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Abstract: Physical and cognitive training can maintain and improve older adults” independence
and quality of life. Given the demographic growth of the older adult population and the shortage
of caregivers, there is a need for personal trainers for physical and cognitive activities. This study
suggests that social robots can satisfy this demand and presents the development of “Gymmy”, a
robotic system for the physical and cognitive training of older adults. The system design includes
a humanoid mechanical-looking robot to demonstrate exercises, an RGB-Depth (RGB-D) camera
to measure performance and a touch screen and speakers to provide instructions and feedback.
Experiments with 26 older adults (65-84 years of age) were performed in home environments to
examine the effect of users’ characteristics (age, gender, education and attitude toward robots), the
addition of cognitive training and the success rate of the acceptability of a robot trainer. The results
showed that age, attitude and education influenced the acceptance of the robotic system. The findings
highlight the importance of customizing the system to the needs of different users and the role of
meaningful feedback. The system was proven to be robust and reliable, demonstrating clear potential
to be used as a personal trainer and as a means of motivating older adults.

Keywords: robotic trainer; older adults; human-robot interaction; technology acceptance; assistive
robot; social robot

1. Introduction

The effect of aging on cognitive and physical performance has been studied exten-
sively. Cognitive functions, which involve decision-making, problem-solving, planning,
multitasking, processing speed and working memory, are known to decline with age [1].
There is a relatively steady rate of decline from early adulthood onward, but the decline
accelerates when people approach old age [2]. There is a similar decline among the elderly
in physical performance, muscle mass, strength and power [3,4]. Sarcopenia—muscle-mass
decline due to reduced skeletal muscle mass—is one of the critical risk factors in the well-
being of older people [5], and loss of strength in the upper extremities is a crucial factor in
functional dependency [6]. These changes in both mental and physical performance are
underpinned by a deterioration in the structure and function of the body’s physiological
systems [3,7,8].

Given the adverse effects of aging, it follows that the significant demographic growth
in the world’s elderly population has brought about a substantial increase in the social
burden of physical and cognitive disability. The parallel global shortage of caregivers and
nurses means that healthcare systems for older people have been placed under unprece-
dented strain [9-11].
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The term “older adults” refers to people aged above 65 years and includes three sub-
sets [12]: “younger-old” (65-74 years), “old-old” (75-84 years) and “oldest old” (85+ years).
Within all three groups, regular physical activity, or even occasional exercise, can reduce the
development of physical and cognitive disability, the risk of depression and the incidence
of various physical diseases such as stroke and cancer. It follows that such interventions can
also reduce mortality rates [13]. Similarly, cognitive training can improve functions such
as memory, attention and processing speed [14-16]. It is therefore recognized that these
two forms of training can minimize the need for medical care and that they are a critical
means of increasing older adults” quality of life and maintaining their independence [14,17].
Furthermore, the evidence suggests that a combination of cognitive training and physical
training produces better effects than each type of training used independently [18,19]. This
combination is particularly effective when directed at memory and attention [20,21]. Given
the absence of pharmacological solutions to prevent cognitive decline, the use of such
cognitive training has emerged as a valuable alternative.

Despite the demonstrable health benefits of physical and cognitive training, many
people lack access to suitable programs or the motivation to pursue them. In 2019, for
example, only 12% of the US population above 65 undertook the recommended amount of
physical activity [12]. The explanation for such low levels of engagement in physical activity
has been investigated by psychologists and researchers in the area of sport and exercise [22].
Levels of motivation for physical exercise were found to vary between individuals as a
function of their gender and their perceptions of the importance of maintaining health [23].
There are also various factors (such as time, cost and personal priorities) that make it
difficult for people to undertake regular exercise. It seems, therefore, that the role of human
motivation in engagement in physical activity is significant [24].

Access to training is an additional factor. Since older adults prefer “aging in place”
but may also experience mobility difficulties, they may find it hard to independently access
facilities such as gyms, studios and country clubs. Personal trainers are a potential solution
for such problems, and they have been found to increase motivation to perform physical
activities [22,24]. However, such trainers have become a scarce resource and are not always
available at the required time and place [25-27].

It has been shown that social robots can improve the quality of older adults’ lives and
compensate for the shortage of caregivers and personal trainers [28,29]. Social assistive
robots are advancing in many daily living applications for older adults [30-34], such as
service robots which detect risks (such as in [35]), emergencies [36] and daily behaviors [37],
offer medicine reminders [35], follow the user [38], assist with cooking [35,39], setting the
table [40], cleaning [41], dressing [42,43] and feeding [44,45] and companionship [46,47].

