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Improvement of physical and cognitive capabilities through physical activity (PA)

contributes to well-being in older age. Unfortunately, many older adults lack

sufficient PA, due to reasons such as PA not being enjoyable for them. As a

result, older adults are unable to maintain their motivation for the initiation

and continuation of PA. In our previous works, a boxing glove-type sensory

augmentation system was developed to solve this problem by inducing

enjoyment during PA. However, the effect of our device on physical and

cognitive capabilities, which are crucial for well-being, and motivation for

initiation and continuation of PA remains unclarified. In this study, we aimed to

evaluate these effects. We hypothesized that our device may help improve

capabilities, and that the enjoyment it provides may potentially contribute to

increased motivation for initiation and continuation of PA. Fourteen healthy

older adults participated in the study. Kickboxing lessons for the older adults

using our device were conducted a total of five times over a six-week period,

and the participants were free to attend the sessions as many times as they

wished. They participated in three measurement sessions: pre-measurement

before the lesson period, post-lesson measurement after each lesson, and

post-measurement at the end of the lesson period to evaluate the effects of

our device. Physical capabilities were assessed through two-step, stand-up,

and center-of-pressure tests. Cognitive capabilities were assessed using

illustration memory and computation tests. Mental state was assessed using a

positive and negative affect schedule (PANAS). Subjective evaluations of

enjoyment and motivation for the initiation and continuation of PA through

the use of our device were also conducted. In the results, physical and

cognitive capabilities and mental states tended to improve. Subjective

evaluations indicated increased enjoyment from using our device and greater

perceived effectiveness in motivating PA initiation and continuation. These

evaluations improved over time. While the pre-post design without a control
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group limits causal interpretation, improvements in physical, cognitive, and mental

states may have contributed to enhanced enjoyment. As a result, the device may

have the potential to enhance motivation for initiation and continuation PA in

older adults.

KEYWORDS

physical activity, intrinsic capability, enjoyment, sensory augmentation, self-efficacy

1 Introduction

Recently, the population of older adults aged 60 and over is

growing rapidly (1). Since many older adults suffer from physical

or mental health issues, rising medical and nursing care costs

may pose significant economic burdens. Therefore, maintaining

the health status of older adults is crucial to achieving a

sustainable society, and the concept of healthy aging has been

focused attracted attention and largely discussed. In 2015, the

World Health Organization defined “healthy aging” as the

process of developing and maintaining functional ability that

enables well-being in older age (2). Functional ability is formed

by the interaction of intrinsic capacities of older adults, which

comprise their physical and mental capabilities, and

environmental characteristics, including surroundings and

support (3). Even if intrinsic capabilities decline with age, they

can be compensated for with appropriate support and

environment, helping to maintain well-being. However, it is

imperative to preserve intrinsic capabilities to ensure their

well-being.

There are numerous reports of intrinsic capabilities of older

adults that are closely related to the continuation and promotion

of their well-being. The relationship between physical capabilities

and well-being has long been evident (4). A decline in grip

strength, walking speed, and walking ability, which can be easily

measured, is positively correlated with a decline in well-being

(5–7). Cognitive capabilities are also closely related to well-being,

with memory and executive functions particularly influencing

well-being (8–10). Physical activity (PA) is crucial for

maintaining these intrinsic capabilities and improving well-being.

Unfortunately, many older adults lack PA (11). Physical and

mental discomfort, lack of self-efficacy, poor body image, and

time constraint can hinder initiating and continuing PA (12, 13),

suggesting that PA is often not perceived as enjoyable.

Additionally, activity restrictions such as staying at home and

closure of sports facilities during the Covid-19 pandemic have

decreased PA (14, 15).

One way to encourage more PA among older adults is through

the use of technology. A recent comprehensive systematic review

reported that digital exergames combined with PA and digital

video games were effective in initiating and continuing PA in

older adults at nursing homes (16). Other studies have also

reported the effectiveness of digital exergames (17, 18), whose

beneficial effects may be related to the positive emotional

responses elicited through the games (19, 20). A method of

integrating PA and music has been investigated as a way to elicit

positive emotional responses (21). The method involves playing

music through PA, and has been reported to extend exercise

time in older adults. Interestingly, encouraging voluntary PA and

self-selecting the frequency and duration of PA seems to have a

high improvement effect on physical function (22). These

methods are useful for addressing some factors that interfere

with PA. However, several technical challenges remain in these

methods. It has been noted that digital exercise games can be

difficult to implement for older adults, as they require the

selection of an appropriate computer platform and proper

placement of sensors to measure body movements (23). There is

also the possibility of boredom as the game often becomes

monotonous. Methods that integrate music also require a lot of

specialized equipment, which is a significant barrier for

older adults.

