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ABSTRACT

FROM DEPLOYMENTS OF ELDER CARE SERVICE ROBOTS TO THE

DESIGN OF AFFORDABLE LOW-COMPLEXITY END-EFFECTORS AND

NOVEL MANIPULATION TECHNIQUES

Caio Cesar Rodrigues Mucchiani

Mark Yim

This thesis proposes an investigation on both behavioral and technical aspects of

human-robot interaction (HRI) in elder care settings, in view of an affordable plat-

form capable of executing desired tasks. The behavioral investigation combines a

qualitative study with focus groups and surveys from not only the elders’ standpoint,

but also from the standpoint of healthcare professionals to investigate suitable tasks

to be accomplished by a service robot in such environments. Through multiple de-

ployments of various robot embodiments at actual elder care facilities (such as at a

low-income Supportive Apartment Living, SAL, and Program of All-Inclusive Care,

PACE Centers) and interaction with older adults, design guidelines are developed to

improve on both interaction and usability aspects. This need assessment informed

the technical investigation of this work, where we initially propose picking and plac-

ing objects using end-effectors without internal mobility (or zero degrees-of-freedom,

DOF), considering both quasi-static (tipping and regrasping as in-hand manipula-

tion) and dynamic approaches. Maximizing grasping versatility by allowing robots

to grasp multiple objects sequentially using a single end-effector and actuator is also

proposed. These novel manipulation techniques and end-effector designs focus on

minimizing robot hardware usage and cost, while still performing complex tasks and
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complying with safety constraints imposed by the elder care facilities.
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Chapter 1

Introduction

Older adults are forming a much larger percentage of the population leading to a
strain in the healthcare sector. It is expected that the population aged 65 and over
in the United States (US) alone will double in the next 30 years [117], and similarly
worldwide [151]. Despite abundance of the facilities to accommodate the growing
older adult population, there is a shortage of caregivers to sta� these facilities [165].
Additionally, the current COVID-19 pandemic has greatly impacted older adults
living in group settings, since the risk for severe illness from COVID-19 increases
with age [139]. With the scarcity of care options available, a�ordable robots may be
a creative solution for simple tasks that would normally be handled by a caregiver.
Tasks essential to maintain older adults' independence, such as toileting, eating, or
bathing are called Activities of Daily Living, or ADLs. Furthermore, tasks referred
to as Instrumental Activities of Daily Living, or IADL, are tasks such as using
a telephone, cooking, doing laundry or using transportation [146]. Service robots
can help older adults be more independent with ADLs and IADLs. This implies
the robot will not only have the ability to communicate with the older adult by
voice or with an user-interface (UI) but also manipulate objects around it with a
manipulator and end-e�ector. Given that current solutions for both mobile robots
and manipulators are not a�ordable by most elder care facilities, low-cost solutions
are necessary in order to leverage adoption and approval of these robot platforms.

This thesis proposes an investigation on both behavioral and technical aspects
of human-robot interaction in elder care settings in view of an a�ordable platform
capable of executing desired tasks. The behavioral investigation is a need assess-
ment that combines a qualitative study with focus groups and surveys from not
only the elders' standpoint, but also from the standpoint of healthcare professionals
to investigate suitable tasks to be accomplished by a service robot in such envi-
ronment. Through multiple deployments of the robot at actual elder care facilities
(such as at a low income Supportive Apartment Living, SAL or Program of All-
Inclusive Care, PACE Center) and interaction with older adults, design guidelines
are developed in order to improve on both interaction and usability aspects. The
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technical investigation proposes a di�erent approach to conventional grasping and
manipulation techniques. Inspired by the constraints imposed by low-income elder
care community settings to the complexity of an assistive robot, novel manipulation
techniques and end-e�ectors focusing on minimizing hardware usage and cost, along
with the safety requirements are proposed: object picking through in-hand manipu-
lation (PnP, or Pick-in-Place) using end-e�ectors with no internal mobility (or zero
degrees-of-freedom, DOF), a low-cost manipulator for assisting older-adults in ma-
nipulation tasks and grasping of multiple objects sequentially with a serpentine-type
end-e�ector design.

The Pick in Place (PnP) in-hand manipulation technique allows for picking ob-
jects o� a 
at surface with an end-e�ector that can be abstracted as a collection of
two point �ngers with �xed separation distance. The resulting operation incorpo-
rates tipping and regrasping as in-hand manipulation operations. This technique
can be applied to a wide range of scenarios, (such as complement the common
parallel-jaw gripping) and also be directly applied to placing objects back on a 
at
surface. Since most robotic grippers have their cost determined by the number of
actively controllable DOF, the proposed solutions represent low-cost alternatives to
more conventional ones, and suggest new approaches to well-know robotic manip-
ulation operations, such as pick-and-place and rolling. The problem may be solved
considering quasi-static (Chapter 3) or dynamic (Chapter 5) approaches.

The lack of mobility is advantageous in human interactions, as no forces can
be applied directly to the object by the end-e�ector, and so the manipulated item
be safely placed or removed by humans. The development of an a�ordable mobile
manipulator robot for applications in low resource community based settings seeks
to endow the robot with capabilities for providing walking and hydration support,
basic reaching assist and game based assistance for active and frail elders who may
also have motor and mild cognitive impairment. These manipulation tasks may
require the robot to manipulate various objects, not necessarily in the vicinity of
each other, or even multiple objects at the same time (such as a box of pills and a
water bottle). The sequential grasp of multiple objects therefore aims to facilitate
this object retrieval by the robot in case older adults may be physically impaired to
do so. A serpentine type tendon driven underactuated design with a closing mech-
anism that is triggered upon contact with an object allows the end-e�ector to grasp
multiple objects not necessarily in its vicinity. This end-e�ector can grasp objects
without knowing the size a priori and has a single DOF for actuation. A low-cost
prototype demonstrates two implementations of the end-e�ector (radius estimation
and autonomous grasp of circular objects by torque control, and sequential grasps
of multiple objects) through several experiments. A method for estimating applied
internal forces is also proposed.

The outline of this thesis is as follows. Chapter 2 discusses relevant literature
for the studies of social and service robots and a�ordable-low-complexity manipula-
tion relevant to the context of elder care robotics. Chapter 3 presents a qualitative
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study with stakeholders aimed to inform robot tasks of potential bene�t to older
adults, and subsequent deployments of a mobile service robot modi�ed to perform
such tasks at low-income elder care facilities. Chapter 4 proposes a novel grasping
and manipulation method and hardware that can bene�t previously ranked manip-
ulation tasks during robot interactions with the older adult population. Chapter 5
investigates a more practical scenario on achieving grasps as stated on Chapter 4,
using similar hardware design but relaxing some assumptions in order to increase
performance in robot deployment scenarios. Chapter 6 presents additional end-
e�ector hardware design and experimentation capable of addressing more ranked
tasks from the qualitative study. Chapter 7 presents the conclusion and contribu-
tions.
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Chapter 2

Related Work

2.1 Elder Care Robotics

As a recent largely explored �eld in robotics, there are various types of interaction
found in elder care robotics research. Numerous studies considered di�erent meth-
ods of investigation as well as types of robot interaction: Companionship [130, 9],
hygiene [77] , reminders [120] , entertainment [146], among others [102, 16] . In one
study [16], robots for elder care were categorized as rehabilitation robots (such as
smart wheelchairs and arti�cial limbs) and social assistive robots (SAR) [43, 84].
In particular, SAR [44] are emerging both academically and commercially [69] and
can be subdivided into service type (as Healthbot [157] capable of entertaining
older adults, as well as vital sign measurement, medication management and fall
detection) and companion type (such as commercially known robots, Paro and
AIBO)[11, 70]. Previous work where mobile robotic applications have been de-
ployed with active elders and elders with mental and physical impairment, di�erent
methods used to promote exercise as well as di�erent types of robot interactions
including the more recent demand for robots amidst the COVID-19 pandemic are
discussed in sequence.