In contrast to a human trainer, a robotic trainer is more flexible in terms of location
and availability over time [26]. Studies show that people in general, and older adults in
particular, prefer a physical robot over a virtual agent as an exercise trainer; they rate their
interactions with physical robots as more engaging and more enjoyable and consider the
trainers themselves to be more effective than virtual agents [28,48]. Similarly, for cognitive
training, research shows that robots can be used to improve cognition [27,49], although
there are cheaper alternatives such as computer and mobile phone applications. However,
social robots add value due to their multi-functionality (for example, combining physical
and cognitive training [50]) and their novelty as a means of interaction. This feature itself
can stimulate brain activity [27].

In designing social robotic systems, the incorporation of a capacity to motivate users
improves the quality and effectiveness of human-robot interaction [51]. In addition,
research suggests that theory-based interventions can increase physical activity by 10-15%
compared with structured exercise training [52]. In keeping with these observations, a
meta-analysis of interventions to promote physical activity [53] revealed that theory-based
interventions have a larger effect on physical performance than interventions that are not
based on a theory, while the effect of motivational interventions is on the willingness to
take up a physical activity.
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Different motivational theories such as “flow theory” [54] and “self-determination
theory” (SDT) [55] have been applied to the design of technological interventions to
encourage physical activity. Flow theory can be applied to a situation in which people
are fully invested in an activity and likely to ignore other possible calls on their attention.
This is likely to occur under three conditions: (1) where the system has a clear set of
goals, (2) where the user can obtain clear and instant feedback and (3) where the demands
of the intervention match the skills of the user. Approaches based on flow theory link
enjoyment to motivation, and they have been applied in exergames [23]. These observations
recommend that integrating fun and exercise can enhance enjoyment and lead people to be
more motivated to engage in physical activity. SDT-inspired interventions [22] are focused
on three psychological needs that are presumed to provide the basis of human motivation:
relatedness, competence and autonomy. When the activity supports the user’s autonomy
and self-determination, it increases intrinsic motivation, which positively affects adherence
to an exercise regime and to long-term behavior change.

Two studies presented their own design methodology for a robotic trainer that will
increase motivation for physical activity based on SDT and flow theory principles [28,56].
Those principles include the provision of positive feedback, the avoidance of negative
feedback, matching the nature of the interaction to the characteristics of the user and
offering a range of challenging activities and exercise games with a variety of difficulty
levels. Furthermore, this approach focuses on the fluidity of the interaction in order
to avoid boredom and frustration among users. Both SDT and flow theory emphasize
the importance of clear and instant feedback for the maintenance of motivation. In our
previous work with a robotic physical training system [57], it was found that continuous
feedback is the preferred mode and that visual and audio feedback should be combined.
This previous work also compared two types of robots, a toy-like robot (Nao) and a more
mechanical-looking robot (Poppy). Older adults preferred the mechanical-looking version.
This preference probably resulted from a perception of the mechanical look being more
suitable for a robotic trainer than a toy-like look with a gaming attraction.

Technologies for older adults need to take into account the significant differences
between individuals within that sector of the population [30]. Although the previously
cited research was intended to generate dedicated designs for older adults, it was not
sensitive to variations in individual characteristics associated with age, gender, education
and attitudes toward robots. For example, it is known that younger older adults are more
open to technological change and express greater willingness to use robots than older
ones [58,59]. Gender differences were also found; it is suggested that since men tend to
have more experience with technology than women they adjust more easily to the use
of robots [58]. Research on human-like assistive robots [60] found that there were fewer
negative attitudes toward robots among those with higher education, and there was also a
positive correlation between concern about cognitive decline and the willingness to accept
cognitive support from robots.

The present study is intended to evaluate and develop a robotic physical and cognitive
training system for long-term use. It is based on previous research that determined the
type of robot and feedback system preferred by older adults [57]. Using the results and
recommendations provided in our previous research, the new system was enhanced with
Intel’s D435 camera, a larger variety of physical training exercises (doubled from the
original set), an improved graphical user interface and a more robust system design,
enabling it to be used in different environments and by older adults without external
guidance. Moreover, cognitive training was added to enhance the beneficial effects of the
training. The specific objectives were the following:

(@) Develop an advanced physical training robotic system that also includes cogni-
tive training;

(b) Evaluate how acceptance of the technology is influenced by individual characteristics
(e.g., age and gender) and by success during training (i.e., how does success in specific
exercises influence the acceptability of the technology as a whole?);
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(c) Compare acceptance of a robotic trainer that offers physical training only with one
that combines physical and cognitive training.

The system was designed to be compact, robust, easy to use and enable long-term
independent operation by older adults in their homes.