In our previous studies, we attempted to address these

challenges related to initiating and continuing PA. We focused

on sensory augmentation, an approach that uses technology to

extend or enhance human perception (24). We developed a

boxing glove-type sensory augmentation device that used light,

sound, and vibration to focus on visual, auditory, and tactile

senses. The aim of our device is to perceive the improvement of

physical movements through PA by enhancing these senses. This

perception improves physical and mental comfort, self-efficacy,

and body image, thereby making PA enjoyable and contributing

to increased motivation for PA (25, 26). Our device is worn on

the subject’s hand, emitting sound, vibration, and light according

to the subject’s body movement. As the subject’s punching

motion improves, the production of sound, vibration, and light

increases. Through this, we expect the subject to receive a

positive image of exercise and improve self-efficacy, thereby

eliciting greater enjoyment of PA. In our previous works, we also

attempted to develop an enjoyable PA program using our device,

incorporating kickboxing as the chosen form of PA. Studies

involving young (23.3 ± 1.5 years) (25) and middle-aged

(58.9 ± 17.1 years) (26) subjects demonstrated that the device

increased positive emotions compared to the average in a survey

of 1,500 Japanese people on their daily life post PA with our

device. Additionally, 82% of the surveys subjects preferred and

enjoyed using the device after using it for PA, and 69% of the

subjects preferred it over regular boxing gloves. These results

suggest that our device can make PA enjoyable and contribute to

its continuation. However, the effect of our device on physical

and cognitive capabilities, which are crucial for well-being,

and motivation for initiation and continuation of PA

remains unclarified.

The purpose of this study was to evaluate the effect of our

device on physical and cognitive capabilities and motivation for

Sakaue et al. 10.3389/fspor.2025.1512002

Frontiers in Sports and Active Living 02 frontiersin.org

https://doi.org/10.3389/fspor.2025.1512002
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


initiation and continuation of PA as a preliminary study. We

hypothesized that our device may help improve physical and

cognitive capabilities, and that the enjoyment of our device

potentially contributes to the motivation for initiation and

continuation of PA.

2 Materials and method

2.1 Boxing glove-type sensory
augmentation device

Human sensory augmentation was our primary focus,

specifically auditory, tactile, and visual senses. We aimed to

increase the information acquired by these sensory organs during

PA in order to perceive the improvement of the body

movements and to induce enjoyment (25, 26). To the best of our

knowledge, our previous studies were the first to use sensory

augmentation to elicit enjoyment during PA. Additionally, by

focusing on kickboxing—a exercise that provides a high exercise

effect observed in young individuals, characterized by many

improvements such as upper-body muscle power, aerobic power,

anaerobic fitness, flexibility, speed and agility even in short

durations of about an hour (27) and similar exercise benefits

have also been reported in older adults (28)—we aimed to

maximize the benefits of PA with high efficiency in our previous

studies (25, 26).

Figure 1a shows our boxing glove-type sensory augmentation

device. This device consists of boxing glove and a belt equipped

with a LED light tape (NeoPixel RGB TAPE LED, Peace

corporation), housing for a measurement device, and housing for

a haptic reactor (AFT14A903A, Alps Alpine). This belt is

fastened to the boxing glove using Velcro tape, as shown in

Figure 1b. As shown in Figure 1c, the measurement device has a

plastic enclosure and mainly comprises a 3-axis acceleration and

3-axis angular sensor (ICM-20608, TDK), a speaker (P-12494,

Akizukidenshi), and Bluetooth module (MDBT50Q-1MV2,

Raytac) with an embedded system-on-chip (nRF52840, Nordic).

The haptic reactor is enclosed in a plastic enclosure and

positioned to align with the finger area of the boxing glove. This

device is battery-powered and is also equipped with a lithium-

polymer battery (LP602835, EEMB). This device is worn on the

hand, augmenting the auditory, tactile, and visual senses using

sound, vibration, and light stimuli based on the power and type

of punch. Four different punches—jab, straight, hook, and

uppercut—and their power are determined based on measured

FIGURE 1

A picture of our boxing glove-type sensory augmentation device and its components. (a) Boxing glove with a belt equipped with LED light tape,

measurement device housing, and haptic reactor housing. (b) Belt attached to the glove using Velcro tape. (c) Measurement device containing

motion sensors, speaker, Bluetooth module, and battery; haptic reactor positioned in the finger area.
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acceleration and angular velocity values. As the subject’s punches

improve, the sound, vibration, and light increases. This provides

a positive exercise experience and satisfies self-efficacy, thereby

eliciting enjoyment of PA. Additionally, measured acceleration,

angular velocity, and punch determination results are displayed

and recorded in real-time on an Android smartphone (Xiaomi

Redmi Note 10, Xiaomi) to store these values and observe their

changes using original software (Boxing Glove App) developed in

our previous studies.

