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Abstract

Simple methods for quantitative evaluations of individual motor performance are crucial for

the early detection of motor deterioration. Sit-to-stand movement from a chair is a mechani-

cally demanding component of activities of daily living. Here, we developed a novel method

using the ground reaction force and center of pressure measured from the Nintendo Wii Bal-

ance Board to quantify sit-to-stand movement (sit-to-stand score) and investigated the age-

related change in the sit-to-stand score as a method to evaluate reduction in motor perfor-

mance. The study enrolled 503 participants (mean age ± standard deviation, 51.0 ± 19.7

years; range, 20–88 years; male/female ratio, 226/277) without any known musculoskeletal

conditions that limit sit-to-stand movement, which were divided into seven 10-year age

groups. The participants were instructed to stand up as quickly as possible, and the sit-to-

stand score was calculated as the combination of the speed and balance indices, which

have a tradeoff relationship. We also performed the timed up and go test, a well-known clini-

cal test used to evaluate an individual’s mobility. There were significant differences in the

sit-to-stand score and timed up and go time among age groups. The mean sit-to-stand

score for 60s, 70s, and 80s were 77%, 68%, and 53% of that for the 20s, respectively. The

timed up and go test confirmed the age-related decrease in mobility of the participants. In

addition, the sit-to-stand score measured using the Wii Balance Board was compared with

that from a laboratory-graded force plate using the Bland–Altman plot (bias = −3.1 [ms]-1,

95% limit of agreement: −11.0 to 3.9 [ms]-1). The sit-to-stand score has good inter-device

reliability (intraclass correlation coefficient = 0.87). Furthermore, the test–retest reliability is

substantial (intraclass correlation coefficient = 0.64). Thus, the proposed STS score will be

useful to detect the early deterioration of motor performance.
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Introduction

Aging is an inevitable human condition that is mainly characterized by irreversible biological

changes, such as reduction in muscle mass and strength, loss of mobility and balance, and

impairment of motor coordination [1, 2]. This physiological decline is typically observed in

elderly people and frequently leads to difficulties in performing activities of daily living

(ADLs), and consequently, a decrease in quality of life. However, as the average life expectancy

increases, the desire of people to live independently has also increased, leading to significant

interest in the development of quantification methods for easy measurement of functional

motor performance over a wide age range, with the aim of preventing difficulties in perform-

ing ADLs.

The sit-to-stand (STS) movement, in which a person transitions from a sitting to a standing

position, is an important and frequently performed task. Among all motor tasks associated

with ADLs, the STS movement has been identified as the most difficult and mechanically

demanding because it requires significant leg muscle strength, a wide range of joint move-

ment, and good balance control [3, 4]. In particular, the magnitude of moments at the hip

joint is greater during the STS movement than during climbing stairs or walking [4] and bal-

ance is required to maintain equilibrium as the body mass is transferred from the chair seat to

the feet. Accordingly, age-related decreases in muscle strength and balance control in elderly

people are frequently associated with difficulties in completing STS movements [5, 6]. An

inability to perform this can limit a person’s independence and lead to impaired functioning

and mobility in ADLs, resulting in institutionalization or even death [7]. A decreased ability

to perform a STS movement, particularly in a rapid manner, has also been associated with

increased risks of falling [8] and hip fracture in elderly people [9]. To date, many researchers

have investigated the mechanics of the STS movement in healthy young and elderly people

[10, 11], as well as in people with various pathologies, such as stroke [12], hemiplegia [13], Par-

kinson’s disease [14], obesity [15], total hip arthroplasty [16], and muscle damage [17]. The

STS movement has been identified as a valuable source of information regarding an individu-

al’s motor performance abilities [18–22].

We hypothesized that motor performance could be estimated using the ground reaction

force and center of pressure (COP) trajectory data obtained from the Nintendo Wii Balance

Board (WBB; Nintendo, Kyoto, Japan) during the STS movement. WBB is designed to serve as

a video game controller that is increasingly used for assessment of postural control in rehabili-

tation [23–28]. Using data from WBB, we defined a new index, the STS score, as a representa-

tive of STS movement to estimate individual motor status. The present study investigated age-

related changes in the STS score. To further confirm the age-related decline of mobility, we

performed the timed up and go (TUG) test, a well-known clinical test.

Materials and methods

Participants

A total of 503 healthy participants (age, 20–88 years; male/female ratio, 226/277) were

recruited from our university, private and public corporations, and local senior citizen clubs

(rojin clubs in Japanese). Professional athletes were not included as participants. None of the

participants had any known musculoskeletal or neuromuscular conditions that would limit

their mobility or their ability to perform the STS movement. The ethical committee of Univer-

sity of Miyazaki approved the protocol for the study (reference number: 2014–231) and all par-

ticipants provided written informed consent. The participants were divided into seven 10-year

age groups. The demographic data in each age group is shown in Table 1.