2. System Development
2.1. System Description

The system (Figure 1) comprised a computer system with an integrated humanoid
mechanical-looking robot (Poppy Torso) to demonstrate the exercises and an RGB-D (depth)
camera to monitor the user’s performance (Realsense D435). The robot operated as a robotic
physical coach with the capacity to demonstrate physical activity; hence, it was named
“Gymmy” to elicit the connotations of the word “gym”. The robot was equipped with a
touch screen instead of the original head, which served the dual purpose of providing
visual feedback and delivering cognitive training exercises. Speakers were installed to
offer instructions and verbal feedback. Parallel programming was used to implement the
system’s algorithm and integrate the robot, camera, audio and screen functions.

Gymmy

Personal Training Robot

Screen
Visual Feedback & i

Cognitive Training

Poppy Torso
Exercise

Demonstration

NUITRACK

Realsense D435
Monit
/ : onitors
v = Performance Speakers
» Verbal Feedback

Parallel Programing

Figure 1. System description.

2.2. Hardware
The system included the following (Figure 2):

e  Poppy torso robot: Poppy is an open-source, 3D-printed humanoid robot. Its height is
84 cm and its weight is 3.5 kg [61]. Poppy was designed to be anthropomorphic with
25 degrees of freedom (DOF), including a 5-DOF articulated trunk [62]. This project
used only the torso part of the Poppy humanoid.

o Realsense D435 Camera: An RGB depth camera by Intel measuring
90 mm X 25 mm x 25 mm was connected via USB 3. The RGB frame resolution
was 1920 x 1080, and the depth output resolution was up to 1280 x 720.

e  Touch screen: The original head was replaced by a 7-inch multitouch screen that
was attached to the head motor with a component that was created by a 3D printer.
This change was made in order to provide a bigger screen than the original, which
was considered important for older adults. This also permitted the display of more
information on the screen.

e  The following system components were fitted inside a dedicated box:

e  Nuc mini PC: A small Intel PC with an Intel® Core™ i5-8259U processor (2.30 GHz)
was the core of the system and was connected to all system components via USB.
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e Speakers: The speakers were placed in the front part of a dedicated box with a
modified opening so that the audio signal could be easily heard.

Screen

PC

Poppy robot

Realsense

Speakers

Figure 2. The developed system hardware.

As one of the development goals was to enable self-use by older adults, the power
cord of the system was equipped with a switch to easily turn on or off the system, allowing
the user to activate the system with one touch.

Intensive trials of the reliability of the system were performed for several hours by
allowing it to operate in an infinite loop through the full range of exercises.

2.3. Software

A Realsense D435 RGB-D camera was employed to monitor user performance during
the exercise sessions. Using Nuitrack software (https://nuitrack.com/ retrieved 1 July
2019), which was selected based on its accurate performance [63], the system performed
skeleton tracking to determine the user’s movements. The software tracked the positions
of 19 human joints using three coordinates for each position: x, y and z (lateral position,
height and depth, respectively). The data on the positions of the joints were sent to the main
Python script from a C++ script via client-server communication. Using the positional
data, an algorithm was developed to check whether the user made the correct movement
based on equations representing the distance and angle. Feedback (visual and auditory)
was provided to encourage improved performance in light of the user’s actual movement
data. The logical sequence of actions and decisions is represented in the flowchart shown
in Figure 3.
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Introduction by the
robot

No

s the user raising
er/his right hand?

The robot provides
verbal instructions for

the exercise

!

The robot
demonstrates the
exercise

Is the user
The robot counts

Did the
exercise end?

Has the user
finished the exercise
successfully?

The robot provides | '
New physical exercise positive feedback

No| The robot offers to
repeat the exercise

Cognitive Is it the middle

Yes -
Repeat exercise

Is the user
raising her/his
right hand?

training of the training?

Has the session
ended?

L No-
New exercise

Figure 3. Flowchart of logical processes in the training system.

2.4. Development of Physical Exercises

The system’s physical training focus was on strength exercises for the upper body to
avoid balancing challenges among older users. This was incorporated in the functionality
of the Poppy robot’s torso version. These exercises improve muscle strength by building
muscle and preventing the loss of bone mass. Together, these outcomes help older adults to
maintain their independence and perform daily activities such as lifting objects or getting

in and out of a car [64].

A total of 16 physical training exercises were developed according to the recommenda-
tions of the National Institute on Aging (NIH) (https:/ /go4life.nia.nih.gov/exercise-type/
strength/ retrieved 1 July 2019). Seven exercises were based on our previous work [48]
(Figure 4), and nine new exercises were developed for the present study (Figure 5).
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Figure 4. Original set of exercises: (A,B)—raise arms horizontally separately, (C)—raise arms and
bend elbows forward 90, (D)—raise arms and bend elbows, (E)—bend elbows, (F)—raise arms
forward static (G)—raise arms horizon-tally, (H)—raise arms horizontally and turn hands.

