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A

recent study from the U.S. Department of
Housing and Urban Development showed that
most seniors would prefer to age in place, and a
survey from the AARP concluded that nearly 90%
of citizens 65+ wished to remain in their homes
for as long as they can [1]. However, prolonging
independence is a challenging task for today’s healthcare
system due to its increased costs and technical feasibility.
Although many advances in mobile technology, robotics,
and wearable devices have been made, family members
and professional caregivers are still the main options older
adults have to further extend their capability of aging
safely and comfortably at home. Based on the U.S. Census
Bureau, the population of U.S. adults who are 65 and older
is projected to be twice as large in 2030 as it was in 2000,
increasing from 35 million to 71.5 million and representing
nearly 20 percent of the total U.S. population [2]. The
current caregiving model will increase health care costs to
unrealistic standards and cause disruptive changes to how
individuals and families manage late-in-life decisions.
Although embedded with smart features and
innovations, appliances such as washing machines,
microwaves, vacuum cleaners and other household
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FIGURE 1 ASPIRE HLC and LLC integration.

ASPIRE
Automation Supporting Prolonged Independent
Residence for the Elderly
QRUGHUWRDFKLHYHWKLVÀH[LEOHDQGDGDSWDEOHIUDPHZRUN
WKHSURMHFW$63,5(LVUHGHVLJQLQJWKHZD\VPDOODHULDO
YHKLFOHV 8$9V LQWHUDFWZLWKKXPDQV7KHPHFKDQLFDO
VLPSOLFLW\RIPXOWLURWRUVPDNHVWKHPDQD̆RUGDEOHSODW
IRUPWKDWKDVWKHSRWHQWLDORISHUIRUPLQJSUHFLVLRQÀLJKW
PDQHXYHUVZLWKRQERDUGJUDVSLQJVROXWLRQVDQGVHQVLQJ
KDUGZDUHZKLFKFDQEHHPSOR\HGLQDFWLYLWLHVWKDWDUHQRW
DWWDLQDEOHE\WUDGLWLRQDOKXPDQRLGRUJURXQGYHKLFOHVHJ
UHDFKLQJXSKLJKWRJUDEREMHFWV$KXPDQFHQWHUHGGHVLJQ
RIDÀ\LQJURERWLFSODWIRUPLVEHLQJGHYHORSHGWRDFKLHYH
WKHJRDORISURYLGLQJFDUHJLYLQJZLWKPXOWLURWRU8$9V
$63,5(SURYLGHVDSODWIRUPZKHUH+LJK/HYHO&RQWURO
OHUV +/& FDQEHGHVLJQHGLQRUGHUWRSURYLGHDOD\HU
RIDEVWUDFWLRQEHWZHHQWKHKLJKOHYHOWDVNUHTXHVWVWKH
SHUFHSWXDOQHHGVRIWKHXVHUVDQGWKHSK\VLFDOGHPDQGVRI
WKHURERWLFSODWIRUPVVKRZQLQFigure 1
:LWKDUREXVWIUDPHZRUNWKDWKDVWKHFDSDELOLW\WR
DFFRXQWIRUKXPDQSHUFHSWLRQDQGFRPIRUWOHYHOZHFDQ
SURYLGHSHUFHLYHGVDIHW\IRUROGHUDGXOWVDQGIXUWKHUDGG
H[SUHVVLYLW\WKDWIDFLOLWDWHVFRPPXQLFDWLRQDQGLQWHUDFWLRQ

I

FIGURE 2
VR simulation
of UAV flight
during biometric
data acquisition.
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FIGURE S1 Human
observer and UAV
interact in VR.

V

irtual Reality (VR) is a desirable tool because it offers a
safe and flexible environment in which the investigator
has extremely granular control over the user experience.
For example, aspects of the robot’s physical appearance
(e.g. shape, ergonomics, or durability), behavior (e.g.
movement, manipulation, or sensing), and environmental
context (e.g. low light, noise, or verticality), all constrain
a robot’s flight path and can be manipulated in isolation
to reveal their unique effect on human observers. The
human observer, however, also brings with them personal
experiences that can influence the perception of a robot’s
agency and therefore its trustworthiness, safety, and so on.
between the user and the robotic team. To achieve these demanding levels of comfort, predictable and safe navigation
must be guaranteed by the underlying Low-Level Controller (LLC), which is fundamental for indoor locomotion of
any robotic form. Embedding human perception into the
LLC and HLC is done by collecting experimental data from
human subjects to understand how humans behave in the
presence of these UAVs.