2.1.1 Assisting older adults with and without impairments

Improving the cognitive ability of elders with dementia by interacting with robots
has been investigated by several authors using di�erent robotic platforms such as
[132], [82], [156], [155], [22] and [10]. In [154] the robot (UMA) was intended to
assist older adults and disabled people with transportation of objects over short
distances. The mobile robot recognizes a color marker held by the user and follows
it while carrying the payload, However, the robot was not deployed in a real facility
nor used by older adults. Walking support for older adults by a robotic platform was
proposed in [149]. In [66],[65] aHealthbotrobot was introduced as a versatile mobile
base capable of assessing vital signs, facial recognition, fall detection, medication
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reminding and other features. This robot did not have a manipulator. A mobile
robot targeted for older adults with Mild Cognitive Impairment was developed
in [49] capable of intelligent reminders, such as medications, cognitive stimulation
using video calls and autonomous fall detection. In [77], a robot (Cody) was designed
to help older adults in hygiene tasks, such as bathing, using two manipulator arms.

2.1.2 Mobile manipulators and elder care robotics

Robotic manipulation for assistance with ADLs and IADLs has also been explored
in the literature. Physically Assistive Robots (PAR) are those which can perform
physical interaction with the user, such as dressing, shaving or assistance with eat-
ing. A taxonomy regarding preferences for PAR was presented in [21]. SaM [126],
a mobile manipulator, autonomously grasps objects for physically impaired peo-
ple based on user input on the robot's screen. Other solutions for people with
mobility problems included workstation systems (such as a desk mounted manip-
ulator), stand alone manipulators (lighter versions of workstation manipulators),
wheelchair mounted manipulators and mobile platforms [126], [163].Mary [153], a
mobile manipulator with vision capabilities, was designed to assist older adults in
tasks such as fetching objects. However, the testing environment did not include
real users or a Program-of-All-Inclusive-Care (PACE) center environment. APR-2
robot with a head tracker device was also used to perform manipulation tasks in
a home environment [28]. Care-O-Bot [125] is a mobile service robot designed for
interaction with older adults and capable of manipulation and navigation, using a
7 DOF manipulator arm for fetching objects. The study, however, did not consider
an actual elder care scenario or elders for evaluating the proposed platform.

2.1.3 Exercise motivation for older adults

Through exercise, older adults can delay the onset of numerous diseases and con-
sequently prevent the degradation of their independence and quality of life [12].
Extensive research have proposed di�erent ways to motivate and promote exercise
among older adults, including the use of treadmill walking [72], seated exercises [42]
and gesture based games [141]. Games are a powerful context for promoting physi-
cal and cognitive exercises. Brain activity stimulation in older adults when playing
physical or virtual games, in some instances, is capable of improving their cognitive
ability and has been investigated in the literature [68]. Some studies considered
games played individually by the older adult or with their peers [85], or promoted
exercise among low-income older adults while monitoring their health activity [83],
though data from real end-users was not presented.
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2.1.4 Demand for COVID-19 robotic solutions

Numerous works discussing the direct impact of the COVID-19 pandemic in robotics
research and development have been presented [76, 32, 41, 171, 26]. A thorough re-
view discussing these impacts on robotic applications, along with possible solutions
is found in [140]. Robotic assisted surgery (RAS) adoption has shown direct and
indirect bene�ts towards the pandemic. Directly, as less sta� (especially surgical
teams at the bedside) may be needed to perform various surgeries and consequently
the risk of cross contamination between sta� and patients is reduced. Indirectly,
robots may reduce the hospital stay in some procedures, making more rooms avail-
able for COVID-19 patients [76]. Expensive robots, however, are di�cult to budget
for, limiting adoption. A�ordable robot solutions are preferred [75]. Stringent clean-
ing requirements may also impose additional challenges to the hospital sta� and
therefore logistical planning can become an issue. Other approaches in COVID-19
robotics response include testing for symptoms [32] temperature screening [47, 123]
and a cough detection algorithm [167].

2.2 Low-Cost Low-Complexity Manipulation

An important skill for assistive robots is the ability to manipulate objects around
humans, either to facilitate accomplishing a task (such as cleaning or retrieving
objects) or as as an instrument for interaction (e.g. playing a game). A large variety
of robotic object manipulation techniques have been developed to date. In [98], they
are classi�ed according to their models of task mechanics. Kinematic approaches to
robotic manipulation include robotic caging, concerning how to bound the mobility
of objects of interest without necessarily making contact. Algorithms for computing
cages were presented in [162]. Low-cost Low-Complexity Manipulation, however,
involves a minimalist approach in manipulation, or how could one achieve a desired
task with a minimal con�guration of resources [14], or least amount of hardware,
and consequently less component cost. In this case, the number of actuators and
sensors for a determined task can de�ne a manipulation type as minimalist or
not. Developing techniques capable of minimizing the total number of sensing and
actuation, but concurrently achieving the same end result is thus proposed as low-
cost manipulation.

Conventionally, notions of grasp closure (force/form-closure, and immobilization
[145]) were the only factors to determine a grasp stability/feasibility. Model-based
[160, 164] and data-driven [121] approaches demonstrated how to construct stable
robotic grasping. Alternatively, other approaches to robot manipulation techniques
such as caging [98, 162, 131, 35], pushing [89, 105, 106], sliding, toppling [88], [142]
and general non-prehensile manipulation techniques [168, 91, 2, 62, 88, 6] have
shown to render robotic manipulation more robust, despite not directly applicable
to our problem.
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2.2.1 Pick-and-Place (PnP) Manipulation

Robotic manipulation can be indeed classi�ed through a taxonomy, including kine-
matic, static, quasi-static and dynamic manipulation [99]. The �rst refers to kine-
matics alone for analyzing a grasp, the second adds static forces, the third quasi-
static forces (i.e. frictional forces) and �nally dynamic manipulation includes all
aforementioned as well as inertial forces for determining the feasibility of a grasp
and manipulation task. One fundamental form of robotic quasistatic manipulation
is robotic grasping and �xturing. The closure properties of robotic grasps have been
investigated extensively. Important notions of grasp stability includeforce-closure,
form-closure, and immobilization [145]. It has been shown that the dynamic stabil-
ity of a grasp is a function of local contact geometry, contact models, and material
properties [59]. Robotic pushing [89] is another practically important capability
that can be achieved in a quasistatic manner. According to [97], quasidynamic ma-
nipulation is intermediate between static and dynamic manipulation as if excessive
damping prevents accelerations from integrating into signi�cant velocities. Exam-
ples in the literature include tray tilting to reorient an object using a quasidynamic
mechanics model [40], identifying pushing primitives of a parallel-jaw gripper for
regrasping [24], and most recently the planning of a stable pushing strategy for
in-hand manipulation [25]. Recently, robotic systems that can do grasping and
manipulation with some autonomy have been presented in [135, 63].