Figure 5. New set of exercises: (A)—raise arms forward and turn hands, (B)—raise arms forward
separately, (C)—raise arms 90 and up, (D)—open and close arms 90, (E)—raise arms and fold
backward, (F)—raise arms and lean (both sides), (G)—raise arms forward and to sides, (H)—open
hands horizontally and raise up, (I)—raise arms forward.

2.5. Development of Cognitive Exercises

The system’s cognitive training was designed to address different aspects of memory
and processing speed, which are known to decline with age and are essential for older
adults” ability to live independently (e.g., taking medicine on time) [18,20,65].

Three different cognitive games were integrated into the training sessions. The specific
games were selected based on examples from the literature [20,66,67] as detailed below.
Each game started with instructions and then required users to signal their responses by
using the touch screen when they were ready to do so. Feedback was provided at the end of
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each of the three rounds of each game. The games were inserted into the program between
sets of physical exercises, with one game chosen randomly for each training session.

2.5.1. Game 1: Working Memory

This game, based on the work in [20], requires the user to remember the sequence
in which words are highlighted on the screen. At the first stage, all the words are visible,
but each one is highlighted in yellow for a few seconds in a particular order. The user
must remember the order and, in the next stage, select the words in the order they were
originally presented. The game screens are presented in Figure 6.

GYMMY - Your Personal Trainer GYMMY - Your Personal Trainer GYMMY - Your Personal Trainer
Working Memory
Remember to words’ order Sport Language Flower Paper Paper Flower Language Sport

In the next screen a set of words will appear. Each one will be
highlighted in yellow for a few seconds in a certain order. Your
task is to remember the order in which the words are highlighted.
On the final screen you should try to touch each word in turn, in
the same order

() (b) (c)

Figure 6. Cognitive game 1: (a) instructions screen, (b) words highlighted in a specific order and (c) the user attempts to
choose the words in the same order.

2.5.2. Game 2: Spatial Memory

The goal of this game, inspired by the work in [66], is to remember a random spatial
pattern that appears on the first screen. The pattern is defined by a subset of highlighted
squares within a 5 x 5 matrix of squares. The pattern is highlighted for a few seconds,
and the user is then required to recreate it on a blank 5 x 5 matrix. The game screens are
presented in Figure 7.

GYMMY - Your Personal Trainer GYMMY - Your Personal Trainer GYMMY - Your Personal Trainer
Spatial Memory
Train your spatial memory by remembering patterns EEEEN AN
In the next screen, a pattern of gray and blue squares will EEEEE
appear for several seconds. You should remember the [} | . [ ] |
pattern of the blue squares and recreate this pattern on EEEER
the final screen S
I | ]
(a) (b) (0)

Figure 7. Cognitive game 2: (a) instructions screen, (b) a random pattern appears on screen and (c) the user attempts to
recreate the pattern.

2.5.3. Game 3: Mathematical Skills

The aim of this game, inspired by the work in [67], is to solve simple mathematical
equations that appear on the screen. A random mathematical equation appears on screen
with four solution choices, and the user is required to select the correct solution. The game
screens are presented in Figure 8.

GYMMY - Your Personal Trainer GYMMY - Your Personal Trainer GYMMY - Your Personal Trainer

Mathematical Skills
Train your calculation abilities by solving equations 3*4=7 3*4=7

In the next screen, a mathematical equation will appear
with several results options. You should choose the correct

answer. 10 12 7/ 15 10 12 7/ 15

(a) (b) (©)

Figure 8. Cognitive game 3: (a) instructions screen, (b) the equation with solution choices appears on screen and (c) the user
attempts to select the correct solution.
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3. Methods

User studies were conducted to examine the interaction of older adults with the robot
and their acceptance of the new technology. We employed a “within subjects” experimental
design in which the dependent variables were subjective measures related to the acceptance
of the training, as assessed by means of questionnaires. The independent variables were
the training type, either physical or combined (i.e., physical and cognitive), participant
characteristics (age group, gender, education and negative attitude toward robots) and
characteristics of the intervention (inclusion of cognitive training and success rates).

3.1. Experimental Procedure

Each participant underwent two training sessions: one included only physical training,
and the other included both physical and cognitive training. The order of the sessions
was randomized. After completing the consent form and pre-trial questionnaires, the user
was asked to stand in front of the robot in order to start the session. Each session started
with an introduction by the robot, and six physical exercises were randomly selected. For
physical training, each session began with an explanation of how to perform the exercise,
followed by a demonstration that was repeated eight times. During the demonstration, the
user was required to follow the robot’s demonstration and simultaneously perform the
exercise. When the user correctly performed the required movement, the robot counted the
repetition for the user. At the end of the demonstration, the robot provided feedback. If the
user successfully performed eight repetitions of the required exercise in the demonstration
time allocated, positive feedback was provided. Otherwise, the user was offered to try
again, as described in Figure 3. The combined training session began with half of the
required physical training exercises. This was then followed by the cognitive games and
lastly by the remaining physical training exercises. For the cognitive training element, the
robot asked the user to approach the robot’s screen, and the cognitive game proceeded as
described in Section 2.5. After each session, the user filled out a post-trial questionnaire.

