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Abstract 

 

This study examined the validity of center of gravity transferring velocity (VCG) measured by a rotary encoder (RE) 

during sit-to-stand (STS) movement with that measured by three-dimensional motion analysis (3DMA). Fifteen healthy 

elderly females (age, 78.7±4.6 years) were asked to stand up as fast as possible without assistance from a chair adjusted 

for their knee height. VCG was measured simultaneously by 3DMA and RE. The peak and mean velocities from the 

start to movement completion were calculated by both methods. Cross, crosswise, and vertical directions were also 

calculated for the 3DMA. Significant relationships were found between peak and mean velocities measured by RE and 

the cross and vertical velocities measured by the 3DMA (peak velocity: cross, 0.60, vertical, 0.97; mean velocity: cross, 

0.77, vertical, 0.75), but low in crosswise (r<0.47). RE is useful for evaluating VCG during STS movement and is 

highly correlated with the vertical velocity measured by 3DMA. 
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1 Introduction 

Physical function in the elderly should be conveniently measured and evaluated using activities of daily living (ADL), 

and the results of these measurements should be presented to patients in an easy-to-understand form. Functional tests 

using ADL such as gait and stair-stepping have been proposed. Because sit-to-stand (STS) movement precedes 

ambulatory and other basic ADL [1], a stable and smooth STS movement is indispensable for maintaining an 

independent life [2]. Therefore, the importance of evaluating the achievement ability of the STS movement has been 

advocated until now, and also the test to evaluate it has been developed. 

The STS movement is defined as an upward transfer of the center of gravity [3, 4]. It is divided into two movement 

phases—the trunk flexion and the knee and hip joint extension. The former is the forward (horizontal) transfer of the 

center of gravity from movement initiation until lifting of the hips off the chair seat, and the latter is the phase between 

the hip lift and the standing posture with extension of the hips and both knee joints. The elderly require a certain level of 

leg strength and balance to perform the STS movement with stability, rapidity, and smoothness. 

The STS movement has been used not only as a measure of decreased functionality with age but also as an index of 

improvement with training. Schot et al. [5] conducted fitness conditioning for the elderly based on a general strength-

training design and reported that maximal forward-, upward-, and downward-transferring velocities of the center of 

gravity and the time required improved significantly (increased velocities, 16%, 59%, and 26%, respectively; decreased 

time, 27%). Stability of movement also improved with training. 

The position and displacement of the center of gravity have generally been measured by three-dimensional (3D) motion 

analysis [5-13]. However, determining the center-of-gravity positions by this method is very difficult for clinical 

applications. Thus, the development of an alternative measurement method that can conveniently and adequately 

evaluate the center of gravity transferring velocity during the STS movement is required. 

We previously proposed a convenient method for evaluating the center of gravity transferring velocity during the STS 

movement using a rotary encoder [14]. This method measures and evaluates the length of a pulled or returned cord 

while performing the STS movement with a belt placed at the crista iliaca height. Good reliability and relationship with 
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leg strength were observed when this method was tested on young adults. However, its relationship with 3D motion 

analysis, as the gold standard for determining the center of gravity, has not been previously investigated and is required 

to clarify the accuracy of this simple method.  

Thus, the present study aimed to examine the validity of the center of gravity transferring velocity during the STS 

movement measured by the rotary encoder compared with that measured by 3D motion analysis. 

 

2 Methods 

2.1   Subjects 
 

Fifteen elderly females living independently (age, 78.7 ± 4.6 years; height, 147.7 ± 6.7 cm; body mass, 48.7 ± 6.6 kg) 

participated in this study. Written informed consent was obtained from all subjects after a full explanation of the 

experimental purpose and protocol. The study protocol was approved by the Ethics Committee on Human 

Experimentation of Faculty of Human Science, Kanazawa University (authorization number: 2012-04). 

 

2.2   Materials 
 

The center of gravity transferring velocities were measured simultaneously by 3D motion analysis and the rotary 

encoder. A Kinema Tracer (Kisseicomtec Co., Ltd.) was used for 3D motion analysis. Four video cameras were used as 

trace markers and were placed on the acromiale, upper end of greater trochanter, lateral supracondylar ridge, lateral 

malleolus, and fifth metatarsal bone, with reference to a previous study [15]. The center-of-gravity position was 

calculated by the recorded displacement of each marker, and cross, crosswise, and the vertical center of gravity 

transferring velocities were calculated. Data was recorded at 100 Hz on a personal computer. 

The center of gravity transferring velocities during the STS movement were also measured by a FiTRO Dyne Premium 

(FiTRONiC s.r.o., Bratislava, Slovakia). This device measures the length of a pulled or returned cord from a bobbin 

with a built-in rotary encoder. A belt was placed at the crista iliaca height. The cord was fixed at the left crista iliaca 

position on the belt, and the length of the pulled or returned cord was measured over time as each subject performed the 

STS movement. The center-of-gravity position was located in the abdominal region in the sitting posture, transferred 

from the abdominal to the lumbar position during the movement, and stabilized at the lumber position [16]. The crista 

iliaca-transferring velocities measured by the change in the pulled or returned cord length over time is assumed to 

reflect the center of gravity transferring velocities during the STS movement. Data were recorded at 100 Hz on a 

personal computer. 