This thesis work is relevant to quasistatic object handling skills, particularly for
non-prehensile manipulation. Examples in the literature include stable rotations of
a polygonal object with two contacts [2], object handling with 
at contact surfaces
(or \palm") [62], knocking an object over with a single contact [88], and pivoting
operation [6]. However, these techniques cannot be directly applied to our problem
of object picking through in hand manipulation with no internal mobility. For
example, compared to stably supported rotations [2], our problem is formulated
with a more conservative assumption that the distance between two contacts is
�xed. Our interest in keeping an object of interest within a gripper lies beyond the
scope of the problem of robotic toppling [88].

Another relevant theme is robotic in-hand manipulation, which refers to the
capability to move and hold an object within a robotic hand. This is an important
problem related to the issue of robotic dexterity. We are particularly interested in
rendering low degrees-of-freedom (DOF) end-e�ectors, such as the parallel-jaw grip-
per [147] or single rigid body end-e�ectors [138], more dexterous when it comes to
object picking and placing. Robotic in-hand manipulation capabilities have been re-
alized in the forms of robotic regrasping, dexterous manipulation, and �nger gaiting,
and are an active research area [158, 134, 52, 13]. Robotic in-hand manipulation is
still a challenging problem, with a high-dimensional search space and limited robotic
motor skills. The challenge here proposed is also relevant to in-hand manipulation
using resources from the environment, a topic also examined in [33].
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2.2.2 Dynamic Grasping

As previously mentioned, dynamic manipulation includes inertial forces for deter-
mining the feasibility of a grasp/manipulation task. It is advantageous in the sense
that the manipulator does not need to come to a stop during a task, and therefore
can be a much faster routine. Additionally, the dynamic motion can occur outside
of the robot workspace without compromising the task (such as juggling [127]),
and so simpler manipulators may accomplish complex tasks. Early demonstrations
of dynamic manipulation include throwing [3], catching [133, 78] and batting [18].
More recent examples include dynamic non-prehensile manipulation for reorienting
and picking [90, 91], grasping moving objects [96] and grasping objects in space
using gecko-inspired end-e�ectors [94]. Furthermore, a grasp generally should at-
tain desirable properties of dexterity, equilibrium, stability and dynamic behaviour
[143], obtained through computational methods concerned with the contact prop-
erties (such as location or applied wrenches), known as grasp synthesis algorithms.
Possibly �rst explored by [113], various grasp synthesis methods considered pla-
nar and spacial analysis with various contact modes adopted. A comprehensible
summary of these algorithms can be found in [143] [128],[129],[67].

The proposed idea of dynamic grasping objects in this thesis considers two
frictional point contacts not necessarily antipodal and two opposing edges. The
concept is similar to snatching [87], however since the contacts can constrain the
object of certain motions, less free space and DOFs from the manipulator may be
necessary to attain a successful grasp. In addition, cylindrical type objects can also
be successfully grasped if their o�-plane motions are restricted by the end-e�ector
design, which can prove more di�cult with the non-prehensile snatching approach.

2.2.3 Grasping Multiple Objects

Similar to manipulators, end-e�ectors can be categorized as discrete, serpentine and
continuum [166]. Discrete type end-e�ectors contains few rigid links, with limited
number of degrees-of-freedom (DOF). The serpentine type end-e�ector has a series
of chained links (mostly identical) which results in numerous degrees of freedom and
the continuum type mechanisms have few or no joints and in theory in�nite DOFs.
The literature describes serpentine type end-e�ectors with a variety of applications,
mechanical design and actuation methods. Perhaps the earliest and most related
work to this thesis was written by Hirose and Umetani [58]. They propose a passive
automatic mechanism that causes a chain of links to close on an object conforming
to its shape when in contact. The mechanism uses only pulleys and a pair of wires for
actuation and release and no controller is needed. Even though Hirose and Umetani
refer to the gripper as \softgripper", the mechanism links are rigid. It is also noted
that the pressure distribution along the entire end-e�ector is uniform. Various
applications of serpentine manipulators were also previously explored, including
inspection tasks [29], control using machine learning [148] and obstacle avoidance
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[19] and more recently applications in minimally invasive robotic surgery [81]. This
work addresses serpentine type end-e�ectors considering the numerous DOFs will
enable passive compliance to the shape of the objects, but also since it still has
joints, contact detection can be estimated through torque sensing at the actuation
level.

Regarding the design for underactuated grippers, extensive literature proposes
new approaches for grasping individual (symmetric or asymmetric) objects with
underactuated end-e�ectors [93], [115], [7], [80], but to the authors knowledge, no
published articles consider the design of end-e�ectors capable of grasping multiple
objects. On the other hand, the dexterity problem and stability in grasping multi-
ple objects simultaneously has been explored via rolling contacts in order to achieve
enveloping grasps [53], [54], [71]. Concepts of force closure were extended to the
grasp of multiple objects and discussed in [170], along with the kinematics of the
manipulation. A more general analysis of grasping two objects simultaneously is
found in [169]. Other techniques for grasping multiple objects include bin-picking
[100] and distributed manipulation [36]. However, in all cases the end-e�ector pro-
posed for experimentation was fully actuated, or objects were in the vicinity of each
other, such that the interaction forces between objects had to be considered in the
analysis. If an end-e�ector is able to grasp multiple objects sequentially, each time
an object is grasped can be treated as a new grasp, and no concern with interac-
tion forces between objects is needed, something desirable since these forces are not
directly controllable [54].

Sensing the applied force in a grasp is also essential to determine the success
or failure of a grasp as well as facilitate control of the internal forces applied to
the objects. Numerous methods of force sensing were previously discussed, rang-
ing from commercial force sensors in minimally invasive surgery applications [124],
electroadhesive composites with elastomer actuation capable of proprioception and
exteroception [50], multiaxial force sensors [159] and force sensing using load cells
[17]. The method proposed in this thesis utilizes photo-re
ective sensors to estimate
the applied grip force to the object.This work also combines design features from
[58] and self-locking constraints [4] modi�ed such that the end-e�ector can attain
the desired property of conforming to di�erent object shapes while only applying
forces upon contact with the object, and consequently have the ability to grasp
multiple objects in a sequential manner.
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Chapter 3

Need Assessment: From Task
Investigation to Deployments of a
Robot for Elder Care

To determine how a real world problem can be solved through robotics, a need
assessment with the relevant stakeholders is necessary. Our need �nding study [137]
consisted of qualitative focus groups with all stakeholders (elders, clinicians and
caregivers) at a Program of All-Inclusive Care for the Elderly (PACE) center. From
focus groups and surveys, priority tasks emerged regarding the usability of a mobile
robot, a common method of investigation in SAR. Other studies [15] have also
previously used both focus groups and questionnaires to investigate possible tasks
for a health care robot in a nursing home. Following this study, four deployments
took place at a low income Supportive Apartment Living (SAL) and at a PACE
center, consisting of mobile only ranked tasks, such as walking encouragement,
hydration reminders with water delivery included [109], the screening of older adults
(and healthcare workers) for COVID-19 symptoms and exposure and �nally an
interactive manipulation game with older adults and assisted by the robot.