3.2. Participants

Twenty-six older adults (17 females and 9 males) ages 65-84 (mean = 73.54, SD = 5.19)
participated in the experiments. Sixteen of them belonged to the younger-old age group
(11 females and 5 males; age: mean = 70.19, SD = 2.833), and 10 belonged to the old-old age
group (6 females and 4 males; age: mean = 78.9, SD = 3.07). They were recruited through
advertisements via different channels, including local senior centers, the university’s Center
for Digital Innovation, the university’s retirees mailing list and by contacting older adults
who had participated in former experiments that took place in our labs.

Due to COVID-19, older adults were understandably reluctant to come to the univer-
sity to participate in the experiments. Therefore, the sessions took place in their own homes
or at senior centers located in their vicinity. For each experiment, the robot was set up at the
site. We arrived at the place, installed the system and monitored the experiments from a
nearby room (in sight of the participant but without interfering with the experiments). All
participants were healthy individuals who stated that they could perform basic physical
activities such as standing and climbing stairs. Eighty percent (21/26) indicated that they
had high independence in performing household chores; the other 20% (5/26) reported
moderate independence. Most of the participants had an academic degree: 30% (8/26) at
bachelor’s level and 30% (8/26) at the postgraduate level. The remainder (10/26) had high
school or another level of education. All participants used technology regularly; they all
had smartphones and computers. Sixty-nine percent (18/26) of the participants used a
computer every day, and 27% (7/26) used one almost every day. However, most of the
participants (84%, 22/26) did not have previous experience with robots.

3.3. Measures

The pre-trial questionnaires aimed to assess demographic information (age, gender
and education), technology usage and attitudes toward technology. The latter was mea-
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sured using the Negative Attitudes toward Robots Scale (NARS) (Table 1), which included
three measures: S1 (negative attitudes toward situations and interactions with robots), S2
(negative attitudes toward the social influence of robots) and S3 (negative attitudes toward
emotions in interactions with robots) [68]. The participants responded to the statements on
a 5-point Likert scale, ranging from 1 (“strongly disagree”) to 5 (“strongly agree”).

Table 1. NARS.

NARS
S3 I'would feel relaxed talking with robots.

I'would feel uneasy if I were given a job where I had to use robots.
S2 The idea that robots can make judgments about things excites me.
I would feel very nervous standing in front of a robot.

S1 I feel that if I depend on robots too much, something bad might happen.

The post-trial measures (which acted as the dependent variables) related to the per-
ceived usefulness of the robot, its ease of use, the user’s attitude (trust, enjoyment and
satisfaction) toward it and the user’s intention to use the system (Table 2), all of which
were assessed by recording the level of agreement on a 5-point Likert scale, which for
the analysis transformed to scale of “low” (1 or 2), “neutral” (3) and “high” (4 or 5). This
questionnaire was developed and tested in our previous research [48]. We also used the
physical activity enjoyment scale (PACES) [69] (Table 3) as a secondary measurement for
enjoyment, which was assessed by a 7-point Likert scale. In addition to these subjective
measures, the success rate in the physical exercises was measured by calculating the per-
centage of the successfully completed exercises. A success was defined as each exercise
being performed correctly out of the eight repetitions.

Table 2. Post-trial questionnaires.

Dependent Variable Measure

I'would be willing to train with the robot again

Perceived Usefulness because it had value to me.

I felt comfortable during the interaction.

Comfort I felt nervous during the activity.
Ease of Use
Understanding I understood the robot well during the interaction.
Effort I put a lot of effort into this activity.
Engagement I concentrated on the activity for the entire session.
Trust I felt like I could really trust this robot.
Attitude Satisfaction I'was satisfied I.Jy the. robqt s performance
during this activity.
. I enjoy exercising with the robot.
Enjoyment
PACES Questionnaire
Intention to Use I'would like to exercise with the robot in the future.

Number of successful exercises
Number of exercises

Success Rate
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Table 3. Physical Activity Enjoyment Scale.