Quantification of sit-to-stand movement

PLOS ONE | https://doi.org/10.1371/journal.pone.0188165 November 14, 2017 2 / 12

and analysis, decision to publish, or preparation of

the manuscript.

Competing interests: We have read the journal’s

policy and the authors of this manuscript have the

following competing interests: patent pending in

Japan (P2016-202871A, Locomotorium evaluation

system and locomotorium evaluation method). The

authors received funding from a commercial

source (LEXI Co., Ltd.). This does not alter our

adherence to PLOS ONE policies on sharing data

and materials. Details on the Patent pending

(P2016-202871A): Applicant: University of

Miyazaki; Inventors: Go Yamako, Etsuo Chosa.

https://doi.org/10.1371/journal.pone.0188165


Instructions regarding the STS movement

The participants were instructed to stand up from a chair as rapidly as possible in a safe man-

ner, immediately recover balance, and stand as still as possible in an upright posture for 5 s. To

perform this test, WBB was placed beneath the feet, and participants were seated on an arm-

less, backless chair. The seat height was adjusted to the participant’s knee joint line by using

2-cm-thick wooden boards. The feet were placed at shoulder-width apart on WBB in 20˚ dor-

siflexion (Fig 1A). The participants crossed their arms on their chest during testing. Before

data were recorded, each subject was allowed one opportunity to practice the procedure. Each

subject performed two trials separated by a 1-min interval. We did not observe any accident,

such as falling, during this procedure.

Data acquisition and processing for quantification of the STS movement

WBB, which consists of a rigid platform with four strain gauge-based vertical load transducers

located in the feet at each corner (Fig 1B), was used to calculate the ground reaction force and

COP. During the STS movement, four force data were streamed to a laptop computer using a

Bluetooth HID wireless protocol and custom programs written in C# and were sampled at

approximately 100 Hz. [29]. The sampling rate was inconsistent; therefore, the data were

resampled at 100 Hz using a linear interpolation.

The four forces (FTR, FTL, FBR, and FBL) obtained from each transducer of WBB were pro-

cessed to calculate the vertical ground reaction force and COP using a custom MATLAB pro-

gram (R2014b, MathWorks, Natick, RI, USA). The vertical ground reaction force and COP

(Cx, Cy) were represented as the following equations using the center of WBB as the origin and

the dimensions of X and Y:

Vertical groundreactionforce ½kgf � ¼ FTR þ FTL þ FBR þ FBL

Cx cm½ � ¼
X
2

ðFTR þ FBRÞ � ðFTL þ FBLÞ

FTR þ FBR þ FTL þ FBL

Cy cm½ � ¼
Y
2

ðFTR þ FTLÞ � ðFBR þ FBLÞ

FTR þ FBR þ FTL þ FBL

Subsequently, the vertical ground reaction force was normalized to the participant’s body

weight (Fig 2A), and the COP trajectory distance was calculated using COP positional data

(Cx, Cy; Fig 2B and 2C).

Table 1. Demographic data for each 10-year age group of participants.

Age group (years) n (Male/Female) Age (years) Height (cm) Weight (kg) BMI (kg/m2)

20–29 94 (36/58) 25.1 ± 2.7 163.5 ± 9.1 56.9 ± 12.1 21.1 ± 3.0

30–39 82 (37/45) 34.7 ± 3.1 164.5 ± 8.5 59.6 ± 11.5 21.9 ± 3.1

40–49 81 (40/41) 44.2 ± 2.9 164.5 ± 7.6 61.9 ± 11.6 22.8 ± 3.6

50–59 70 (41/29) 54.2 ± 2.9 164.5 ± 8.3 63.2 ± 12.1 23.3 ± 3.5

60–69 46 (21/25) 64.1 ± 2.7 158.7 ± 9.4 57.1 ± 9.4 22.6 ± 3.1

70–79 85 (34/51) 75.0 ± 2.9 153.3 ± 7.7 56.1 ± 9.3 23.8 ± 3.1

80–89 45 (17/28) 82.6 ± 2.2 152.2 ± 9.7 53.7 ± 9.0 23.2 ± 3.1

Total 503 (226/277) 50.9 ± 19.7 160.8 ± 9.8 58.6 ± 11.3 22.6 ± 3.4

Values are presented as mean ± standard deviation.

https://doi.org/10.1371/journal.pone.0188165.t001
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In this study, we defined a novel index using the calculated STS movement-related speed

and balance indices. The index for speed (speed score, s-1), which represents the speed of the

STS movement, was defined as the slope of the normalized force–time curve and calculated

using the linear portion of the curve as 65% of the maximum normalized force (Fmax)

divided by the time period between the time point at 25% of Fmax (t25%Fmax) and that at 90%

of Fmax (t90%Fmax) (1).