2.2 Subjects

Fourteen healthy older adults participated in this study, with

mean age, height, and weight of 67.2 ± 5.8 years, 165.7 ± 10.1 cm,

and 65.0 ± 13.7 kg, respectively. The criteria for older adults were

set at 60 years of age and older (29). The subjects were recruited

through local websites and flyers. People between the ages of 60

and 75 who were not restricted from PA by their doctors could

apply as subjects. Exclusion criteria included individuals with

high blood pressure or diabetes, those restricted from exercise by

medical guidance, those who considered themselves unable to

perform the PA in this study, and those with poor physical

conditions (e.g., headache, fever, or other physical ailments). This

study complied with the Declaration of Helsinki; informed

consent was obtained from all participants, and they did not

receive any monetary compensation. Additionally, this study was

approved by the Ethics Review Committee for Medical and

Health Research Involving Human Subjects (Natural Sciences) of

Ritsumeikan University (BKC-LSMH-2023-032-1).

2.3 Experimental method

Kickboxing lessons for the older adults were conducted a total

of five times over a six-week period by Style Corporation, and

participants were free to attend as many times as they wished.

Lessons were held on November 11 and 25, and December 2, 8,

and 21, 2023. Each 60-minutes lesson included preparatory

exercises, shadow boxing using our device as shown in Figure 2,

and mitts using regular boxing gloves. At first, subjects

performed 20 min of full body stretching as a preparatory

exercise. Then, after a 5 min break and time to wear the device,

they performed shadow boxing for 25 min. A video of shadow

boxing using our device has been included in the supplementary

materials. Next, after a 5 min break and time to take off the

device, they performed for 5 min with the mitts. Professional

trainers accompanied the participants to ensure their safety and

the proper implementation of the lessons. During this period,

subjects participated in three different measurements: “pre-

measurement” taken a few days before first lesson in which each

subject participated, “post-lesson measurement” taken on the

same day each lesson was completed, and “post-measurement”

taken within a few days of the last lesson in which each subject

participated at the end of the six-week period. As shown in

Figure 3, physical and cognitive capabilities, mental states, and

subjective evaluations about enjoyment and motivation for

initiation and continuation of PA through the use of our device

were assessed. In this study, physical and cognitive capabilities

were assessed only “pre-measurement” and “post-measurement”.

These assessments required approximately 60 min to complete,

which would have significantly increased the burden on

participants. Moreover, there were concerns that conducting

assessments immediately after the kickboxing lessons could result

in data being confounded by transient physical fatigue.

Therefore, no assessments of physical and cognitive capabilities

were performed during the post-lesson measurement;

assessments were limited to pre-measurement and post-

measurement. In pre-measurement, participants wore the device

on their hand and experienced sound, vibration, and light

according to their punches for the first time.

2.4 Measurements of physical capabilities,
cognitive capabilities, and mental state

A two-step, stand-up, and center-of-pressure test were

conducted in pre- and post-measurements. In the two-step test,

subjects placed their toes on a starting line and walked two steps

as large as possible. The distance to the toes of both feet together

was measured, and the two-step value was calculated by dividing

this distance by their height, which has been shown to correlate

highly with results from other validated mobility assessments

such as the 10-meter walk test, the 6-minute walk test, and the

Timed Up and Go test (30, 31). These assessments are widely

used to comprehensively evaluate walking ability in older adults

(32, 33). Therefore, walking ability in the present study was

assessed solely with this test. In the stand-up test, subjects stood

up from a chair at different heights (40 cm and 30 cm) with

either both or one foot grounded. We then assessed whether they

could hold the standing position for 3 s (32). These two tests are

common methods for evaluating physical capability, particularly

lower limb function, and were developed by the Japanese

Orthopedic Association (https://www.joa.or.jp/english/main.html)

to assess difficulties in movement or performing daily activities

due to age-related musculoskeletal disorders affecting muscles,

FIGURE 2

A picture of shadow boxing using a boxing glove-type sensory

augmentation device.
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joints, and bones. These methods are quick to administer and

places minimal physical burden on older adults. The two-step

test evaluates walking ability, such as leg muscle strength,

balance, and flexibility, which decline with age. The standing test

evaluates lower limb muscle strength, and success decreases with

age. Additionally, the center-of-pressure in the standing still

position for 30 s with eyes open was measured by a center-of-

pressure meter (Stabilometer, T.K.K. 5810; SANKA Co., Ltd,

Japan). The main specifications of this device are a load capacity

of 10–120 kg, a measurement area of 360 mm × 360 mm, and a

sampling frequency of 100 Hz. This device has been used to

assess static balance capability in older adults (34, 35).