 

2.3   Procedures 
 

For measuring the center of gravity transferring velocities, the subjects sat on a chair that was adjusted to their knee 

height in the following posture: legs were placed shoulder-width apart with bare feet; the trunk was in a straight line; 

ankle angle was at 90°; and arms were folded across the front of the chest. The subjects were instructed to stand up from 

the sitting posture as fast as possible at the tester’s signal. After adequate explanation and one practice trial, the center 

of gravity transferring velocities during the STS movement were measured by 3D motion analysis and the rotary 

encoder. 

 

2.4   Parameters 
 

Figures 1 and 2 show representative examples of the time-course changes in the center of gravity transferring velocities 

during the STS movement measured in this study. Two parameters—the peak and mean velocities from movement 

initiation to completion—were selected using the time-course data. In addition, the time-course data obtained from 3D 

motion analysis was divided into three components—the cross, crosswise, and vertical directions. These parameters 

were calculated for each component and used for analysis. 

 

2.5   Statistical analysis 
 

Cross-correlation coefficients were calculated using the time-course data of the center of gravity transferring velocities 

during the STS movement measured by 3D motion analysis and the rotary encoder, and lags were calculated for the 

highest correlations. Intraclass correlation coefficients were calculated to examine trial-to-trial reliability of the peak 

and mean center of gravity transferring velocities during the STS movement. Pearson’s correlation coefficients were 
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calculated to examine the relationships between the peak and mean velocities measured by 3D motion analysis and the 

rotary encoder. A p value of <0.05 was indicative of statistical significance. 

 

3 Results 

Figure 1 shows a representative example of the time-course changes in the cross-, crosswise-, and vertical-direction 

transferring distances and velocities during the STS movement measured by 3D motion analysis. Cross- and vertical-

direction transferring distances of the center of gravity increased with the starting movement and reached the peak 

values at the completion of movement. Large changes were not found in the crosswise-direction transferring distance. 

Moreover, the center of gravity transferring velocities of the cross and vertical directions showed a sharp increase with 

the starting movement and decreased after reaching a peak value. However, a similar trend in the crosswise velocity 

was not found in addition to not achieving a large peak value. 

 

Fig. 1: Representative examples of the time-course change in the cross, crosswise, and vertical directions transferring distances (left) and velocities 

(right) during the STS movement measured by three-dimensional motion analysis 

 

Figure 2 shows a representative example of the time-course changes in transferring distances and velocities during the 

STS movement measured by the rotary encoder. Transferring distance increased with the starting movement and 

reached a peak value at movement completion. The transferring velocity increased sharply with the starting movement 

and decreased after reaching a peak value. The transferring distances and velocities measured by the rotary encoder 

were very similar to the changes in the distance and velocity in the vertical direction measured by the 3D motion 

analysis. 

 

Fig. 2: Representative examples of the time-course change in transferring distances (left) and velocities (right) during the STS movement measured by 

the rotary encoder 
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Table 1 shows cross correlations among the time-course data of the center of gravity transferring velocities during the 

STS movement measured by 3D motion analysis and the rotary encoder. Significant relationships were found between 

the center of gravity transferring velocities during the STS movement measured by the rotary encoder and all 

components measured by 3D motion analysis (cross direction, 0.58–0.99; crosswise direction, 0.66–0.97; vertical 

direction, 0.83–0.99). 

Table 1: Cross correlations among the time-course data of the center-of-gravity transferring velocities during the STS movement measured by three-

dimensional motion analysis and the rotary encoder 

 r  lag 

Max Min  Mean SD Max Min 

3D motion 

analysis 

Cross direction 0.99 * 0.58 *  -27.87 13.28 6 -37 

Crosswise 

direction 
0.97 * 0.66 *  -15.53 20.14 28 -35 

Vertical 

direction 
0.99 * 0.83 *  24.42 6.45 36 14 

 

Table 2 shows the trial-to-trial reliability coefficients in the peak and mean center of gravity velocities during the STS 

movement measured by 3D motion analysis and the rotary encoder. All reliability coefficients of the peak and mean 

center of gravity velocities measured by 3D motion analysis were good (ICC = 0.78–0.94), except for the peak velocity 

in the crosswise direction (ICC = 0.54). Reliability coefficients of the peak and mean center of gravity transferring 

velocities measured by the rotary encoder were all good (ICC = 0.77 and 0.81). 

