itself, proximity, may have influenced the sense
of control. Scholars of ACT have found that onscreen buttons’ size,
physical button mechanisms, and non-button interfaces all shape
responses in some way; the reliability of input recognition suffers
when the design does not cater to specific animal anatomies [40, 64,
101]. Even opting for a proximity-based interface may constrain
the expression of agency, whatever the control-allocation structure.

Comparing our shared-control system with our previous system
of isolated devices [127] revealed five key axes of divergence in
method: system architecture, interaction mode and goal, stimulus
selection, control distribution, and transparency of lemur behaviour
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(see Table 11). While both studies pursued the broader aim of enrich-
ment for zoo animals coupled with support for visitor engagement,
the move from a single-species system to a multi-species one de-
mands methodological reorientation. Where our previous approach
[127] treats animals and humans as parallel users whose behaviours
can be independently measured and reasoned about, our system
had to embed both species in the same interactional loop. This
demanded methodological attention not only to the interface mech-
anisms but also to the relational dynamics that arise when two
species share control of a single technological event.

Beyond procedural contrasts, the methods represent different
epistemic commitments. These, in turn shape the validity, replica-
bility, and interpretive space of each study. SensorySafari system
offers high internal validity by structurally reducing cross-species
confounding; this enables ‘cleaner’ attribution of stimulus effects
and supports more conventional causal inference. CreatureConnect,
in contrast, embraces the methodological openness inherent in co-
present, co-active interaction. This opens a window to emergent
patterns, forms of mutual influence, negotiation, and asymmetry
that a separation-based architecture cannot access. Simultaneously,
though, the means of revealing these dynamics limits the isolation
of discrete effects: behaviours becoming co-constituted complicates
efforts to ascribe changes to one species or the other. The locus of
enquiry shifts from individual responses to the relational character
of multi-species interaction. The methodological and theoretical
scope of what the system can uncover expands, but so does the
number of dimensions.

7.4 Implications for the HCI Field

The finding that lemurs and human visitors differed in their pre-
ferred audio intensities underscores that sensory feedback is not
a neutral signal but a perceptual event shaped by species- and
individual-specific sensitivities. We can point to parallel challenges
evident in human-only contexts, where cultural background, physi-
cal conditions, and cognitive capacity, etc. inform divergent experi-
ences of identical stimuli [52]. Such HCI techniques as customisable
volume and notifications already acknowledge some aspects of per-
ceptual diversity among human users; our findings extend this
recognition to cross-species contexts. This advances ACI while also
adding to HCI’s awareness — the extreme case of species differences
can sensitise design to diversity among human users.

Our findings can help sharpen HCI work focused on cooperative
computing, which emphasises that technologies mediate relations
both between people and of people with their environments, while
also foregrounding participation and sharing as intertwined themes
[9]. Also, taking the concept of collaboration beyond humans may
inform reconsidering what collaboration means in HCI contexts.
Specifically, our shared bimodal system functions as what Badker
has termed a common artefact [9], bringing human visitors and ani-
mals together and enabling cross-species interaction. In this process,
technology serves not as a mere functional device but as a mediator
of interspecies relations, supporting interaction and collaboration
under conditions of unequal agency and understanding. As HCI
continues to explore human-AlI collaboration and interaction with
non-human agents such as robots, animals too may be understood
as potential collaborators under this umbrella. In light of evidence



CreatureConnect

CHI *26, April 13-17, 2026, Barcelona, Spain

Dimension

SensorySafari

CreatureConnect

System architecture

With two independent devices, the lemurs and
humans cannot affect each other’s interactions

With two synchronous devices, lemurs and
humans can affect each other’s interactions

Interaction mode

Lemurs activate the system by approaching it

Lemurs’ proximity alters stimulus intensity

The system’s purpose for
visitors

Zoo visitors play a game, guessing lemurs’
preferences

Visitors adjust intensity levels via a slider to
affect each stimulus in the joint system