Illustration memory and computation tests were conducted in

pre- and post-measurements. In the illustration memory test,

subjects were asked to remember 16 illustrations, perform a

computation test, and then recall the illustrations they

remembered. These 16 illustrations were memorized by visually

inspecting four A4 sheets each containing four printed

illustrations. The time required for memorization was set at one

minute per sheet. This test employed a cued recall procedure,

which is used in the cognitive function test administered to

drivers aged 75 and over in Japan as part of the license renewal

process (36). This procedure is a method of assessing memory in

older adults, wherein participants are asked to memorize specific

illustrations, engage in an unrelated task, e.g., a computation test,

and then recall the previously memorized items. This cognitive

assessment has been shown to have high concordance with

clinical diagnoses by physicians, including the Mini-Mental State

Examination (MMSE) and the Hasegawa Dementia Scale-

Revised, confirming its criterion-related validity (37).

Furthermore, cognitive decline has been shown to negatively

affect calculation ability, such as the time required to solve

simple arithmetic problems and the accuracy of responses (38).

This decline in numerical processing is reflected in widely used

cognitive assessments such as the MMSE and the Montreal

Cognitive Assessment, both of which include calculation tasks

(39, 40). In the present study, we prepared and implemented an

original calculation task to be performed during the interval

between encoding and recall in the cued recall procedure, as we

aimed to design a task with a time duration that would be

appropriate for use within the illustration memory test. In this

computation test, they were asked to solve 12 mixed arithmetic

addition and subtraction questions. These questions were printed

on an A4 size sheet, and the time required for computation was

set at three minutes. The scores based on the correct answers

were recorded, as scores tend to decrease with aging.

2.5 Questionnaires

A positive and negative affect schedule (PANAS), a self-report

questionnaire consisting of two 10-item scales to measure both

positive and negative affect (41), was conducted in the Japanese

edition to assess mental states in all three measurements.

Subjective evaluations of “enjoyment,” “motivation for

initiation of PA,” and “motivation for continuation of PA”

through the use of our device were conducted using 5-point

scales. In the questionnaire assessing enjoyment, participants

were asked: “Did you enjoy using our boxing gloves?” In the

questionnaire evaluating motivation, two items were presented:

“Do you think our gloves are effective in promoting the initiation

of PA?” and “Do you think our gloves are effective in supporting

the continuation of PA?” These items were designed to assess

participants’ subjective perceptions regarding the motivational

impact of our device. For each question, a score of “1” indicated

high enjoyment, effectiveness in initiating PA, and effectiveness

in continuing PA, while a score of “5” indicated low enjoyment,

ineffectiveness in initiating PA, and ineffectiveness in continuing

PA. Additionally, subjective fatigue during PA lessons was

assessed using the Borg Scale (42).

2.6 Signal processing

We focused on the frequency component of the center-of-

pressure to evaluate balance capability, based on the

FIGURE 3

Flowchart of experiment in which the subjects participated.
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measurements shown in Section 2.4. While conventional indicators

to evaluate the balance capability of older adults—such as the

unfiltered root mean square amplitude, maximum amplitude,

and total trajectory length calculated from measured center-of-

pressure data without filtering —are useful (35, 34, 43), they do

not capture the frequency characteristics of postural sway. Given

that postural control involves multi-scale processes including

biomechanical and neurophysiological mechanisms, frequency-

domain analysis allows for a more detailed evaluation. For

example, low- and mid-frequency components reflect central

control of posture, as shifts in a moving reference point (44, 45),

while high-frequency components reflect peripheral adjustments

around that trajectory (44–46). In addition to these insights into

the frequency components of postural control, it has been

reported that the low-pass component (0.5 Hz) and band-pass

components (0.5–5 Hz) of center-of-pressure are positively

correlated with balance function, while the high-pass components

(5–20 Hz) are negatively correlated (45). As balance capability

declines with aging, low-pass and band-pass components of

center-of-pressure decrease while the high-pass component

increases. Therefore, these indicators were adapted to evaluate

the balance capability of older adults.

In this study, we analyzed these frequency components of

center-of-pressure in the anterior-posterior and medial-lateral

directions. We initially downsampled the measured data, i.e.,

trajectory of the center of pressure, from 100 Hz to 20 Hz in

order to retain the frequency range that appropriately reflects

variations in center-of-pressure (47). Then, we applied a low-pass

filter (0.5 Hz), band-pass filter (0.5–5 Hz), and high-pass filter

(5 Hz) using a Butterworth filter (4th order, zero-phase lag).

These filter settings were selected based on the methodology

employed by Moreno et al. (45), who used a similar approach to

investigate postural control through frequency-domain analysis.

Subsequently, the maximum amplitude of the trajectory in the

anterior-posterior and medial-lateral directions was computed to

quantify the extent of postural sway, and we normalized these

values by the subject’s height. These signal processing operations

were performed using MathWorks Matlab R2024b (version

24.2.0.2712019).