Physical Activity Enjoyment Scale

I find it pleasurable 2 3 4
It is no fun at all
It is very pleasant
It is very invigorating
It is very gratifying
It is very exhilarating
It is not at all stimulating

It is very refreshing

S VU U U Y
NDNDNDNDNMNNDN
W W W WWwWwwWw
[P N TN
Q1 O1 O1 U1 U1 U1 U1 O
(o)W« o) We) Wi Ne)Ne)Ne )
NN N NN NN

I find it unpleasurable
It is a lot of fun
It is very unpleasant
It is not at all invigorating
It is not at all gratifying
It is not at all exhilarating
It is very stimulating
It is not at all refreshing

3.4. Analysis

The theoretical model we used was the technology acceptance model (TAM) intro-
duced by Davis in 1989 [70]. This theory models users’ behavioral intentions to use
technologies on the basis of their attitudes, which are affected by perceived usefulness
and the ease of use of the device. Accordingly, the study examined how participant and
intervention characteristics affected user’s acceptance (Table 2). This was reported by

percentages and by age group when relevant.

In addition to descriptive statistics, we undertook a regression analysis of the multi-
variate data using the R programming language with RStudio software. For each dependent
variable (perceived usefulness, ease of use, attitude and intention to use), an ordinal regres-
sion with a cumulative link mixed model was fitted by order and backward regression.
The random variable was the participant, and the independent variables were the type of
training, age group, gender, education, session number, NARS questionnaire measures and
the success rate in physical exercises. A likelihood ratio test (LRT) was used to compare
the models, and the Spearman rank order correlation coefficient was computed to test for

correlations between the ordinal variables.

4. Results
4.1. Negative Attitude toward Robots

Most participants (92.31%) did not have negative feelings toward interaction with
robots (NARS-51) (low = 61.54%, medium = 30.77%). In terms of negative attitudes toward
emotions during the interactions (NARS-53), 90.00% of the old-old age group (ages 75-84)
had low negative feelings. The young-old age group yielded a more heterogeneous
and negative response, with 50.00% having low negativity and 43.75% having medium
negativity. When asked about the social influence of interactions with robots (NARS-52),
the responses of the age groups were as follows. Among the old-old group, 90.00% had
low negativity, while among the young-old group, 37.5% had low negativity and 62.5%

had medium negativity.

4.2. Post-Trial Questionnaires
4.2.1. Perceived Usefulness

A substantial proportion of the participants (46.15%) perceived the robotic physical
training system as highly useful, while 30.77% were neutral regarding the robot’s usefulness.
The mean Likert score for this variable was 3.615 (SD = 1.194). Regarding the different age
groups, the majority (60.00%) of the old-old age group rated the robot training as highly
useful, in contrast to the young-old group which was more evenly distributed across the
levels of usefulness. The best-fitting model for perceived usefulness was expressed as

Perceived Usefulness ~ NARS_S1 + age_group + physical_success_rate + (1 | subject) 1)

The model’s results showed that the user’s attitude toward interactions with robots
(NARS-S1) had a significant association with their rating of perceived usefulness; a higher
level of NARS-S1 (implying greater negativity) resulted in lower ratings of perceived use-
fulness in comparison with the lower level (S1-medium p = 0.00432, S1-high p = 0.01767). In



Appl. Sci. 2021, 11, 6431

12 of 18

addition, in line with the descriptive statistics, being in the old-old group had a significant
positive association with perceived usefulness (p = 0.01493). The success rate in the physical
exercises had a positive association with the perceived usefulness; users that had higher
success rates rated the perceived usefulness higher (p = 0.02443).

4.2.2. Ease of Use

Three aspects of ease of use were explored by the questionnaires—: comfort, un-
derstanding and effort. The vast majority of the participants (88.46%) felt comfortable
interacting with the robotic system (mean Likert score = 4.577, SD = 0.6433). Most of
them (65.38%) also felt that they understood the robotic system well, while 26.92% were
neutral on this measure (mean Likert score = 4.154, SD = 0.914). Similarly, most participants
(84.61%) indicated that they invested low effort in the training with the robotic physical
trainer (mean Likert score = 1.788, SD = 0.992). There was no significant correlation between
the independent variables and the effort rating; therefore, the ease of use measure was
calculated as an average of comfort and understanding. The best-fitting model for ease of
use was expressed as

Ease of use ~ education + age_group + NARS_S1 + NARS_S2 + NARS_S3 + (1 | subject) 2

All of the NARS components showed a significant association with the ease of use
rating. The medium levels of NARS-51 and NARS-52 resulted in lower ratings for the
ease of use than the low levels (NARS-51 p = 0.005, NARS-S2 p = 0.024). NARS-5S3, which
represents negative feelings about interactions with robots, also showed a significant
association: participants with medium negativity rated the ease of use more highly than
persons with low negativity (p = 0.0201). Regarding the level of education, compared with
the base level (high school education), people with their first degrees rated the ease of use
lower (p = 0.027), while people with postgraduate degrees rated it higher (p = 0.008). The
age group variable also contributed to the model’s goodness of fit, with the old-old age
group giving higher ease of use ratings, although it is worth noting that this relationship
did not reach significance (p = 0.077).

