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Abstract. [Purpose] To quantitatively evaluate smoothness during standing and sitting motion analysis using an
accelerometer and to clarify the relationship between indices. [Participants and Methods] Seventeen healthy males
participated in this study. We attached a 9-axis motion sensor to the spinous process of the third lumbar spine and
measured the acceleration of standing and sitting motions under normal and unstable conditions. We estimated
and compared the root mean square and entropy in the lateral, vertical, longitudinal, and triaxial composite direc-
tions. [Results] On comparing both conditions, the unstable condition indices were significantly high, except for
the lateral direction of entropy. The root mean square was significantly negatively correlated with entropy under
normal conditions. [Conclusion] The study results suggested that the acceleration index quantitatively evaluates
motion smoothness. Since each index had different characteristics, the motion-specific index was observed to be
significant.
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INTRODUCTION

Motion analysis in clinical settings is a highly specialized and essential part of physical therapy evaluation. In recent
years, several studies using kinematic, kinetic and physiological indicators have been reported, benefiting from technological
advances in electromyography, three-dimensional motion analysis devices, and accelerometer! ). Particularly, analysis using
an accelerometer is a simple clinical evaluation tool because it is easy to wear and without restrictions on the measurement
location. In addition, novel studies were also conducted from a qualitative perspective, focusing on the smoothness in the
upper limb activity and walking*®. Previous studies have reported that the chair stand test time is related to the activities of
daily living deterioration; however, only few studies have quantified smoothness in standing and sitting motions”). Evaluation
and comparison between quantitative and qualitative perspectives during standing and sitting motions are useful. The root
mean square (RMS) and entropy are typically reported smoothness measures. The RMS is a quantitative evaluation based on
the magnitude of change over time®, and entropy is normalized after the frequency analysis and evaluated qualitatively as the
probability curve* 9, both measured using accelerometer only. No studies examined the relationship between the smoothness
indices of standing and sitting motions, according to our studies. Therefore, this study aimed to investigate whether the RMS
and entropy are used for the quantitative evaluation of smoothness during standing and sitting motions and to compare the
usefulness of these indices in the clinical setting.
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PARTICIPANTS AND METHODS

Participants were 17 healthy males (age, 20.5 £ 0.5 years; height, 170.1 £5.1 cm; weight, 63.7 £ 8.7 kg; body mass index,
21.9 + 2.9 kg/m?; mean + standard deviation [SD]) without previous orthopedic or neurological diseases. This study was
conducted with the approval from the Ethics Committee of Kyushu University of Nursing and Social Welfare (26-020). In
addition, all participants were informed on the purpose of the research and provided consent before participation.

A 9-axis wireless motion sensor (Motion Sensor) (Logical Products Inc., Fukuoka, Japan) was used to measure the ac-
celeration data and was attached to participant’s third lumbar spinous process (L3) using an elastic band, following the Moe
Nilsen’s method!?). The sampling frequency was set to 100 Hz. The seating height was set at the height of the participant’s
knee fossa (43 + 0.48 cm) using a seated-height meter during standing and sitting motions. Standing and sitting motions were
measured 8 times each using a metronome for 2 seconds each. The start and end of standing and sitting motions were defined
as from sitting to full extension of trunk and both knee joints and until the return to sitting. We measured the motion under
two conditions: an ordinary floor and an air cushion (Dynair® Ballkissen® XL; TOGU® GmbH, Bayern, Germany) (Fig. 1).
The diameter of air cushion was 36 cm, thickness was 7 cm, max load was 200 kg, and air pressure was 0.167 kPa/kg,
and sufficiently practiced the motions before the measurement. Approximately 5 times of motions were analyzed (20.48 s),
excluding the first two and the last one. The tilt was corrected using the angular data obtained by integrating the angular
velocity data of the frontal axis from the Motion Sensor. The RMS and entropy of the lateral, vertical, longitudinal, and
composite triaxial directions of the analyzed data were estimated and compared. The triaxial composite was estimated from
the square root of the sum of the squares of the lateral, vertical, and longitudinal components. The entropy was calculated
using a fast Fourier transform with a Hanning window function and estimated from the normalized time series spectrum after
excluding the first component.