2.7 statistical analysis

The two-step values, three amplitudes of center-of-pressure,

and scores of the illustration memory and computation tests

were analyzed using the Wilcoxon signed-rank test. In cases

where all measurement items during pre-lesson, post-lesson, and

post-measurement could not be performed due to the subject’s

circumstances, the subject’s data were excluded from statistical

processing. This statistical analysis was conducted using IBM

SPSS Statistic (version 29.0.0.0).

In the evaluation of the PANAS, the Shapiro–Wilk test was

used to assess the normality of both positive and negative affect

scores, in order to determine the appropriate statistical methods

for data obtained at three time points: pre-, post-lesson, and

post-measurement. This analysis was conducted using IBM SPSS

Statistics (version 29.0.0.0). As a result, normality was rejected

for the post-lesson measurement scores in negative affect group

(p = 0.017). Therefore, the data were judged not to satisfy the

assumption of normality, and non-parametric methods were

selected for further analysis. Subsequently, a non-parametric

repeated measures analysis was performed using the nparLD

package in R. The LD-F1 model was applied to assess the effect

of time (pre- post-lesson, and post-measurement) within each

positive and negative affect group using Posit Software RStudio

(version 2024.09.1 Build 394). When a significant difference was

observed, pairwise comparisons were conducted using the

Wilcoxon signed-rank test. Bonferroni correction was applied to

adjust for multiple comparisons. The level of statistical

significance was set at 5%. Additionally, relative treatment effects

were calculated for each time point as non-parametric effect size

indicators using the nparLD package.

In cases where all measurement items during pre-, post-lesson,

and post-measurement could not be performed due to the subject’s

circumstances, the subject’s data were excluded from these

statistical processings.

3 Results

A total of five kickboxing lessons were conducted over a six-

week period. The attendance of each participant is summarized

in Table 1. Among the 14 participants, 13 attended at least one

session, while one did not attend any. The number of sessions

attended ranged from 0 to 5, with a median of 3. This variation

likely reflects differences in individual availability to participate.

In the physical capabilities test, four subjects were unable to

participate in the measurements for personal reasons. Figure 4

shows the two-step value in pre- and post-measurements. The

medians (Mdn) tended to increase between pre- (Mdn = 1.50)

and post-measurements (Mdn = 1.58), with no significant

difference identified (Z = 1.602, p = 0.109). The effect size was

large (r = 0.507). As shown in Table 2, all subjects successfully

stood up on both legs in all measurements. The number of

subjects who successfully stood up at 40 cm increased from eight

to ten, and at 30 cm, it increased from four to five.

The median, first and third quartile of center-of-pressure

amplitude were shown in Table 3. The center-of-pressure

amplitude at the anterior-posterior direction of the low-pass

component tended to increase between pre- and post-

measurements, with no significant difference found (Z = 1.478,

p = 0.139). The effect size was medium (r = 0.467). One of the

band-pass components also tended to increase between pre- and

post-measurements, with no significant difference identified

(Z = 0.968, p = 0.333). The effect size was medium (r = 0.306).

One of the high-pass components tended to decrease between

pre- and post-measurements, with no significant difference

identified (Z =−0.357, p = 0.721). The effect size was small

(r = 0.113). Additionally, the center-of-pressure amplitude at the

medial-lateral direction of the low-pass component tended to

increase between pre- and post-measurements, with no

significant difference found (Z = 1.274, p = 0.203). The effect size
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was medium (r = 0.403). One of the band-pass components also

tended to decrease between pre- and post-measurements, with no

significant difference identified (Z = 0.153, p = 0.878). The effect

size was very small (r = 0.048). One of the high-pass components

tended to decrease between pre- and post-measurements, with no

significant difference identified (Z =−1.478, p = 0.139). The effect

size was medium (r = 0.467).

In the cognitive capabilities test, six subjects were unable to

participate in the measurements due to personal reasons.

Figure 5a displays the scores in the illustration memory test. An

improvement in median value was observed between pre-

(Mdn = 83.9) and post-measurement (Mdn = 86.3), with no

significant differences identified (Z = 0.207, p = 0.207). The effect

size was medium (r = 0.446). Figure 5b shows the scores in the

computation test. Similarly, an improvement in median

value between pre- (Mdn = 91.7) and post-measurement

(Mdn = 95.8) was observed, but no significant differences

were identified (Z = 1.035, p = 0.301). The effect size was

medium (r = 0.366).

Figure 6 displays the scores of both positive and negative

affect in PANAS for pre-measurement (n = 13), post-lesson

measurement (n = 34), and post-measurement (n = 11). No

significant differences were found in positive affect scores

across pre-, post-lesson, and post-measurement (ATS = 2.864,

p = 0.071). However, there was a trend toward increased scores

across the three time points (Mdn = 33.0, 38.2, and 35.0). The

relative treatment effects were 0.372 at pre-measurement,

0.606 at post-lesson measurement, and 0.522 at post

measurement, indicating a nonparametric trend toward

increased positive affect following the post-lesson

measurement, with partial retention at the post-measurement.