3.1 A Qualitative Descriptive Study

A mixed methods approach consisting of focus groups, surveys and questionnaires
informed us about elder, clinician and caregiver stakeholders' needs and priority
tasks. Data collection and analysis of focus groups, member checks and con�dential
surveys are presented and summarized on Fig. 3.1.

3.1.1 Subjects

Elders were members at the PACE center identi�ed as Living Independently for
Elders (LIFE) and resided in a supported apartment living (SAL) (Fig. 3.2). To be
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Figure 3.1: Process 
ow from focus groups to member checks and con�dential
surveys [69]

Figure 3.2: Deployment Locations: Living Independently for Elders (LIFE) Center
(left) and Supportive Apartment Living (SAL) (right).

a member of LIFE, an elder must be age 55 or older, in need of medical care or sup-
portive services, be state-certi�ed as nursing home eligible, and live in Philadelphia
County, Pennsylvania. There are approximately 456 members of LIFE. In addition
to the requirements for PACE, these members typically require more assistance
with physical, mobility, cognitive and social functioning provided by caregiver sta�
24-hours 7 days a week when they are not at the PACE day center. Quali�cations
for SAL were that members had to be 62 years of age and older, in imminent risk
of nursing home placement, attend the LIFE day center, able to have ADLs met by
caregivers, able to pay required rent for an apartment, and able to function safely
in the community with other elders. Eligible subjects were screened by the Short
Blessed Concentration and Memory Test [73], a common screening tool used by
clinicians and researchers to assess cognitive impairment among the geriatric popu-
lation. Any potential subject scoring an 8 or greater was excluded from the study.
Clinicians and caregivers were permanent or contracted employees at the PACE
center. They were nurses, therapists, certi�ed nursing assistants and home health
nursing assistants who were providing services to clients at one SAL building. It is
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important to note that there are signi�cantly more LIFE members than clinicians
and caregivers so as a result obtaining an equal sample of clinician/caregivers as
elders was di�cult.

3.1.2 Focus Group Data Collection and Analysis

One focus group per stakeholder (three in total) were conducted by an experienced
interviewer member of the research team. An interview guide was developed by the
research team and used during the focus group sessions. Participants were informed
that the research team was interested in developing an \assistive device to aid older
adults during their daily routines". The research questions for the elders focused
on which tasks were of importance for them to accomplish physically, socially, and
mentally on a daily basis, and associated probes directed clinicians and caregivers to
identify their impressions of the elders task needs. A conventional content analysis
was chosen as analytical technique to examine the focus group transcripts [39].
Several steps are involved in such analysis, including

ˆ Initial immersion into the data, reading the transcripts word by word to derive
highlighted key thoughts (known as codes)

ˆ Sorting the codes into categories based on how the codes related, and then
clustering the emergent categories into themes [48, 60]

ˆ Use of software Atlas.ti 7.5.4 for storage, retrieval, coding and management
of the qualitative data.

3.1.3 Members Check Surveys Data Collection and Analy-
sis

A list of tasks identi�ed in the focus groups were given back to each participant
as a survey (member check) for the purpose of quality control, allowing for the
veri�cation of the accuracy and completeness of the �ndings from the focus groups
[122, 20] and no additional items were added.

Participants were asked to score each task in terms of importance and frustration
levels. The data was subsequently coded and analyzed for each group of stakeholders
by \Importance of Task" with High (H) receiving a 3, Medium (M) a 2, and Low
(L) a 1 (Not Applicable was coded as NA). Under the \Frustration" column, a
Yes response was coded with a 1 and No with a 0. Frustration level represent
elders'determination on the di�culty on completing (partially or fully) a task and
for clinicians how frustrating it was to help elders with a particular task.

For each task,i , the task importance,X i was added across columns for each
respondent, and divided by the total number of respondents in that stakeholder
group (Eq. 3.1.1). For NA responses,N was reduced by 1. The same method was
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applied to calculate average frustration,Fi (Eq. 3.1.2). The maximum average task
importance of 3 indicated all members ranked high importance for a task and the
maximum average frustration of 1 indicated all members conveyed that task was
frustrating. Tasks were sorted by average importanceX i and average frustration
Fi to determine top quartile ranking tasks, which were subsequently used in the
con�dential survey per stakeholder group.

X i =
NX

i =1

Xi
N

(3.1.1)

Fi =
NX

i =1

F i
N

(3.1.2)

3.1.4 Con�dential Surveys Data Collection and Analysis

Following the member check surveys, a con�dential survey was then administered to
a larger segment of the stakeholder population to determine if a prioritized subset
of tasks from the member check surveys were supported by a larger segment of
the stakeholder population, scoring the importance of each task and identifying
whether it was frustrating. The con�dential surveys were coded similarly as the
member checks to determine the average task importance and average frustration
across the sample size (n = 42). The series of focus groups and surveys allowed a
bottom-up approach to interpreting robot task requirements. Results from Member
checks and con�dential surveys are presented on Tables 1, 2 and 3.

3.2 Deployments at Elder Care Community Set-
tings

Four robot deployments involved di�erent levels of automation: autonomous inter-
action with older adults by water delivery and teleoperation for walking (encour-
aging the older adults to exercise), health screening and manipulation tasks. The
study had a total of 61 participants, of which 4 older adults participated in the
water task multiple times over the span of a week, 18 older adults did the walking
and game interaction over a two day period, 17 older adults and 12 sta� members
participated in the COVID-19 screening with the robot. Two di�erent robot plat-
forms were also deployed: the Savioke Relay (Fig.3.3) and Quori (Fig. 3.13). The
demographics of all participants is listed in Table 3.1. Care was taken to avoid the
observer (or \Hawthorne") e�ect during interactions, which refers to the change
of behavior of the subjects in the awareness of the presence of the observers [101].
After every interaction, a post-interaction survey was conducted with the partici-
pant in order to better understand their reaction and record any change in response
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over subsequent interactions, according to the parameters on Table 3.2, in accor-
dance with theAlmere Model [57]. Every participant gave written consent and the
study was approved by the Institutional Review Board (IRB) of the University of
Pennsylvania.