 

Table 2: Trial-to-trial reliability coefficients in the peak and mean velocities of the center of gravity during the STS movement as measured by three-
dimensional motion analysis and the rotary encoder 

 Peak velocity  Mean velocity 

1st trial 2nd trial ICC  1st trial 2nd trial ICC 

3D motion 

analysis 

Cross 

direction 

Mean 49.04 52.58 

0.78 

 24.55 25.33 

0.89 

SD 11.56 8.45  3.98 3.97 

Crosswise 

direction 

Mean 5.85 5.56 

0.54 

 0.39 0.45 

0.79 

SD 1.92 2.57  1.26 1.87 

Vertical 

direction 

Mean 84.33 88.32 

0.94 

 23.75 22.88 

0.91 

SD 24.30 23.05  7.43 5.85 

Rotary 

encoder 

 Mean 69.65 74.44 

0.77 

 37.79 34.72 

0.81 

SD 18.11 19.82  12.23 9.63 

Figure 3 shows relationships between the peak and mean velocities in cross, crosswise, and vertical directions measured 

by 3D motion analysis and the rotary encoder. The peak and mean velocities in the crosswise direction during the STS 

movement measured by 3D motion analysis showed a low correlation with that measured by the rotary encoder (r = 

0.04 and −0.47). However, all other correlations were moderate or above (r = 0.60–0.97). In particular, a very high 

correlation was found between the peak velocities in the vertical direction (r = 0.97). 
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Fig. 3: Relationships between the peak and mean velocities in the cross, crosswise, and vertical directions measured by three-dimensional motion 

analysis and those measured by the rotary encoder: PV =  
 

4 Discussion 

The characteristics of the center of gravity transfer during the STS movement are largely divided into cross and vertical 

directions. The cross direction is the phase in which the hips lift off the chair seat after trunk flexion with the starting 

movement, and the vertical direction is that in which the knee and hip joints extend and the standing posture is then 

reached. This simple method using the rotary encoder proposed in this study reflects the synthesis of the rates of the 

cross and vertical components of the transferring velocity in the crista iliaca during the STS movement from sitting to 

standing posture. Values measured by 3D motion analysis can adequately evaluate the phased processes of the STS 

movement. 

The center of gravity transferring velocities during the STS movement measured by both 3D motion analysis and the 

rotary encoder increased with the starting movement and decreased sharply after reaching a peak value. In particular, 

these trends were marked for velocities in the cross and vertical directions measured by 3D motion analysis, and the 

pattern of change in the vertical velocity measured by both methods were very similar. In addition, the center of gravity 
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transferring velocities during the STS movement measured by both methods showed similar patterns to the cross and 

vertical directions of the center of gravity during the STS movement reported by Hirschfeld et al. [6] Although all 

relationships between each component velocity measured by 3D motion analysis and velocity measured by the rotary 

encoder were relatively high, lags were observed. These lags are considered to reflect differences in the above-

measured values. 

All reliability coefficients of the peak and mean velocities during the STS movement with both measurement methods 

were relatively high (3D motion analysis, ICC = 0.79–0.94; rotary encoder, ICC = 0.77 and 0.81). We previously 

examined the trial-to-trial reliability of the peak and mean center of gravity transferring velocities during the STS 

movement in young adults using the same simple method as that used in this study and reported very high reliability 

coefficients (ICC = 0.92 and 0.85, respectively [14]). The elderly require leg strength and balance above a certain level 

to achieve the STS movement with stability, rapidity, and smoothness because STS requires moving in different 

directions in the two half-phases. Furthermore, the STS movement becomes slower and less stable in old age because of 

the decrease in physical functioning. Therefore, trial-to-trial reliability of the peak and mean center of gravity 

transferring velocities during the STS movement are inferred to be lower in the elderly than in youth. However, the high 

reliability in the present study is similar to that previously reported with young subjects [14]. Therefore, reliability of 

the simple rotary encoder method is verified in the elderly as well as in the young. 

Relationships between the peak and mean values of the center of gravity transferring velocities during the STS 

movement measured by the rotary encoder and 3D motion analysis ranged from moderate to very high (r = 0.60–0.77) 

for the cross and vertical directions but was low–moderate (r = 0.04 and −0.47) for the crosswise direction. Schenkman 

et al. [17] defined the STS movement as vertical transferring of the center of gravity. We previously reported that the 

vertical transferring phase of the center of gravity during the STS movement is closely related to leg strength, ADL 

ability, and risk for falls [18, 19]. From the results of the present study, we conclude that the center of gravity 

transferring velocity measured by the rotary encoder can evaluate the characteristics of the vertical transferring velocity 

of the center of gravity, and it may provide a simpler means for evaluating the STS movement ability in the elderly than 

3D motion analysis. Moreover, moderate-to-high relationships were found not only with the vertical velocity but also 

with the cross velocity of the center of gravity. Kerr et al. [20] and Hughes et al. [21] reported that when transferring the 

center of gravity vertically during the STS movement, greatest ability and exertion are required in the phase from the 

starting movement to the hip lift, and some elderly people cannot achieve STS because of this large burden. In this 

phase, the elderly bend the trunk forward and the upper body shifts in the upper direction faster (Hughes et al., 1996; 

Kerr et al., 1997; Papa et al., 2000). Thus, they attempt to accomplish the STS movement using a reaction movement. 

The moderate relationship found between the velocities of the cross direction measured by the rotary encoder and 3D 

motion analysis may be related to this observation. 

 

5 Conclusion 

A rotary encoder appears to be useful for evaluating the center of gravity transferring velocity during the STS 

movement because it is highly correlated to the vertical velocity measured by 3D motion analysis. 
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