Similarly, no significant differences were observed in negative

affect scores across pre-, post-lesson, and post-measurement

(ATS = 1.665, p = 0.193). Nonetheless, the median scores

showed a decreasing trend (Mdn = 21.0, 17.0, and 16.0), and

the relative treatment effects were 0.570 at pre-measurement,

0.510 at post-lesson measurement, and 0.420 at post-

measurement, suggesting a nonparametric trend toward

reduced negative affect following the post-lesson and

post-measurement.

The average value of subjective fatigue after the lessons was

16.4 ± 2.1, indicating an exercise intensity equivalent to “hard” to

“very, very hard” (42). Response ratio (%) of subjective

evaluations of “enjoyment,” “motivation for initiation of PA,”

and “motivation for continuation of PA” through the use of our

device are shown in Tables 4–6 respectively. Most subjects

indicated scores of 1, indicating “enjoyable,” for subjective

evaluations of “enjoyment,” with an increase in the number of

times. Similarly, many indicated scores of 1, indicating

effectiveness in initiating and continuing PA, for subjective

evaluations of “motivation for initiation of PA” and “motivation

for continuation of PA,” with an increase in the number of times.

TABLE 1 Attendance record for each kickboxing session.

Subject ID Lesson1 Lesson2 Lesson3 Lesson4 Lesson5 Sessions attended

1 ✓ ✓ ✓ 3

2 ✓ ✓ ✓ ✓ 4

3 ✓ ✓ ✓ 3

4 ✓ ✓ ✓ ✓ 4

5 ✓ ✓ 2

6 0

7 ✓ ✓ ✓ 3

8 ✓ ✓ ✓ 3

9 ✓ ✓ 2

10 ✓ ✓ ✓ 3

11 ✓ ✓ ✓ 3

12 ✓ ✓ ✓ 3

13 ✓ ✓ 2

14 ✓ ✓ ✓ 3

FIGURE 4

The two-step values measured in pre- and post-measurements.

TABLE 2 Number of successful participants.

Stand up condition Pre-
measurement

Post-
measurement

Both legs; standing up from

40 cm

10 10

One leg; standing up from

40 cm

8 10

Both legs; standing up from

30 cm

10 10

One leg; standing up from

30 cm

4 5
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4 Discussion

The purpose of the study reported in this paper was to evaluate

the effect of our device on physical and cognitive capabilities and

motivation for initiation and continuation of PA in older adults.

We hypothesized that our device may help improve physical and

cognitive capabilities, and that the enjoyment of our device

potentially contributes to the motivation for initiation and

continuation of PA. In the verification experiment, we assessed

physical capabilities using a two-step, stand-up, and center-of-

pressure test, and cognitive capabilities using an illustration

memory and computation test. Additionally, we assessed mental

states using PANAS. Subjective evaluation based on a five-point

rating scale questionnaire regarding enjoyment and motivation

for initiation and continuation of PA through the use of our

device were also assessed.

We observed that the two-step value tended to increase from

pre- to post-measurement with a large effect size. The two-step is

an indicator for evaluating the walking ability of the older adults,

and tends to decline with age (32, 48). When the value is 1.3 or

less, it indicates the beginning of a decline in mobility.

Functional improvement through PA training has been reported

and recommended (49). None of the older adults who

participated in this study met this criterion, meaning that they

did not experience a serious decline in mobility due to aging. In

addition, after measurement, the trend of increasing two-step

values may indicate that mobility is improving as a physical

function. The stand-up test is an indicator that evaluates the

lower limb muscle strength of the older adults, and also tends to

decline with age (48). If a person is unable to stand up on one

leg from a height of 40 cm, it indicates the beginning of a

decline in walking ability. Functional improvement through PA

training has been demonstrated and recommended (50). In this

experiment, two people fell below this criterion before the PA,

while after the PA all of them cleared this criterion; hence, the

decline in mobility was reduced. Therefore, our results suggest

that participating in this experiment may have contributed to

improvement in physical capabilities in older adults.

Additionally, the low-pass components of the center-of-pressure

amplitudes in both the anterior-posterior and medial-lateral

directions showed increasing trends in post-measurement. The

band-pass component in the anterior-posterior direction also

showed a trend toward increase in post-measurement. The high-

pass component in both the anterior-posterior and medial-lateral

directions tended to decrease. Based on previous studies (45), our

findings suggest improvements in balance ability. In summary, in

this experiment, no significant difference was observed between

pre- and post-measurement in terms of physical capability

indicators. This is thought to be due to the small number of

research subjects and the low frequency of PA. However, an

improvement trend was observed in many of the physical ability

assessments. The effect size in these tests tended to be large to

moderate. Therefore, these results suggest that participating in this

experiment may have contributed to improvement in the physical

capabilities in older adults, particularly mobility and balance.