Table 3.1: Participant Demographics for All Deployments

Gender Male Female Total
22 39 61

Age < 65 66-79 80 or older
25 33 3

Race
African
American

Other Total

55 6 61

Table 3.2: Post-interaction parameters for surveying participants

Anxiety during interaction Attitude towards technology
Intention of use Perceived adaptiveness

Perceived ease of use Perceived sociability
Perceived usefulness Social in
uence

Social presence and trust Perceived enjoyment

3.2.1 Water Delivery, Hydration Reminder and Walking
Encouragement

Hardware

Acceptance by both sta� and bystanders is a critical �rst step to introducing mobile
robots into service industries such as in healthcare and hospitality institutions.
Design goals were set to develop an embodiment that garnered trust and empathy
for the robot as well as addressed ergonomics, usability, and safety requirements.
This study utilized the Savioke Relay mobile robot (Figure 3.3 left). The Relay
robot has been designed for indoor delivery applications, where newer versions are
currently used for room service delivery in hotels. Savioke identi�ed three attributes
that would help guide the design and interaction of the robot:

ˆ Assume that every user is a �rst-time user

ˆ Generate bystander empathy to make Relay more successful

14



ˆ Honest design and managing user expectations

Multiple studies were performed by Savioke to understand the relationship be-
tween screen interactions and sentiments of intimidation by the robot. Participants
were shown a variety of screen examples and asked to choose the ideal size laid 
at
on a table. The result of this design research concluded that subjects felt more
comfortable when the top of the screen was below the horizon of their sight line.
The position and design for Relay's screen and payload were informed by Ameri-
cans with Disabilities Act (ADA) requirements [116] and informally tested against
a variety of adult subjects. It was determined a 0:8m height enabled a majority of
people to interact with the robot in both seated and standing positions, with the
goal of avoiding bending over or reaching out to access the payload and interact
with the robot's display. The robot weighs 21kg, has a 177mm touchscreen monitor
and uses arrays of Light Detection and Ranging (Lidar) and sonar sensors to navi-
gate autonomously. It also has 21 liters of storage space, which includes a bin that
is accessible by a servo-motor controlled door on the top of the robot. A pocket
camera was installed on the robot to record subject interactions and a speaker was
added to enhance the sound, so older adults with decreased hearing could hear
instructions.

Figure 3.3: The Savioke Relay robot modi�ed to the �rst and second deployments at
the SAL facilities(left) and 2D occupancy grid map constructed for the deployment
using Lidar SLAM.

Software

The Relay software includes a Savioke graphic programming language for creating
new behaviors calledCustomPrograms. The robot has a suite of actions, called
primitives, to program user interactions [61]. These blocks can be organized in
di�erent hierarchies of menus to make the robot perform various tasks. Table 3.3
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shows a few of the primitives that de�ne the robot's movement, user interaction
and set of actions.

Navigation

For the �rst deployment, the main 
oor where all participants lived was mapped
using the robot's Lidar system and SLAM [37]. The 2D occupancy grid map (Figure
3.3 right) included public hallways and a lounge in front of the elevator, but did
not include any older adult apartments, which the robot was not allowed to enter.
Poses were de�ned in front of each room, so that the only requirement for navigation
would be to input the room number. After completing a task, the robot returned to
a home location, de�ned as the elevator lounge. For the second deployment, which
occurred at the PACE center, the robot navigation was remotely controlled by the
observer and a camera mounted on the robot was used.

Table 3.3: Example of Robot Primitives

Robot Movement User Interaction Bin and Battery
goTo() displayMessage() openBin()
move() askMultipleChoice() closeBin()

distanceTravelled() askScale() isLidOpen()
turn() askNumber() batteryPercentage

To help the interaction with older adults who may have poor eyesight and dif-
�culty in reading the instructions, the robot spoke aloud any messages shown with
the displayMessage()function with text-to-speech.

Experimental Set-up and Tasks

The �rst robot deployment took place at the SAL facility with older adults who
were participants in the PACE program described earlier. Compared to other par-
ticipants at the PACE center, the older adults in the SAL are provided with 24-hour
home health care aides to assist them. The second robot deployment took place
at the PACE center which includes approximately 460 older adults, most with an
8th � 12th grade level of education and qualify for Medicaid, impoverished with
limited previous access to technology. For both deployments, the older adults were
consented and instructed on the robot sequence of actions before each interaction.
All interactions were recorded and the reactions of the participants were evaluated
by the observer based on the following criteria:

ˆ Initial interaction and greeting by their name
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ˆ Facial expression of older adults (smile, frown, neutral)

ˆ Participation in the task and speci�c task details

ˆ Ability to understand and follow instructions

ˆ Interaction with the robot user interface

ˆ Request by the older adult for robot to return

ˆ Observer intervention during interaction (for explanation or in case of robot
errors)

The robot design requirements besides the obvious functional ones were:

ˆ Simple user interface targeted for older adults with little or no experience with
computers

ˆ Ability to operate robot remotely and adjust task details to ensure interaction
without human intervention or quick intervention if required

ˆ Safe operation while interacting with the older adults.

ˆ Appropriate language level and choice of a robot with an appearance to pro-
mote ease and comfort.

Water Delivery and Hydration Reminders

Keeping older adults hydrated is becoming a challenging task, due to the loss of
thirst receptors and short term memory loss as a result of aging [104]. For this
interaction, the robot was programmed to go autonomously to the older adults'
room, make a knocking sound and wait for the older adult to open the door. Once
the door was opened, the robot greeted the older adult and reminded them about
the importance of being hydrated. It then o�ered water and asked when to make
another water delivery (morning or evening). After the interaction and pain as-
sessment, the robot returned to the base and reported to the observer whether the
older adult accepted the water, the requested time for the next water delivery, and
the current pain level.

Pain Assessment

Pain in older adults is generally under-assessed and under-treated [95]. Thus we
regularly ask for levels of pain. To evaluate pain levels, a discrete visual analog
measurement scale (DVAS) [5] was used as user interface. Depending on the input
value from the older adult, the robot would respond di�erently (see Figure 3.6).
Following the pain assessment interaction, the robot returned to the base, reported
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Figure 3.4: Older adult waking in the hallway with the robot. Dialogues and screen
options are shown below.

the results to the observer through the screen and in the event of reported pain, the
observers would notify the caregivers. A detailed description of all tasks, dialogue
and screen options are shown in Figs. 3.5 and 3.6.

Walking Encouragement through Exercise

Physical activity is an important component of healthy aging [23]. In this walking
task, the robot was teleoperated by the experimenter through a wireless joystick,
with a camera mounted to aid navigation and to record the interaction (Figure 3.4).
The robot traveled for 20 meters along the hallway, always maintaining a distance
from the older adult and allowing them to dictate the walking pace.

Results

For the water delivery and hydration task, the robot interacted with four subjects at
the SAL location over the span of a week. Between the four participants, the robot
performed 12 autonomous water deliveries twice per day (morning and evening).
Participants were often uncertain about how to interact with the robot on their
�rst encounter. In these instances, observers intervened to encourage participants.
Observer interaction also occurred due to robot errors, such as people walking too
close to the robot, which a�ected the autonomous navigation, dialog errors and the
robot not being loud enough for the older adults with hearing problems. Results
of the water interactions from the observer viewpoint can be seen on Figure 3.7.
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Figure 3.5: Dialogues for the hydration reminder and water delivery task. On the
left, the robot reminds the older adult of the importance of hydration, o�ering a
water bottle and a possible next delivery date. A pain assessment routine (Fig.
3.6) follows the interaction. Light green buttons represent the touch options on the
screen.