Speed score s� 1½ � ¼ slope ¼
0:65 � Fmax

t90%Fmax
� t25%Fmax

ð1Þ

The index for balance (balance score, m-1), which represents balance control during the

STS movement and is based on the COP trajectory distance (D, m), was defined as the

inverse of D from the time when Cy was minimized [t(ymin)] to +3 s (2). The time ymin indi-

cates the time of lift-off from the chair. At 3 s from the time ymin, the COP trajectory distance

was substantially stable, which indicates that the upright posture of the participants was sta-

bilized.

Balance score ½m� 1� ¼ D� 1 ¼ fD½tðyminÞ þ 3� � D½tðyminÞ�g
� 1

ð2Þ

The above two indices were then used to define the novel STS score (ms)-1 as the product

of the speed and balance scores, with the intention of quantifying STS movement perfor-

mance (3). Higher STS scores indicate better performance. These two indices have a tradeoff

relationship, because, generally, if the movement speed (speed score) increases, it becomes

Fig 1. Sit-to-stand testing. (A) WBB is placed under feet. (B) Coordinate system. Force transducers are placed in each

corner of WBB: top right (TR), top left (TL), bottom right (BR), and bottom left (BL). The distances of each transducer are

43.3 cm for x-direction (X) and 22.8 cm for y-direction (Y).

https://doi.org/10.1371/journal.pone.0188165.g001
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difficult to control balance and remain as still as possible (balance score).

STS score ½ðmsÞ� 1
� ¼ Speed score � Balance score ð3Þ

These indices were calculated from each set of trial data using the MATLAB program.

For each participant, a practice trial was followed by two timed trials, and the highest trial of

the STS score was selected as a result for further analysis.

Agreement and test–retest reliability

For preliminary study, we evaluated the agreement of the above-defined indices calculated

from WBB. The indices were compared with those obtained using a laboratory-graded force

plate. Another five participants (mean age, 22.6 ± 1.5 years; height, 1.67 ± 0.12 m; weight,

66.0 ± 23.1 kg) were recruited and asked to perform three STS movement trials each. WBB

was placed on a force plate (FP; AMTI, model OR6; 60 × 40 cm). During STS movement, force

data were collected by both WBB and FP devices simultaneously. Data from FP were sampled

Fig 2. Graphs illustrating the force plate-based data. (A) Vertical ground reaction force; (B) position of

center of pressure (COP); Cx, right direction, Cy, anterior direction; (C) total COP distance.

https://doi.org/10.1371/journal.pone.0188165.g002
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at 1000 Hz and filtered using a fourth order Butterworth filter with a low pass cut-off fre-

quency of 300 Hz. Then, the data were resampled at 100 Hz, and the indices were calculated

using the MATLAB program. For each index, we examined the agreement between WBB and

FP using the Bland–Altman plot [30] and intraclass correlation coefficient (Two-way random

single measures, ICC(2,1)).

In addition, to determine test–retest reliabilities of the indices, intraclass correlation coeffi-

cients (One-way random single measures, ICC(1,1)) were calculated among another 24 young

participants (mean age, 22.3 ± 1.4 years; height, 1.71 ± 0.08 m; weight, 66.9 ± 12.3 kg), who

were tested repeatedly at 3-h intervals.

TUG test procedure

The TUG test was developed to improve evaluations of functional performance and mobility

[31]. This test measured the time it took a participant to rise from a chair, walk 3 m, turn

around, walk back, turn around, and sit down again. Shorter TUG time indicates better perfor-

mance. Participants were instructed to walk as quickly and safely as possible. For each partici-

pant, a practice trial was followed by two timed trials, and the fastest trial was selected for

further analysis.

Statistical analysis

Statistical analyses were performed using SPSS 22.0 (IBM SPSS, Chicago, IL, USA). Each index

was compared among the 10-year age groups using one-way ANOVA followed by Dunnett’s

T3 multiple comparison test. A P value of<0.05 was considered statistically significant.