4.2.3. Attitude

The participants” attitudes were measured by four variables that were combined
into a single measure (attitude) for modeling purposes: engagement, trust, satisfaction
and enjoyment. Most participants (80.77%) gave high ratings of engagement with the
robotic physical trainer (mean Likert score = 4.212, SD = 0.874). Similarly, the majority
(65.38%) expressed trust in the trainer (mean Likert score = 3.865, SD = 0.975). Half of the
participants reported high satisfaction, and 30.77% were neutral (mean Likert score = 3.615,
SD = 1.042). The majority (61.54%) agreed with the statement that they enjoyed the robotic
training session, while 26.92% were neutral (mean Likert score = 3.942, SD = 0.931). The
PACE questionnaire generated similar results; 30.77% yielded a high enjoyment score (6 or
7), and 65.38% reported a moderate enjoyment score (3, 4 or 5) (mean = 4.827, SD = 1.288).

Turning to the combined attitude measure, the best-fitting model was expressed as

Attitude ~ physical_success_rate + (1 | subject) 3)

Thus, the success rate in the physical exercises was the only variable that was signifi-
cantly predictive of the participants” attitudes toward the robot training system. Unsurpris-
ingly, higher levels of success resulted in higher attitude ratings (p = 0.019).

4.2 4. Intention to Use

About half of the participants (46.15%) indicated a clear (i.e., rating of 4 or 5) intention
to use the robotic system in the future, and 26.92% were neutral (mean Likert score = 3.5,
SD = 1.257). There was greater commitment to using the system in the old-old group (60%
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yielded a rating of 4 or 5), whereas the young-old adults were more evenly distributed
across the scale. The best-fitting model for intention to use was expressed as

Intention to use ~ age_group + NARS_S1 + (1 |subject) 4)

In line with the descriptive statistics, the model showed that the intention to use
was positively associated with being in the old-old group; however, it was not significant
(p = 0.1). Furthermore, the NARS-51 rating had a significant negative association with the
intention to use (medium p = 0.019, high p = 0.022).

4.3. Technology Acceptance Model Relationships

The final stage of the analysis was to test the existence of the relationships between
the original components of the TAM: the intention to use with attitude and attitude with
the perceived usefulness and ease of use.

First, the level of correlation was calculated between the perceived usefulness and
ease of use to the overall attitude measure separately. Spearman’s rank correlation revealed
a positive correlation between the attitude and perceived usefulness (p = 0.406, p = 0.003)
as well as between the attitude and ease of use (p = 0.347, p = 0.012). We also examined if a
complex model that included these variables could better explain the data when compared
with the simple model (Equation (3)). This indeed revealed that the complex model was
significantly better at explaining the attitude variable (p = 0.001).

Secondly, the level of correlation was calculated between the attitude and intention
to use. The Spearman rank order correlation coefficient between these two variables
was p = 0.355 (p = 0.010). However, an LRT test to include the attitudinal variable in the
intention to use model (Equation (4)) was not significant (p = 0.312). However, in this test,
the convergence criterion was not met for the model. This may occur when the variables
are linear functions of each other or when the sample is small or unduly constrained in
terms of certain values.

Based on the above analysis of the various predictor variables, Figure 9 presents a
conceptual model of attitudes to robotic training and the intention to use the system.

Success in
Exercises
Age Group l
Perceived
Usefulness Intention to
NARS Attitude —
Use
Ease of Use
Education

Figure 9. Technology acceptance conceptual model of a physical and cognitive robotic trainer.

5. Discussion

The findings revealed that the age group, negative attitude toward robots and edu-
cation were individual characteristics that associated with the acceptance of the robotic
system. Gender did not have a significant effect on any of the TAM components.

The old-old group perceived the robotic trainer as significantly more useful than
the younger-old group. The old-old group rated the robot’s ease of use higher than
the younger-old group and also yielded a higher score for the intention to use, but the
differences were not significant. These trends do not conform with previous studies, which
found that older adults in the younger age group expressed greater intent to use robots
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than their old-old counterparts, probably because the former group is more technologically
oriented [58,59]. However, our findings may suggest that old-old adults have a greater
need for the developed robotic system; therefore, they perceive it as more useful. Several
younger participants noted in informal conversation after the experiment that they thought
the experience with the robotic system was pleasant, but because they were physically
active, the exercises provided by the system were not challenging for them. They believed
the robot could benefit people who were less active or older. Accordingly, when designing
a robotic system for older adults, it is clearly important to customize the system to the
specific user needs and especially to ensure that the exercise difficulty matches (or slightly
exceeds) the user’s capability.