Figure 3.6: The robot proposes a walking exercise with the older adult considering
two choices of travel distances (5 and 10 meters). Following the interaction, pain
levels are accessed (right).
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For the walking task through exercise, the robot interacted with 12 elders, through
teleoperation, walking with each elder for a distance of about 5 to 10 meters. The
robot operator, discretely distant from the elder and the robot, was cautious so that
the robot would drive in pace with the walking elder, and would immediately stop
if the elder also stopped (to catch their breath, for instance). Results are shown on
Figure 3.8 .

Figure 3.7: Water Interactions from Observer viewpoint.

Figure 3.8: Walking interactions from Observer viewpoint.
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Figure 3.9: Results of post-interaction surveys for both water delivery and walking
encouragement tasks.

Discussion: First and Second deployments

As a result of the deployments, some key observations, anecdotal conclusions and
design guidelines regarding the robot hardware and the interaction itself are dis-
cussed. Post-interaction survey responses (Figure 3.9) were weighted as: Very little
= 0, Somewhat = 0:5 and Very much = 1. The maximum possible value, divided
by the number of occurrences will be unity.

Observer Viewpoint

A comparison between the water and walking tasks from the observer viewpoint
(Figures 3.7 and 3.8) shows great decrease in observer encouragement for the older
adult participation. One factor is that, since the water task was autonomous, the
observer needed to explain to the elder how to interact with the robot for the �rst
time. Despite instructions however, most elders would get confused and forget to
interact with the robot (tapping the touchscreen). In these cases, the observer would
go over the entire interaction with the elder to make sure he or she comprehended
how the interaction would occur. On the other hand, since the walking task simply
involved walking and no touchscreen interaction, a more natural interaction was
observed.

There were fewer dialogue errors for the walking task noted, and is attributed to
dialogues played remotely (through a computer paired with the bluetooth speaker),
allowing control over timing and repetition. Likewise, general robot errors were
also lower in the walking task, since the robot was not relying on sensors (solely on
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teleoperation) and could get closer to the elder. Hearing the robot was also easier
for the walking task, as the speaker was placed in front of the robot (rather than
inside the storage bin during the water task).

Post-Interaction Surveys with Elders

From the post interaction surveys (Figure 3.9), taken by the observer immediately
after each interaction, low values of anxiety were observed which is di�erent than
observed in some studies [56]. Anxiety in this context is usually associated with
the fear of the elder in breaking the robot or doing something wrong during the
interaction, or also �nding the robot scary or intimidating [55]. However, the nature
of the tasks (requiring only touchscreen and water bottle retrieval from the bin) and
robust appearance of the robot may have contributed for low anxiety.

Various parameters like perceived usefulness, perceived ease of use, perceived
enjoyment and intention to repeat use were rated highly by the participants. This
shows that the robot and the interactions with the robot were well received by
the older adults. This high rating is also partly explained because the subject
population had a considerably high rating for positive attitude towards technology.
Regarding social presence, high rating values may be due to the fact that tasks
were done at the PACE center with other people present. It was observed that the
human-human interaction was enhanced by the presence of the robot, which may
have changed the perception of the social presence of the robot itself. Particularly,
sociability increased for the walking task, as it was observed elders would commonly
greet their peers and smile on the hallway while walking with a robot.

Trust of the robot was much higher for the walking task, compared to water de-
livery task, which could be explained by the smaller number of errors that occurred
when teleoperating the robot to encourage walking, compared to the errors during
autonomous water delivery. These occurred mostly due to navigation errors during
the robot motion along the narrow hallways, as well as dialog errors from the time
delay between sending the commands and having the robot verbally saying them,
leading to repetitions and cross sentences.

Design Guidelines

Considering the current design of the deployed robot and its considerations, im-
provements relating observations with possible design guidelines can be inferred.
Table 3.4 presents some insights on possible design modi�cations for future robot
deployments of the robot based on these observations from both deployments.
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Table 3.4: Design Guidelines based on observations during both deployments

OBSERVATION DESIGN GUIDELINE
Tendency to read instead
of listen to instructions.

Use larger fonts for
written text

Di�culty in touching on
screen buttons for 0-10 scale
for pain assessment

Bigger buttons on the screen,
or physical buttons on the
robot instead

Older adults requested
the robot to repeat the instructions

Add \repeat" function
or button

Tendency to answer YES/NO
questions verbally instead of
choosing on-screen options.

Implement \YES" / \NO" voice
recognition

Low volume complaint (High pitch
voices for older adults represents
the most di�cult hearing
frequency in the vocal range [20] )

Louder speakers, or change
location to front of the robot.

Elders in walkers or wheelchairs
could not easily reach the bin

Bin opening to the side
(not the top) of the robot

Elders in walkers or wheelchairs
could not touch buttons on the screen

External physical buttons
and PAN/TILT tablet mount

Elders confused robot
eyes with screen buttons

Better user interface design
or physical buttons

3.2.2 Assessment of COVID-19 Symptoms and Exposure at
an Elder Care Setting

The impact of COVID-19 on older adults has motivated an additional deployment
of a SAR at a PACE center. Given the high contagiousness ratio of COVID-19, es-
pecially via community spread [51], extreme caution and use of personal protective
equipment (PPE) is needed when assisting older adults with their Activities of Daily
Living (ADLs) or Instrumental Activities of Daily Living (IADL) [146], as these ac-
tivities require human contact. Long term care facilities implemented these steps
to mitigate physical proximity between older adults and their clinicians and care-
givers. Such preventive measures also limited the personnel and restricted visitors,
directly a�ecting ongoing human subjects research at these locations. Speci�cally,
the deployment of robots which interact with multiple people.

Endowing SARs with health screening capabilities can potentially bene�t sta�
and older adults, allowing physical distancing (since multiple people are generally
involved in the procedure), and permitting robots to be even more engaging at a
personal level, rather than at a general, impersonal way. As a result, an investigation
on the theme is needed, which can combine subjective and behavioural measures
deemed essential to inform the stakeholder acceptance and usability of the system
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Figure 3.10: COVID-19 symptoms and exposure screening of an older adult by
Quori.

as well as the improvement of its functionalities. Therefore, a health screening
interaction can provide information on which aspects of the interaction:

ˆ Favors the healthcare worker assessment of the patient instead of the robot

ˆ Favors the robot assessing a patient through a routine screening instead of a
healthcare worker in close proximity with the patient

ˆ Modi�cations to the robot such that the former can be improved, and the
robot potentially favored over a healthcare worker.

We deployed an a�ordable SAR robot (Quori) at a Program of All-Inclusive Care
(PACE) Center for older adults (Fig. 3.10). The robot screened PACE participants
and employees (clinicians and caregivers) for symptoms and exposure of COVID-
19 through dialogues and gestures. Every stakeholder (clinician, caregiver and
older adult) who consented participated in the study. Data collection included
observer and post-interaction surveys with every participant. Results inform aspects
of human-robot-interaction (HRI) to consider when deploying robots amidst the
COVID-19 pandemic. Despite the current relevance to the pandemic, this screening
method will be useful also during the annual 
u season, which also threatens the
older adult population.