The median scores of the illustration memory and computation

tests tended to increase from pre-measurement to post-

measurement. As memory function is a cognitive capability, it

decreases with age. This test is used to test the cognitive

capability when older adults (over 75 years old) drivers renew

FIGURE 5

The scores of illustration memory test and computation test. (a,b)

are scores of illustration memory test and computation test.

TABLE 3 Center-of-ptrssure amplitudes in pre- and post-measurement.

Center-of-ptrssure direction Frequency components Pre-measurement Post-measurement

Anterior-posterior Low-pass 0.57 (0.47, 0.75) 0.70 (0.57, 0.88)

Band-pass 0.34 (0.31, 0.42) 0.41 (0.33, 0.63)

High-pass 0.10 (0.05, 0.14) 0.07 (0.05, 0.17)

Medial-lateral Low-pass 0.80 (0.73, 1.01) 1.31 (0.90, 1.53)

Band-pass 0.50 (0.36, 0.59) 0.46 (0.40, 0.50)

High-pass 0.15 (0.08, 0.26) 0.11 (0.08, 0.13)
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their driver’s license in Japan. The computation test reflects

executive function, a cognitive function that declines with age. In

other words, improvement in cognitive capabilities increases with

scores of illustration memory and computation tests. In

summary, as shown in Figure 5, no significant differences were

identified between pre- and post- measurement. Although this

was also possibly due to the short duration and low frequency of

PA, a trend toward improvement in all cognitive capability

assessments was observed. As it is well known that physical

activity activates brain activity (51), it may be considered that

participating in this experiment may have contributed to

improvement in cognitive capabilities.

In the positive affect of PANAS, we observed a tendency for

substantial changes from pre-measurement to post-lesson

measurement and from post-lesson measurement to

post-measurement. That is, the median scores were 33.0 at pre-

measurement, 38.2 at post-lesson measurement, and 35.0 at post-

measurement, showing an increase after the post-lesson measurement

with a slight decline at the follow-up. Correspondingly, the relative

treatment effects were 0.372 at pre-measurement, 0.606 at post-lesson

FIGURE 6

The scores of both positive and negative affect on PANAS. (a,b) are “score of positive affect” and “score of negative affect”.

TABLE 4 Response rate (%) of subjective evaluation “enjoyment”.

Subjective evaluation “enjoyment” Pre-measurement Post-lesson measurement Post-measurement

1 50.0 76.7 90.9

2 50.0 20.0 9.1

3 0.0 0.0 0.0

4 0.0 0.0 0.0

5 0.0 3.3 0.0
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measurement, and 0.522 at post-measurement indicating a notable

nonparametric increase in positive affect following the post-lesson

measurement. Although there was a slight reduction at post-

measurement, the relative treatment effect remained higher than at

pre-measurement, suggesting that the improvement was at least

partially sustained. Such increase from pre-measurement to post-

lesson measurement through use of our enjoyable device was similar

to that in our previous study (25, 26). It can be considered that

participating in this experiment may enhance positive affect in older

adults. In other words, the fact that we were able to clearly recognize

the movement of the body and its state through sensory extension of

sight, hearing and touch suggests that it is possible to make exercise

fun for the older adults as well.

Negative affect showed a tendency to decrease across pre-, post-

lesson, and post-measurement. The median scores declined from

21.0 at pre-measurement to 17.0 at post-lesson measurement and

further to 16.0 at post-lesson measurement, and the corresponding

relative treatment effects were 0.570, 0.510, and 0.420, respectively.

Despite the subjective fatigue level in this experiment being

16.4 ± 2.1, indicating high exercise intensity, i.e., exercise that

causes physical discomfort, negative affect scores continued to

trend downwards. This indicates that discomfort associated with

PA was mitigated. Pleasurable experiences during PA and intrinsic

motivation to engage in PA are known to reduce discomfort (13),

suggesting that participating in this experiment may facilitate these

effects and reduce negative affect associated with PA. Previous

studies have shown that reducing PA discomfort through activities

like listening to music or watching videos supports sustained PA

(20, 21), likely due in part to the release of endorphins in the

brain Endorphins are neurotransmitters that alleviate pain and

stress (21, 52). It is thought that these are related to the distraction

of consciousness from the pain of physical exercise and increase in

pain tolerance associated with increase in endorphin levels. In this

study, it is thought that participating in this experiment may

promote internal motivation by enhancing pleasurable experiences

during PA, and that fun PA caused a distraction of consciousness

and an increase in endorphin secretion.