Results

Typical graph patterns of young and elderly participants in vertical

reaction force, COP position, and trajectory during STS movement

During STS movement, similar curves for the vertical ground reaction force (F) were obtained

for both typical young and elderly participants (Fig 3). Due to hip flexion, F decreases during

the initiation of the STS movement, then reaches a peak value and oscillates around body

weight. Within 3 s from the start of the STS movement, the oscillation disappeared and the

total COP distance was substantially stable (not plateau). However, large differences between

the typical young and elderly participants were noted in the newly defined indices.

Age-associated changes in each index

There were significant differences in the STS indices and TUG time among seven 10-year age

groups (ANOVA, P< 0.001). The STS score was progressively lower with increasing age

(Table 2). Both STS score and TUG time changed dramatically more than at other decade

changes for participants over 60 years. The mean STS score for 60s, 70s, and 80s were 77%,

68%, and 53% of that for the 20s, respectively. The mean TUG time for 70s and 80s were 123%

and 143% of that for the 20s, respectively.

Agreement and test–retest reliability

The Bland–Altman plots for the indices are provided in Fig 4. There was no obvious relation-

ship between the difference and the mean for each index. The plots showed negative bias for

each index. The mean differences (95% limit of agreement) between WBB and FP in STS,

speed, and balance scores were −3.1(−11.0 to 3.9)[(ms)-1], −0.7(−2.4 to 1.1) (s-1), and −0.1

(−0.6 to 0.4) (m-1), respectively. Good inter-device reliabilities (ICC(2,1)s) were obtained for
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STS score [0.87, 95% confidence interval (CI) = 0.65 to 0.95], for speed score (0.96, 95%

CI = 0.88 to 0.99), and for balance score (0.96, 95% CI = 0.88 to 0.99).

ICC(1,1) of the STS and speed and balance scores were 0.64 (95% CI = 0.34 to 0.83), 0.78

(95% CI = 0.56 to 0.90), and 0.62 (95% CI = 0.30 to 0.81), respectively, which indicates sub-

stantial test–retest reliability.

Discussion

The mechanically demanding STS movement changes in time as people get older, with loss of

balance control and muscle strength [7, 11, 32]. In general, healthy adults perform the STS

movement with small flexion of the trunk. In elderly people with muscle weakness, the STS

Fig 3. Typical graph patterns. Young (A) and elderly (B) participants in vertical reaction force, center of pressure (COP)

position, and total COP distance.

https://doi.org/10.1371/journal.pone.0188165.g003

Table 2. STS, speed, and balance scores and TUG time according to 10-year age group.

Age group (years) STS score [(ms)-1] Speed score (s-1) Balance score (m-1) TUG time (s)

20–29 43.1 ± 12.7 e,f,g 10.1 ± 3.5 f,g 4.5 ± 1.0 c,d,e,f,g 5.3 ± 0.5 d,f,g

30–39 43.7 ± 11.0 d,e,f,g 10.7 ± 2.8 f,g 4.2 ± 1.1 d,e,f,g 5.0 ± 0.7 f,g

40–49 39.4 ± 9.7 e,f,g 10.6 ± 2.6 f,g 3.8 ± 0.9 a,g 5.0 ± 0.6 f,g

50–59 38.5 ± 9.6 b,f,g 10.9 ± 2.7 e,f,g 3.7 ± 1.0 a,b 4.9 ± 0.7 a,f,g

60–69 33.1 ± 11.0 a,b,c,g 9.2 ± 2.6 d,g 3.7 ± 0.9 a,b 5.1 ± 0.8 f,g

70–79 29.5 ± 7.9 a,b,c,d,g 8.5 ± 1.9 a,b,c,d,g 3.5 ± 0.7 a,b 6.5 ± 1.3 a,b,c,d,e,g

80–89 23.1 ± 8.6 a,b,c,d,e,f 6.9 ± 2.2 a,b,c,d,e,f 3.4 ± 0.7 a,b,c 7.6 ± 1.4 a,b,c,d,e,f

Total 37.0 ± 12.2 9.8 ± 3.0 3.9 ± 1.0 5.5 ± 1.2

Values are presented as mean ± standard deviation. Higher values for STS, speed, and balance scores indicate better motor performance. Shorter TUG

time indicates better performance.
aSignificant difference (p <0.05) from values of the 20s age group.
bSignificant difference (p <0.05) from values of the 30s age group.
cSignificant difference (p <0.05) from values of the 40s age group.
dSignificant difference (p <0.05) from values of the 50s age group.
eSignificant difference (p <0.05) from values of the 60s age group.
fSignificant difference (p <0.05) from values of the 70s age group.
gSignificant difference (p <0.05) from values of the 80s age group.