Deployment Methods: Adapted COVID-19 Screening Procedure

The current COVID-19 screening procedure at the PACE Center is illustrated in
Fig. 3.11. A total of 3 people interact with the older adults from arrival to being
granted access to the day center or sent home, depending on the assessment of their
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symptoms, body temperature and blood oxygen level measurements (each repeated
at maximum twice). The new proposed procedure performed by the robot (Fig.
3.12) summarizes the main screening routines (Symptom and Exposure), in addition
to the temperature screening (not functionally done by the robot). A dialogue
between the participant and the robot was coordinated by a �nite state machine
(described in Sec. 3.2.2). Voice recognition to switch between states (based on
the participant's responses) was not utilized. Possible complications with mu�ing
voices by mask usage or di�culty in having the robot near the participant due
to COVID-19 preventive measures were the main contributing factors. Therefore,
researcher's input (through a joystick) based on the observed response from the
participants were the �nite state machine guard conditions. A detailed description
of the entire system's implementation follows.

Figure 3.11: Screening Procedure at the PACE Center.
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Figure 3.12: Screening Procedure performed by the robot.

Hardware and System Review

Previously, the thematic analysis completed for this study indicated all stakeholders
expectancy for the robot to be polite and personable. In addition, the importance
of design and programming to meet the individual needs of an older adult (either
due to their physical or cognitive challenges) was found to be preferred over how
the robot should look like. All participants were concerned about the safety of the
robot. This is consistent with previous study �ndings [137, 109, 69], in which any
device perceived by older adults, caregivers, or clinicians as unsafe would decrease
the use of the technology. This original analysis informed the current SAR platform
(Quori) hardware and software design.

Figure 3.13: Quori (left) and hardware modi�cations for deployment in the proposed
study (right)

Quori [150, 103] consists of a humanoid upper body attached to a omnidirectional
mobile base. The original modular Hardware (shown in Fig. 3.13 left) is described
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as a:

ˆ Holonomic Mobile Base: Inspired by the design in [38] and mobility in [31],
the base has three actuators for generating linear and angular velocities as
well as orient the upper body of the robot, measuring 480 mm in diameter
and 203 mm in height.

ˆ Spherical Projection Head: To maximize 
exibility and minimize cost, Quori's
head consists of a retro-projected animated face (RAF) using a portable pro-
jector, a lens (or mirror), and a projection surface. Such technique is highly
versatile since any face can be projected, and highly expressive, as previously
shown in the literature [34, 107, 119]. Vibration noise is minimized by a rigid
connection between the spherical surface and the projector.

ˆ Gesturing Arms: As the purpose of Quori is human-robot interaction and
expression, gesturing becomes an important and desired aspect on a social
robot. The arms (not meant for manipulation) and two DOF shoulders are
designed so that the arm can rotate continuously. Safety concerning proximity
to humans was also considered by limiting the torque on the drive motors as
well as using lightweight materials and low inertial, and sti�ness arm.

ˆ Spine In order to support the torso, a 1-DOF spine allows the robot to demon-
strate di�erent levels of engagement by leaning forward or backward. The
spine can also minimize possible vibrations due to the robot's motion, result-
ing in natural and more appealing motion.

Hardware Modi�cations

Due to the nature of COVID-19 transmission, avoiding crowds and human contact is
highly desired. Therefore, the robot would remain in one �xed location where the as-
sessment would occur, and continuously navigating the environment was discarded.
In addition, since the check-in procedures mostly required dialogue and indication
of directions (for medical appointments for instance), the holonomic base was sim-
pli�ed to a purely rotational one. Another modi�cation to the original hardware
was the addition of the Radio Frequency Identi�cation (RFID) reader to the robot.
Relying on RFID for person identi�cation is preferred as the subjects were wearing
face masks, which imposed challenges to the implementation of facial recognition.
The reader uses USB communication, has a 1m range and emulates a keyboard.
To facilitate comprehension for hearing impaired older adults and promote physical
distancing, external speakers were located near the participants. Lastly, since body
temperature can vary depending on the location of the measurement on the body,
and older adults and employees would only be admitted to the facility with body
temperature under 37:4oC, no temperature screening device was added to Quori.
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Temperature screening dialogue, however, was included in the dialogue simply to
provide more context and completion to the overall interaction.

Figure 3.14: The software implementation framework. The ROS Master node con-
trols the robot's movement and facial expression. The peripherals manage the �nite
state machine abstraction for the dialogue.

Software Implementation

An overview of the software framework is seen on Fig. 3.14. The robot architec-
ture uses Robot Operation System (ROS)1 for its main implementation. The core
body motion of the robot runs on aWhole body Serialnode, and the gesturing
arms driven by anti-cogged brushless DC motors2 running a PID controller (which
considers torque and speed limits for the motion as safety precaution during inter-
action), implemented on anArm Controller node. We have utilized a simple facial
expression consisting on periodic blinking eyes with the intent to generate empathy
and not overstate the robot's intelligence, implemented on theHead Projection
node. Dialogues were input to a text-to-speech engine3 and mp3 �les were gener-
ated and played by theV LC P layer peripheral. A low pitch and speed voice was
preferred since those can impact the ability of the older adult to hear the interac-
tion [79]. Finally, switching between states was done with a joystick usingPyGame
implementation.

1www.ros.org
2http://iq-control.com/
3www.kukarella.com
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Table 3.5: Participants Demographics

Gender
Male

11
Female

28
Total

39

Age
25-50

10
51-60

12
61 or older

17

Race
African

American
36

Other
3

Total
39

Status
Employee

22
Member

17
Total

39

State Machine Implementation

The interaction was implemented as a �nite state machine (Fig. 3.15). To begin,
the RF ID Reader node utilized the USB reader device and RFID tags (STATE 0).
The robot greeted the participant by name and prompted them to remain steady
while it (in a \Wizard of Oz" manner) checked their temperature (STATE 1). Af-
ter a 5 second delay, the robot engaged in a symptom check routine (STATE 2),
inquiring users' input on a list of symptoms (shown on Fig. 3.12). If the partici-
pant answeredY ES to any symptoms on the list, the robot referred (vocally and
pointing) the user to a physician's room (STATE 3) and the interaction ended.
Otherwise, the robot engaged in an exposure check dialogue (STATE 4), asking
if the participant has had any close contact with a COVID-19 positive person in
the last 14 days without a mask. Once again, a positive response referred the user
to a physician (STATE 3), otherwise to a caregiver (STATE 5), �nishing the
interaction in sequence.

Table 3.6: Access to Technology

Experience with or use a
Computer 28

Tablet or e-reader 20
Cellphone 38

Exercise daily* 24

Deployment Results

The experimental set-up for the deployment is show in Fig. 3.17. The robot was
placed at the dining hall of the PACE Center and participants instructed to in-
teract with it (standing up or seated, depending on their mobility limitations) at
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Figure 3.15: Finite State Machine abstraction for the dialogue and interaction im-
plementations. The State Machine starts atSTATE 0 and �nishes at STATE 3
for any \YES" answer and STATE 5 for \NO" answers. A detail description of
the dialogues' content is shown in Fig. 3.12

a 1m distance. Third (Fig. 3.10) and �rst-person (Fig. 3.16) view cameras were
used to record every interaction and an external bluetooth speaker placed near the
participant as previously mentioned.