As shown in Table 4 numerous subjects indicated ratings of 1,

indicating “enjoyable” in their subjective evaluations of enjoyment

through the use of our device. This trend was evident even during

pre-measurement, before the kickboxing lesson, suggesting that our

device may be effective at inducing enjoyment in this experiment,

similar to our previous studies (25, 26). Even before the lesson

using our device, the fact that they were able to find enjoyment

was probably because they were able to clearly recognize their own

body movements through the expansion of their sense of sight,

hearing, and touch. Furthermore, these positive evaluations

increased in both the post-lesson measurement and post-

measurement sessions. This suggests that more frequent

participation in PA using our device may be associated with greater

enjoyment. This may be due to the fact that using our device

allows one to recognize changes, not just physical movement. In

addition, as shown in Tables 5, 6, the number of people who

answered “1” (i.e., “effective”) in the subjective evaluation of the

motivation for initiation and continuation of PA through the use

of our device increased. In other words, it can be considered that

the participants recognized the use of our device as effective for

initiation and continuation of PA. Based on the intended purpose

of our device, it can be considered that the enjoyment of PA

induced by our device led to such changes in motivation. From

this, it can be thought that our device could potentially contribute

to the motivation of the older adults regarding PA.

Although caution is required due to the pre-post comparison

design without a control group —i.e., the effects of the device and

those of PA alone may be confounded—physical and cognitive

capabilities showed a tendency toward improvement. In other

words, it can be assumed that the older ages were able to clearly

recognize their own progress in PA. This kind of recognition may

help alleviate physical and mental discomfort, low self-efficacy,

and poor body image—factors that make it difficult to continue

PA, thereby inducing enjoyment. Among these, improving self-

efficacy is particularly important. Older adults with a high sense of

self-efficacy have a high motivation for exercise (53). In addition,

this contributes to maintaining and improving adherence to

exercise programs (54, 55), and is thought to have led to increased

motivation in this study. As PA is known to improve physical and

cognitive capabilities on its own (51, 56), the observed

improvements of physical and cognitive capabilities, and mental

status may reflect a combination of general PA effects and device-

induced augmentation, rather than the device alone. Although it is

difficult to disentangle these effects in this study, subjective

evaluations suggest that our device may contribute to enhancing

enjoyment, motivation for initiation and continuation of PA.

Moreover, it is also possible that our device played a role in the

observed improvements in physical and cognitive functions.

5 Limitations

It should be noted that the results of this study are based on a

relatively small sample size. In addition, the study is limited by the

TABLE 6 Response rate (%) of subjective evaluation “motivation for
continuation of PA”.

Subjective evaluation
“motivation for
continuation of PA”

Pre-
measurement

Post-
measurement

1 33.3 54.5

2 25.0 36.4

3 41.7 9.1

4 0.0 0.0

5 0.0 0.0

TABLE 5 Response rate (%) of subjective evaluation “motivation for
initiation of PA”.

Subjective evaluation
“motivation for
initiation of PA”

Pre-
measurement

Post-
measurement

1 33.3 45.5

2 58.3 45.5

3 8.3 9.1

4 0.0 0.0

5 0.0 0.0
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absence of a comparison group—that is, a group performing physical

activity (PA) without the use of our device. In other words, it is

difficult to determine whether the observed improvements in

motivation to initiate and continue PA were due to the device itself

or to the combination of the device and physical activity.

Additionally, information regarding the prior PA of the

participants with martial arts or competitive sports, as well as

their blood pressure and lung capacity, was not collected.

However, this omission is not expected to have significantly

influenced the outcomes, as the participant group was relatively

homogeneous and randomly assigned.

6 Conclusion

In this study, we evaluated the effects of our device developed

in our previous research, on the physical and cognitive

capabilities and motivation for initiation and continuation of

PA among older adults. Subjective evaluations regarding the

enjoyment of our device indicated that participants perceived it

as enjoyable, which may suggest that the observed

improvements in physical and cognitive capabilities contributed

to this perception. This sense of enjoyment may have led

participants to perceive the device as effective in promoting the

initiation and continuation of PA. However, as this study

employed a pre-post comparison design without a control

group, it is difficult to demonstrate the definitive effects of our

device. Nonetheless, the observed improvements in subjective

motivation suggest that the device may play a role in

encouraging PA participation among older adults. Based on

these findings, our device can be considered one contributing

factor in supporting motivation and continued engagement in

PA among older adults. In the future, for the practical

application of our device, it will be necessary to increase the

number of older adults and conduct large-scale experiments

that include a comparison group.

Our device requires no special equipment. Therefore, it can be

used in existing PA lesson at sports facilities, as in this experiment,

or at the subject’s home. Although we focused on kickboxing as a

PA that can be effective in a short time, our sensory augmentation

device for auditory, tactile, and visual sensations can be applied to

other PA. This is expected to promote PA during leisure time and

contribute significantly to older adults’ well-being and healthy aging.
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