HUMAN PERCEPTION AND PERFORMANCE
he ASPIRE project addresses two fundamental issues
that arise when deploying robotic systems to real-life
human populated environments: (1) How do we characterize human behavior in the presence of co-located mobile
robots? (2) How do we design and control mobile robots
to maximize comfort and perceived safety for co-located
others? Using current generation VR devices, in combination with physiological recordings, self-report data, and
behavioral measures, we are able to generate a detailed
model of human behavior in these situations. For details
see “Why Virtual Reality?”
For example, our ongoing research with older adults
and college-aged students explores the role of uncertainty
and perceived safety in non-cooperative multi-rotor
UAV interactions. In one version of this experiment,
participants wear a VR head-mounted display (HMD)
DQGHQWHUDKLJK¿GHOLW\VLPXODWLRQRIDQXUEDQVFHQH
(see Figure 2.). During the simulation they experience
VHYHUDOXQDQWLFLSDWHG8$9À\E\VWKHQDWXUHRIZKLFKLV
manipulated experimentally across subjects (e.g., distance
to user, speed, or loudness). Biometric data is sampled

T
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FIGURE 3 Example of different physical parameters
during experiment.
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WHY VIRTUAL REALITY?

continuously throughout the simulation, including
galvanic skin response (GSR), photoplethysmography
(PPG), and head rotation (e.g. angular (rotational)
acceleration (1 rad/s²) and linear acceleration (1 m/s²),
as a function of time-to-collision. Other demographic
information related to athletic activity, UAV experience, and
YLGHRJDPHSOD\LQJKLVWRU\LVFROOHFWHGR̈LQHDQGLQFOXGHG
in subsequent analysis. It is imperative to consider these
types of continuous, indirect measures in order to acquire
an unmitigated response from the human observer.
While it would be possible to simply ask participants to
indicate their attitudes about UAV interaction, these types
of deliberative questions can often result in an “I don’t
know” or “I’m not sure” response; this is often because the
participant does not want to report the answer, does not
understand the question, or legitimately does not know.
Indirect measures, like those mentioned above, circumvent
these types of self-report issues. For example, in response
to the UAV’s presence, increased arousal can lead to the
sweat glands becoming more active, increasing moisture
content on the surface of the skin, and allowing electrical
FXUUHQWWRSDVVPRUHHDVLO\7KLVH̆HFWLVNQRZQDVVNLQ
conductance and is often cited as a measure of arousal or
state anxiety [4]. Similarly, using an optical pulse sensor
SODFHGQHDUVRIWWLVVXH HJ¿QJHUWLSRUHDUOREH D33*
signal can be acquired and processed to determine the heart
rate, which is known to increase with arousal [5]. Together
these two signals help provide a comprehensive description
of a participant’s emotional response during a given UAV
interaction. While this methodology provides an indirect
assessment of an individual’s automatic response to an
unanticipated drone interaction, it is equally important to
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THE ROBOTIC PLATFORM

D

acquire direct measures of behavior and to do so for circumstances in which a UAV interaction is not only expected, but
also expected to be cooperative.
To this end, another series of experiments focuses on
assessing boundaries of perceived safety by measuring the
proximal distance in which users feel comfortable interacting with a co-located UAV. These experiments recruit
both college-aged students and older adults, but extend
WKH¿QGLQJVRIRXUSUHYLRXVUHVHDUFKE\HQDEOLQJXVHUVWR
locomote freely in a small area and provide commands to
the UAV using a hand-tracked controller. This additional
layer of complexity helps to better simulate a real-world
scenario in which an older adult must cooperate with a UAV
in performing a given task. By collapsing across responses
IURPPDQ\WULDOVXQGHUGL̆HUHQWFRQGLWLRQVZHFDQ
generate a boundary of an interaction space within which
a human observer feels comfortable interacting with the
UAV. Because we expect carebots to be operating in assisted
living communities or elderly care facilities, we can use this
data to design parameters for the LLC, such as proximity
ERXQGVYHORFLW\SUR¿OHVDQGREVWDFOHDYRLGDQFHWKUHVKROGV
(see Figure 3.).