https://doi.org/10.1371/journal.pone.0188165.t002

Quantification of sit-to-stand movement

PLOS ONE | https://doi.org/10.1371/journal.pone.0188165 November 14, 2017 7 / 12

https://doi.org/10.1371/journal.pone.0188165.g003
https://doi.org/10.1371/journal.pone.0188165.t002
https://doi.org/10.1371/journal.pone.0188165


movement is characterized by low moving speed and increased flexion of the trunk prior to

rising from the seat. In the present study, we quantified the STS movement, in which the

body’s center of mass is shifted upward from a sitting to a standing position without a loss of

balance. Using changes in movement detected by WBB, we defined the STS score, which is

based on the ground reaction force and the COP. In both young and elderly participants, the

ground reaction force and the COP trajectory distance during the STS movement exhibited

similar characteristic waveforms (Fig 3). However, our results demonstrate the age-related

reduction in the STS score in healthy participants aged 20–88 years. Results of the TUG test

revealed the age-related decrease in mobility of the participants. Furthermore, the STS score

could reliably quantify the STS movement (ICC(1,1) = 0.64) in the younger group. Thus, the

STS score could be used to assess individual motor performance by comparing with the aver-

age value for the same 10-year age group.

We determined the STS score as a combination of the speed and balance scores with the

intention to quantify performance of the STS movement. Our results show the age-related

decrease in both speed and balance scores. Similarly, previous kinetic and kinematic studies

have revealed differences between young and elderly people in STS movement speeds and

strategies as the result of loss of balance control and muscle strength [10, 11]. Thus, both indi-

ces could represent motor performance. However, the speed and balance parameters generally

Fig 4. Bland–Altman plots representing comparisons between the laboratory-grade force plate (FP) and the Wii Balance

Board (WBB) for STS score (A), speed score (B), and balance score (C). The mean line represents the mean difference

between the devices, with the upper and lower lines representing the limits of agreement (two standard deviations).

https://doi.org/10.1371/journal.pone.0188165.g004
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conflict during the STS movement. Therefore, we used speed and balance parameters to gener-

ate a new index of estimated motor performance.

Our results show significant changes in the STS score and the TUG time over 60s. This indi-

cates that motor performance progressively deteriorates over 60s. Previous studies have dem-

onstrated that muscle mass and strength reach their peak value between the 20s and 40s and

then decline gradually with age [2, 33–35]. Decline in knee extension torque in elderly people

can compromise the capacity to perform activities, such as standing up from a chair [36]. In

addition, similar to this study, our previous study has also shown a decrease in the ability of

the STS movement among healthy participants >60 years of age [18].

We used WBB to measure the vertical ground reaction force and COP during the STS

movement. WBB is increasingly used for assessment of postural control because it is inexpen-

sive (<100 USD), light in weight, and portable. In addition, previous studies have examined

the validity and reliability of using WBB for assessing static standing balance [24, 25]. Huur-

nink et al. showed that WBB yielded sufficiently accurate measurements (root-mean-square

error, 0.31–0.74 mm) for the quantification of COP trajectories and overall amplitudes and

velocities during single-leg stance balance tasks [25]. However, there is little information avail-

able on the accuracy of WBB as a force plate during dynamic conditions, such as STS move-

ment. Accordingly, we compared the STS score calculated with WBB with that calculated with

FP and confirmed the difference using the Bland–Altman plot (bias = −3.1 [ms]-1, preci-

sion = 3.9 [ms]-1) and inter-device reliability (ICC(2,1) = 0.87). The bias error for the STS score

may be attributable to the use of internally-stored calibration values for force measurements in

WBB [29].

Several limitations of this study should be addressed. First, because we recruited elderly

people from rojin clubs, the participants may have been health conscious and may have had

better motor abilities than the general population. It is necessary to conduct further studies

including members of the general population from defined regions. Second, we did not evalu-

ate muscle strength (e.g., isokinetic strength) and mass in the lower extremities for comparison

with the STS score. Elderly people often have weaker muscle power and torque resistance

because of age-related losses in muscle mass [2, 37]. Third, the validity of the STS measure-

ment using WBB was only examined in 5 young participants. Moreover, test–retest reliability

was only examined in younger participants. Participants with a wide age range would be more

appropriate for the evaluation of validity and reliability. Further study addressing these issues

is now underway.

In conclusion, we developed a novel method to quantify STS movement using WBB. Nota-

bly, our results demonstrated an age-related decline in the STS score, defined as a combination

of the speed and balance parameters. This quantification method of the STS movement will be

useful to detect deterioration in an individual’s motor performance that would lead to difficul-

ties in performing ADLs.
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