Stimulus selection

Zoo visitors can choose to trigger either uni-
modal or multimodal stimuli

The selection between multimodal and uni-
modal stimuli for lemurs is made at random

The system presents bimodal stimuli randomly
for both lemurs and visitors

Bimodal stimuli for lemurs get selected ran-
domly

Control distribution

Neither party controls the intensity
No party is designated as controlling the sys-
tem

There are four distinct control settings
The visitor and/or lemur can exercise control

Transparency of lemur be-
haviour

The device screen shows the lemur’s sensory
preferences, and zoo visitors can observe the
lemur’s system use

Zoo visitors can directly observe how lemurs
use the device via video feeds on both the visi-
tors’ and lemurs’ screens.

Table 11: Comparison of the methods behind SensorySafari and CreatureConnect.

that animal communication reflects social context [109], digital sys-
tems should incorporate support for animals’ social contexts rather
than isolate them [66]. Moreover, our findings suggest that cross-
species systems should enable forms of collaboration that treat
animals as equal partners rather than passive recipients. Related
ethics considerations, accordingly, must centre on how technology
establishes and mediates the shared social context within which
non-human primates as participants and humans collaborate across
their divide. That context has to support voluntary engagement and
disengagement, and it must minimise disruption. Our work is not
an attempt to redefine ‘collaboration’ but an illustration of extend-
ing the boundaries of participation through technology-afforded
interaction. Widening the scope beyond humans to robots, animals,
and even other agents casts light on technology’s special value and
potential in fostering mutual understanding and social interaction
among diverse users.

8 LIMITATIONS AND FUTURE WORK

Our study offers evidence of how control’s allocation between
red-ruffed lemurs and human visitors affects both groups in a zoo
setting. Future work should extend such consideration across di-
verse sites, species, climates, and cultural contexts to examine how
the distribution of control can nurture more mutually beneficial
cross-species interaction. While our study spanned 20 days, longer-
term experiments are needed to investigate how control-related
conditions sustain animal engagement and whether animals can
perceive, locate, and learn from control mechanisms, such that en-
richment for both animals and humans benefits. Additionally, while
control is dynamic and multi-dimensional, this early study did not
isolate parameters such as stimulus intensity, interaction timing,
and interaction mode, each of which may align in its own way with
species-specific cognitive capacities. Future studies could explore
these dimensions.

While our study did not examine whether red-ruffed lemurs
show overuse, additional work could clarify what repetitive use
or addiction-like interaction might mean in animal-technology
contexts and how to design against excessive interaction while
still supporting animals’ enrichment. On the human side, future
work could examine intentions — e.g., to support conservation or
make donations [110]. Work with orangutans has found a link
between education effects and increased donation behaviour [92],
indicating a relevant avenue that our study did not follow. Also,
we did not consider zookeepers’ interactions within the system
architecture, but future work could involve the staff as users of the
system. Finally, our measurements focused on animals’ observable
engagement rather than on internal markers, such as cortisol levels.
While these are not definitive indicators of animal welfare, follow-
on work could incorporate behavioural and physiological metrics
to enable richer, more holistic assessment of animal welfare.

9 CONCLUSIONS

Technologies hold vast opportunities to enhance animal-visitor
interactions at zoos by allowing the two parties to interact appro-
priately via computer systems. We demonstrated this by develop-
ing and testing CreatureConnect. Most tellingly, implementing this
shared-control system for mutual interaction revealed that giving
red-ruffed lemurs total control over interactive systems did not
yield cumulative benefits. Hence, joint control by humans and ani-
mals stands out as a dynamic, interactive process able to reveal how
different species engage with shared technologies. By extending
computer-supported collaborative systems to include non-human
actors, our work contributes new insight related to shared agency
in ACI and HCI design both. In demonstrating that optimal out-
comes require balancing control rather than maximising it for any
single participant, this research provides a starting point for de-
sign principles and fuller understanding of how control may be
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distributed across individuals with varying sensory preferences
and interaction approaches.
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