CHOREOGRAPHY OF EXPRESSIVE ROBOT TRAJECTORIES
he user’s perceived safety of the robot will also be based
on their ability to determine the state of the current
robot team. This requires communication via expressive robotic movement. For example, if the user requests a task to
be accomplished with urgency, they will expect a more aggressive action from the system and thereby the parameters
of perceived safety will change. The HLC will combine user
requests with expressive actions and communicate new appropriate parameters to the LLC. The team is using Laban/
%DUWHQLH̆0RYHPHQW6WXGLHV /%06 WRFKRUHRJUDSKWKHVH
expressive pathways. This system of movement analysis and
notation provides a taxonomy with which to describe the
robot motion. Principles of body organization and movement quality, mapped to a quantitative measure of platform
expressivity and task complexity, will guide the design of
the HLC and the commands the user interface supports [6].

T

FIGURE S2
CAD model of the UAV.

A HUMAN-CENTERED APPROACH
t is important that we not only design our system to be
acceptable to users, but that it helps them in their goal
of aging in place. We are motivated by recent research on
factors most important in driving elders out of independent
living. In [7], literature searches and focus groups found that
the factors most threatening to independence are related
to problems with mobility, self-care, and social isolation.
Thus, our goal is to mitigate some of those underlying factors through useful applications. Using UAVs to manipulate
objects in the home is an example of how we can assist older
adults when they are limited by mobility or reach. If they
KDYHGL̇FXOW\ZLWKPHGLFDWLRQDGKHUHQFHWKHFRUUHFWPHGLcine can be delivered directly to them, along with water or
food. It is also important to use such technology to forestall
further decreases in the user’s own capabilities – the robots
could be utilized as personal dance partners to help keep
XVHUVSK\VLFDOO\DQGPHQWDOO\¿WDQGVRFLDOO\IXO¿OOHG7KH
embodied cognition of the UAVs make them suitable and
compelling to users as partners in their everyday lives, as opposed to an app on a phone – they can work together towards
the goal of extending the user’s sphere of functionality.
Our current interface concept, in the form of a tablet
computer and shown in Figure 4, takes into account much
literature on designing interfaces according to the preferences and abilities of older adults, especially due to physical
and cognitive declinations. For example, we eliminate anything that is not crucial, simplify navigation, and highlight
important information due to diminished working memory
and attention [8].

I

SAFE AUTONOMOUS FLIGHT
afe indoor navigation for UAVs is a multi-pronged
problem consisting of trajectory generation, collision
avoidance, path following and state estimation while also
acknowledging the safety concerns of humans in proximity.
To incorporate a human-centered approach to the
navigation problem we propose an optimal control formulation Equation (1), which includes the perceived safety of
humans as a constraint to generate trajectories and colli-
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esign of a small robot suitable for indoor flight capable of minimizing
disruption and discomfort is done by incorporating the findings from the
experimental research with humans. Flying multi-rotors pose the hardest design
constraints because the desired functionalities (such as flight endurance, payload
capabilities and precision manipulation) are contrary to the characteristics
needed for human acceptance (compact, quiet and lightweight).
To achieve the highest possible thrust-to-weight ratio while also satisfying payload constraints with commercially available parts, the multi-rotor is chosen to be
208 mm in diameter with desirable maximum total thrust of over 1.6 kg.
A two-degree-of-freedom serial manipulator was designed with an open truss
structure in order to further decrease weight. Although the flight controllers are
capable of preventing collisions, a protective enclosure is added on the outer part
of the robot, see Fig. S2. This fully protective enclosure augments the safety of the
system, but most importantly, communicates a message of safety to the user.
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CONCLUSION AND FUTURE WORK
KLVSDSHUGHPRQVWUDWHVDPXOWLGLVFLSOLQDU\DSSURDFK
WKDWSURSRVHVWRDXJPHQWIXWXUHFDUHJLYLQJE\SURORQJLQJLQGHSHQGHQFHIRUROGHUDGXOWV7KHSURSRVHGIUDPHZRUNUHOLHVRQDQLWHUDWLYHSURFHVVRI//&GHVLJQWKURXJK
H[SHULPHQWDOGDWDFROOHFWHGIURPSV\FKRORJLFDOWULDOV:H
DOVRSUHVHQWDQLQWXLWLYHWDEOHWEDVHGLQWHUIDFHGHVLJQIRU
H̆HFWLYHFRPPXQLFDWLRQZLWKWKHFDUHERWV
)XWXUHZRUNLQFOXGHVWKHH[SORUDWLRQRIPXOWLSOHFDUHERWVWRFRRSHUDWLYHO\DVVLVWLQFDUHJLYLQJWDVNVEDVHGRQRXU
KXPDQFHQWHUHGGHVLJQDSSURDFK:HDUHDOVRLQYHVWLJDWing more lightweight and natural voice- and gesture-based
interaction methods between humans and the carebots. Q