Statistical analyses were performed using the IBM SPSS Statistics software version 23 (IBM Inc., Japan) to compare
normal and unstable conditions and to examine the correlation coefficient between RMS and entropy. The Shapiro-Wilk test
for normality and the Levene test for equal variability were used to examine normality, and two-sample t-test and Mann-
Whitney’s U-test were used to examine between groups. The Shapiro-Wilk test for normality of each indices, and Pearson’s
product-rate correlation coefficient (r) and Spearman’s rank correlation coefficient (p) were used to examine the correlation
coefficients. P-values of <0.05 were considered statistically significant.

RESULTS

The comparison between the normal and unstable conditions was shown using the RMS and entropy in the lateral, vertical,
longitudinal, and triaxial composite directions during standing and sitting motions (Table 1). A typical example of normalized
probability curves for entropy calculation of standing and sitting motions was shown, with normalized power on the vertical
line and frequency (Hz) on the horizontal line (Fig. 2). The RMS was significantly higher under the unstable condition in
the lateral, vertical, longitudinal, and triaxial composite directions. The entropy was significantly higher under the unstable
condition, except in the lateral direction.

The relationship between indices between normal and unstable conditions is shown (Table 2). RMS and entropy com-
parisons under the normal condition were significantly negatively correlated in the lateral, vertical, longitudinal, and triaxial
composite directions.

DISCUSSION

The unstable condition in the RMS was significantly higher during standing and sitting motions. We suggested that a
higher value indicates less smoothness during standing and sitting motions.

The entropy was significantly higher in the vertical, longitudinal, and triaxial composite directions, although no significant
difference was observed in the lateral direction. However, these are not necessarily periodic, and changes are smaller than
those in vertical and longitudinal directions, the characteristics of standing and sitting motions. In addition, entropy differs
from RMS in that its maximum value is uniquely determined according to the number of elements?. Therefore, there is a
possibility that no significant difference was observed between the two, even if the motion is not smooth. Values are high
under unstable conditions; thus, the number of elements should considered when comparing them.

The relationship between RMS and entropy was significantly negative during standing and sitting motions under normal
conditions, although both are reported as indicators of smoothness. There was a negative correlation trend during standing
and sitting motions under unstable conditions, but were not significant. The RMS is an indication of how far off the average
one is from the average. In other words, a large change in acceleration indicates a deviation from the steady motion and a
large wobble. The entropy shows movement instability from the frequency band bias in the frequency analysis. Therefore,
the RMS is a valid index for an extremely reliable repetitive and steady movements such as walking, although this index is
probably not valid for repetitive standing and sitting motions with low periodicity.

The RMS evaluates whether the motion is out of average, and entropy evaluates the individual’s periodic characteristics.
Thus, the smoothness characteristics using various indices were examined according to the movement. In this study, we have
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Table 1. Comparison of normal and unstable conditions

Normal Unstable

RMS (m/s?)  Lateral 0.05+0.03 0.11 £0.03 **
Vertical 0.10£0.02  0.15+0.03 **
Longitudinal  0.10 £0.02  0.13 £0.02 **
Triaxial 0.15+0.03 0.23£0.04 **
Fig. 1. Air cushion (Dynair® Ballkissen® XL; TOGU®). Entropy (bit)  Lateral 8.860.31 8.79+0.19
Vertical 8.47+0.25 8.72+0.19 **
Longitudinal = 8.62+0.17 8.81 £0.14 **
0035 Triaxial 8.61 +0.21 8.77+0.18 *
003 normal vertical direction Mean =+ standard deviation. RMS: root mean square.
P *p<0.05,**p<0.01 normal vs. unstable (RMS, entropy).
0.01 entropy = 8.42 bit
0.008
0.006 Table 2. Relationship between RMS and entropy indices
0.004 Correlation
0.002 coefficient
0 Loy o o0 L s iy bl i Normal Lateral p= —0.82 ok
0.035 Vertical r=-0.76 *ok
unstable vertical direction Longitudinal r=-0.78 o
entropy = 9.00 bit Triaxial r=-0.70 *ok
0.008 Unstable  Lateral r=-0.48
Vertical r=-0.34
0.006
Longitudinal r=-0.01
S Triaxial r=-0.14

0.002 #5p<(.01.

10 20 30 40 50
frequency (Hz)

Fig. 2. Typical example of normalized probability curves for en-
tropy.

demonstrated that consideration of motion-specific indices is significant.

The limitations of this study are that the participants were healthy and under intentionally unstable conditions. Moreover,

there is a necessity for future comparative studies on cases.
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