Figure 3.16: First-Person view camera installed on the robot.

A total of 39 participants interacted with the robot (see Table 3.5 for demograph-
ics). Almost all participants were African-Americans, 61 years and older and had
cellphones (Table 3.6), with the majority having access to a computer and roughly
half to tablets or e-readers on a daily basis. To analyze responses subjective and
behaviorally, post-interaction and observer surveys were conducted by the research
team. The subjective investigation considered two surveys: one based on the Almere
[146] model for assessing technology acceptance for older adults, focusing on system
usability (Fig. 3.20); a second (discussed in Sec. 3.2.2) with open-ended questions
about positive and negative aspects of the robot, preference among human, robot
or phone screening, and recommendation of use. The behavioral evaluation by an
observer also considered a survey (Fig. 3.18), which informed the research team
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additional reactions of the participants while interacting with the robot. The eval-
uation criteria included ability to see and hear the robot, facial expression of the
participant (smiled, frown) during interaction, physical response, di�culty (or lack
of) in understanding and following instructions and possible frustration. Robot
errors were also monitored (Fig. 3.19). Initially, given the equivalent ratio of mem-
bers (17) to employees (22), groups had their responses separately analyzed, and
expressive di�erences in results (if any) reported as follows. Care was also taken
to avoid the observer (or \Hawthorne") e�ect [136] during the interactions. All
participants were consented prior to each interaction. The study was approved by
the Institutional Review Board (IRB) of the University of Pennsylvania.

Figure 3.17: Experimental setup of the system in the common area. External
speakers were mounted on di�erent locations to facilitate comprehension depending
on whether participants were standing up or seated. A ground mark distant 1m
was set to standardize interactions.

Discussion

According to Fig. 3.18 almost no participant had trouble seeing the robot, was
frustrated, upset or bored with it. No participant seemed scared or became un-
steady during the interaction. Almost all participants talked back to the robot
when questioned by it, smiled (heard as a laugh) and seemed comfortable with it.
However, 44% of participants had trouble understanding the robot and 36% trou-
ble hearing it. These were correlated, as participants often complained they could
not adequately hear the robot, despite maximum volume of the external speaker.
It was observed high background noise from the room's television and employees
conversation. A surprising 77% of participants seemed uncomfortable during the
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interaction. Although not pain related (as only one participant reported pain), a
few factors could have contributed for this observation, speci�cally:

ˆ The repetitiveness of a daily screening procedure (especially for the older
adults, since most were screened twice before arriving to the center)

ˆ The inability to hear the robot and not knowing what to answer at times,
robot errors due to mispronunciation of names and words (Fig. 3.19).

ˆ Possible embarrassment in answering to certain symptoms' screening ques-
tions (namely \vomiting" and \diarrhea").

With respect to the system's usability (Fig. 3.20), the great majority of par-
ticipants strongly agree they would use the robot frequently, were con�dent using
it, felt it was easy to use and its functions were well integrated. Participants also
think little to no prior knowledge or assistance would be needed before using the
robot, and found the system consistent and of low-complexity in general.

Figure 3.18: Observer survey results assessed by the research team during interac-
tions.
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Figure 3.19: Observer survey results regarding the robot's observations.

Figure 3.20: Agreement Scores for system usability, with 1 (strongly disagree) and
5 (strongly agree) scores.

General Observations

Participants were asked whether they would recommend the robot to a friend (Fig.
3.21 top). All employees answered positively and 94% of older adults would rec-
ommend the robot. When asked about their preference among di�erent COVID-19
screening methods, employees preferred the robot over any other method, although
almost 30% did not have a strong opinion. For older adults, more than half preferred
human assessment over the robot, the latter in fact was rated the least screening
method preferred (11:8%). This is an interesting �nding, since despite most older
adults recommended the robot, they would still prefer the human assessment over
it. Preference towards person over robot screening included arguments such as \a
person can handle the information", \computers make mistakes", \you can ask a
person a question", \I can relate to a person" or \I am old-fashioned". Arguments
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for robot screening were \it avoids physical contact", \responses can be kept con�-
dential" and \it is easy to interact". A couple of participants would get closer to the
robot (speaker) to hear it but all participants complied with the physical boundaries
imposed by the interaction (e.g. staying behind the ground mark), useful indicator
for systems with optimal distance for voice or facial recognition. We also asked
subjects positive and negative aspects about the robot (Fig. 3.22). Being straight
to the point, friendly, call participants by their names and having a clear voice were
the most positive aspects. Most participants did not have any negative comments,
but di�culty hearing the robot was widely noticed.

Figure 3.21: (Top) Members (older adults) and employee's response on recom-
mending the robot and (bottom) preference towards di�erent types of COVID-19
screening procedures.

Anecdotal Conclusions and Observations

ˆ Getting older adult participants was di�cult. The pandemic drastically lim-
ited the number of PACE members allowed inside the day center.

ˆ The robot was not allowed in con�ned spaces (i.e. an o�ce) and we had
to set it up in a common area. This resulted in excessive background noise
(such as television and employees' conversations) challenging comprehension
for hearing impaired older adults.

ˆ Placing the external speaker at di�erent locations had an impact on the inter-
action. Speci�cally, when the device was placed to the right of one participant
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Figure 3.22: (Left) Positive and (Right) negative aspects of the robot interaction
by the participants.

(and to the left of Quori), when prompted to \look at me for �ve seconds while
I measure your temperature" by the robot, the participant turned towards the
speaker instead of the robot.

ˆ Quori's slow low pitch voice (to facilitate older adult's understanding) seemed
to a�ect younger participants, as one commented \the robot talks too slow
and made me a little impatient".

ˆ Additional comments by participants considered the robot easy to speak with,
quick to interact, pleasant, and suggestions included more interactive move-
ments and sense of humor.

Overall results indicate acceptance of the robot as a screening method, in view
of its easiness of use, direct and straight to the point behavior, as well as friendly
aspect, although the older adult population still preferred a person assessment in-
stead. Despite additional speakers' use, di�culty hearing the robot (especially
among older adults) was still noticeable, emphasizing the challenges in designing
social robots deployed at common areas and for di�erent age groups.

3.2.3 Mobile Manipulation for an Interactive Physical Game

From our need �nding and focus group study [137] a mobile manipulator robot that
could be used for fetching objects or provide assistance in leisure activities emerged
as important. The Savioke Relay mobile base was then modi�ed by adding a low-
cost two degree-of-freedom telescopic manipulator. This allowed the robot to have
a greater reachable workspace over other conventional manipulators (Fig. 3.23),
able to easily access objects in high cabinets or on the ground. The arm is also safe
and able to be operated close to humans, as its lightweight (1.5Kg), does not have
sharp edges, does not perform fast movements, without high torque manipulators.
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