The effects of education and negative attitudes toward robots corresponded to those
observed in previous works. Graduate degrees had a positive association with the ease
of use compared with high school education, resembling the findings on the acceptance
of smartphones among older adults [71]. However, having an undergraduate degree
resulted in a lower ranking for the ease of use in our analysis. This should be tested with
a larger participant sample size in order to achieve clearer results. The negative attitude
toward robots ranking was also found to have a significant association with the system’s
acceptability. For example, a negative attitude was found to have a negative correlation
with the perceived usefulness of assistive and companion robots in a survey among older
adults [72]. In our analysis, gender was not found to be associated with acceptability. This
might be explained by the participants’ familiarity with technology, which was similar
for both genders in the present study, in contrast to other studies that did demonstrate a
gender effect [58].

Although several participants expressed satisfaction with the cognitive training and
recognized its importance, the inclusion of such training within the session did not have a
significant effect on acceptability as it was not found to be included in any of the best or
final regression models. This might be explained by the relative lack of complexity of the
cognitive training or by the difficulty in discriminating between the two types of training
sessions, meaning the participants did not experience much difference between the two
types of sessions and thus did not express a different opinion following them. Subject to
further analysis, the implication would seem to be that more complex cognitive training
games are required and that they should form a more intrinsic part of the training. Another
issue that was raised by the participants was that the insertion of cognitive training in the
middle of the physical training was problematic and confusing. A possible solution might
be to separate the two types of training. However, this would work against the notion of
making the cognitive work intrinsic to the program and the notion that practice variability
is actually necessary for skill improvement. Furthermore, as the random ordering of
training seems to support retention, complete separation of the cognitive and physical
components might impede generalization to other sequential behaviors [73]. This should
be tested in future system design research.

The success rate in the physical exercises appeared to be a significant variable in the
TAM model, having a positive association with both the perceived usefulness and the
combined attitude measure. In our system, exercise success is signaled to the user by the
system’s feedback mechanism. When the user performs the movement correctly, the robot
signals a correct repetition with verbal feedback and delivers a positive comment (such
as “well done”) after eight successful repetitions. These results suggest the importance of
feedback in robotic training systems. They are consistent with flow theory and SDT, both of
which emphasize the link between feedback and motivation to engage. We posit that this
relationship is underpinned by perceptions that the robot is useful, reliable, comprehensible
and, by positive feelings, associated with success.

The resultant conceptual model (Figure 9) suggests the users and interaction charac-
teristics that can influence the acceptance of a robotic trainer by older adults. This model is
based on a relativity small sample due to the circumstances of the COVID-19 pandemic,
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which raised difficulties in recruiting older participants. Future studies should investigate
this model with a larger sample to verify our results.

Apart from the findings relating to the predictor variables, the robot training system
was shown to be robust and reliable outside of the laboratory. It proved possible to
conduct the experiments in real-life environments, either in the participants” homes or in
older adults’ clubs. There were no malfunctions in any of the experiments. Additionally,
the system was also installed successfully in different places and worked well with no
failures for an extended period of time (Four robotic systems were installed as part of
another research project and were operated independently in 16 older adults” homes. In an
accumulated period of 98 weeks, there was only one failure in one motor, implying a 1.02%
failure rate).

6. Conclusions

Overall, the system appears to have potential for use as a personal trainer and as a
means of motivating older adults to undertake physical and cognitive activity at home,
thereby improving their quality of life. Most users were satisfied with the robot’s perfor-
mance; they enjoyed the training sessions and perceived the system as easy to use and
useful. Many of them also indicated a clear willingness to use the system in the future. The
successful users’ experiences with the system demonstrated the reliability and robustness
of the system in different environments.

This research also revealed the importance of customizing the system to meet the
needs of different users, since these needs clearly vary across different age groups. It
also pointed to the importance of providing meaningful feedback, especially in relation to
failed exercises. Therefore, our future program will seek to enhance the system via more
specific feedback to improve the quality of the human-robot interaction and increase its
acceptability among older adults.

Overall, this study offers design recommendations to improve the interaction with a
robotic trainer, which is also relevant to the design of assistive robots in general [29]. These
insights could be implemented in the design of physiotherapy and rehabilitation robots in
health care facilities and other social assistive robots intended to assist in daily life activities
(such as person-following robots [38], assistance in table setting [74] or taking pills [75]) or
robots that help cope with loneliness [76]). All of these applications need to adjust their
designs to different characteristics of older adults in order to improve the interaction and
usefulness of robotic systems.

The limitations of this work include the fact that only upper-body exercises were
included in the system. There is a version of the full-body Poppy robot that could be used
for this purpose, but this approach might prove to be contraindicated for older adults due
to balance problems, creating a risk of falling. Therefore, future research could also test
sitting position exercises (for both the upper and lower body). This study is also limited
by the absence of participants in the oldest-old group and by the sample size as discussed
earlier. Future work should extend the investigation to this sector of the population and
test the conceptual acceptance model on a larger sample.
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