T

sion avoidance methods to navigate around obstacles in the
HQYLURQPHQW6LQFHTXDGURWRUG\QDPLFVDUHGL̆HUHQWLDOO\
ÀDWWKHRSWLPL]DWLRQFDQEHGHYLVHGLQWKHRXWSXWVSDFH
DOORZLQJXVWRHDVLO\DGGFRQVWUDLQWVVXFKDVYHORFLW\DFFHOHUDWLRQGLVWDQFHWRREVWDFOHVDQGKXPDQSHUFHLYHGVDIHW\
GLUHFWO\WRWKHSUREOHPIRUPXODWLRQ7KHLQIHUHQFHGHULYHG
IURPWKHSV\FKRORJLFDOH[SHULPHQWVLQ95ZLOOSURYLGHDQ
H[SHGLWHGPHWKRGWRZHLJKWKHLPSRUWDQFHRIWKHVHTXDQWLWLHVDJDLQVWSHUFHLYHGVDIHW\DQGGHVLJQFRQVWUDLQWVIRUWKH
RSWLPDOFRQWUROSUREOHPDFFRUGLQJO\
6DIHRSWLPDOWUDMHFWRULHVIRUWKH8$9VFDQEHJHQHUDWHG
E\PLQLPL]LQJWKHIROORZLQJFRVWIXQFWLRQDO
- ĭ(x (t0 t0 x (tf  tf ) + ƃt0tf E (x (t u (t t) dt
VXEMHFWWR
multi-rotor dynamics
boundary conditions
obstacle avoidance
SHUFHLYHGVDIHW\FRQVWUDLQWV

(1)

ώ(t) = f (x (t u (t t 
ĭ(x (t0 t0 x (tf  tf  
B (x (t u (t t 
P (x (t u (t t 

where E (x (t u (t t LVWKHVWDWHLQSXWDQGRUWLPHGHSHQGHQWUXQQLQJFRVW
,QRUGHUWRSURYLGHDÀLJKWWKDWGRHVQRWDGYHUVHO\D̆HFW
SHUFHLYHGVDIHW\ZHPXVWSUHFLVHO\IROORZWKHWUDMHFWRU\
VROYHGE\WKHRSWLPDOFRQWUROSUREOHP/DUJHGHYLDWLRQV
IURPWKHRSWLPDOVROXWLRQVZLOOGLVUXSWWKHKXPDQ¶VOHYHORI
FRPIRUW:HXVHQHVWHGIHHGEDFNORRSVLQRUGHUWRJXDUDQWHHWLJKWSHUIRUPDQFHERXQGV5DWHDQGDWWLWXGHFRQWUROOHUV
SURYLGHVWDEOHÀLJKWDQGFDQDOVRDFKLHYHEHKDYLRUVSHFL¿FJRDOVHJ³IULHQGO\´DQGOHVVDJJUHVVLYHPRYHPHQWV
ERXQGVRQYHORFLW\DQGDFFHOHUDWLRQ7RÀ\8$9VWKURXJK
XQVWUXFWXUHGDQGFOXWWHUHGHQYLURQPHQWVLQKRXVHKROGV
ZHXVHDWUDMHFWRU\WUDFNLQJFRQWUROOHUZKLFKJXDUDQWHHV
SUHFLVHORFRPRWLRQLQVSDFH7RHQVXUHDSUHGLFWDEOHÀLJKW
DQGJXDUDQWHHPLQLPDOGHYLDWLRQIURPWKHGHVLJQHGOHYHORI
FRPIRUWZHXVHDUREXVWDQGDGDSWLYHFRQWUROIRUWKHLQQHU
ORRSFRQWUROOHUGHVLJQ7KH/DGDSWLYHFRQWURODUFKLWHFWXUH
LVGHVLJQHGIRUVXFKVDIHW\FULWLFDOV\VWHPVDQGSURYLGHVWKH
UHTXLUHGUREXVWQHVVDQGSHUIRUPDQFH>@
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FIGURE 4
Tablet interface
concepts for
help finding,
delivering, and
viewing objects.

