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Nowadays many people are becoming aware of the importance of improving physical strength in 

preventing life-style related chronic diseases. Among all the measures of physical strength, trunk stability is 

given special attention as it is vital for improving physical strength, preventing fall, and extending healthy 

life span. Many traditional trunk strength evaluation methods were designed to assess core muscle mass. 

Less emphasis, if any, was given to the stability of the trunk, which could be represented by the smoothness 

of trunk movement. In this paper, we proposed a new trunk torsion model for the purpose of quantifying 

trunk strength in terms of the smoothness of trunk movement. In order to make it possible for end users to 

easily evaluate and visualize their trunk strength, we also developed a mobile application named 

“AxisVisualizer” based on the proposed trunk torsion model, which gives higher score to users who 

perform the trunk torsion movements smoothly with fixed axis and high frequency. This application can 

support trainers and coaches to visualize the smoothness of trunk movement and to increase training 

outcome, as well as support health promotion community to easily evaluate the effectiveness of group 

exercise. 

 

1. Introduction 

The age structure of Japanese population is 

undergoing rapid reorganization with sharp increase in 

the number of seniors [Japanese Government, 2015]. 

The corresponding roaring national healthcare cost 

imposes a big challenge to the social welfare system. In 

order to reduce nursing and healthcare cost, there is a 

need for an integrative research effort among the fields 

of geriatrics, exercise science, and physiotherapy to 

address age-related and cost-intensive health care 

problems (e.g., high prevalence of falls) [Gillespie LD, 

2012]. Balance and mobility are paramount for fall 

prevention in older adults, and they are uniquely linked 

to trunk muscle composition [Hicks GE, 2005 (a)]. Poor 

trunk muscle composition, as manifested by a higher 

ratio of fat and decreased trunk strength and endurance, 

is associated with both balance and mobility decline 

even after controlling for deficiencies in leg muscle 

composition [Hicks GE, 2005 (b)] as well as associated 

with the occurrence of low back pain [Nourbakhsh MR, 

2002]. Therefore, trunk strength is of paramount 

importance to balance, functional performance and fall 

prevention in older adults [Granacher U, 2013] 

Functionally, the body trunk is a kinetic link that 

facilitates the transfer of torques and angular momenta 

between upper and lower extremities during the 

execution of whole-body movements as part of sports 

skills, occupational skills, fitness activities, and 

activities of daily living [Behm DG, 2010]. It is difficult 

to establish precise methods for trunk strength 

evaluation, as the evaluation per se should be specific to 

the demands imposed by sports, fitness activities and 

daily activities [Behm DG, 2010]. In this paper, we 

propose a new trunk torsion model for the purpose of 

quantifying trunk strength in terms of the smoothness of 

trunk movement. In addition, we develop a mobile 

application named “AxisVisualizer” based on the 

proposed trunk torsion model, so that end users could 

easily evaluate and visualize their trunk strength using 

mobile devices.  

2. Related Work 

2.1 Existing Trunk Models 

The most detailed trunk model is the musculoskeletal 

model [Nakamura Y, 2004].  As it models trunk 

components in great details, it can be used to describe 

complex movements. However, it is difficult to apply 

this on torsion movements due to large number of 

parameters involved. In addition, the trunk model for 

walking focuses on the waist and the lower limbs, 

which is not suitable for the purpose of our study. Even 

in the case of whole body models, the trunk is usually 

modeled as mass-point or cylinder, and there is no 

model of trunk torsion movements. Although there are 

models for body torsion while walking, they cannot be 

applied to the cases of repeated trunk torsions. 

2.2 Basic Trunk Torsion Movements 

We selected two beginning and one intermediate 

movement for easy evaluation of trunk torsion. All the 

selected movements require stretching the body up and 

down by using abdominal muscle and abdominal 

oblique muscle as well as rotating trunk around the 

vertical axis naturally. 
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Fig. 1. Basic Body Torsion Movements. 

- Slow shoulder torsion（legs open）: separate the legs 

at shoulder width while standing, as is shown in 

Figure 1 (left). Slowly rotate the shoulder while 

keeping the head still (the waist is also rotated 

naturally). The shoulders and waist are almost in the 

same phase. 

- Quick shoulder torsion（legs open）: separate the legs 

at shoulder width while standing, as is shown in 

Figure 1 (left). Quickly rotate the shoulder while 

keeping the head still (the waist is also rotated 

naturally). The shoulders and waist are almost in the 

opposite phase. 

- Quick waist torsion（ legs closed） : close the legs 

while standing, as is shown in Figure 1 (right). 

Rotate the waist so as not to move the upper chest. 

In practice the chest is also rotating slightly and is 

almost in the opposite phase as the waist. 

3. Proposal of Trunk Torsion Spring Model and 
Quantifying Trunk Strength 

3.1 Proposed Trunk Torsion Spring Model 

Our proposed trunk torsion spring model is described 

by Equation (1).   

  F = -kθ   (1) 

where 

F: the force in the vertical axis direction. 

θ: torsion angel（rotating angle of the shoulder line to 

the pelvis）.  

k: spring constant (kp + ka).  

kp: the constant that characterizes the passive return 

of the trunk torsion to its original posture.  

ka: the constant that characterizes the force around 

the trunk axis generated by deep muscles, which is in 

the reverse direction of the torsion force.  

 

The rationality of this model is that smooth body 

torsion movement is generated by the deep inner 

muscles along the body axis rather than the active linear 

force of outer muscles. The movement is supported by 

the passive restoring force caused by the torso, which is 

squeezed vertically by inner muscles. It is considered 

that kp increases with the activities of the deep muscles, 

and we plan to measure it in the future. We will modify 

the model if the relationship was non-linear. Though ka 

also increases with torsion force that accelerates the 

torsion of the deep muscles, it may also be affected by 

muscle activity while the frequency of torsion gradually 

changes. We plan to improve the accuracy of the model 

based on measurement using motion capture systems 

and floor reaction force meter. In this model, oscillation 

frequency can be calculated using Equation (2). 

f = 1/2π√(k/M)     (2) 

where M is the torsion moment.  

3.2 Quantifying Trunk Strength  

Based on the trunk torsion spring model described in 

the previous section, we proposed Axis Index to 

quantify trunk strength in terms of the smoothness of 

trunk movement. The Axis Index is defined as follows: 

Axis Index: f (Naturalness, Elasticity, Position)  (3) 

- Naturalness: if only deep muscles were used and 

surface muscles were not used, the movement 

satisfies Equation (1) and is close to sine wave. It 

becomes coordinated motion and from chest to 

foot the body can move in harmony. In the 

implemented mobile app AxisVisualizer which 

will be described in the next section, peak ratio 

(the power of peak divided by the total power) is 

used to approximate Naturalness.  

- Elasticity: refers to the oscillation frequency, or 

the square root of the restoring force (spring 

constant). The unit is [Hz] or [s-1]. High frequency 

of torsion movement indicates stronger force to 

restore. Since it is in proportion to the square root 

of the value obtained by dividing the spring 

constant against the torsional moment of the trunk, 

stronger force is required if the body is large. 

- Position: depending on the posture, the torsion 

center could shift forward or backward. This can 

be understood by plotting the trajectory of the 

sensor. 

4. Visualizing Trunk Strength 

In order to make it possible for end users to evaluate 

and visualize their trunk strength, we implemented an 

iOS app named AxisVisualizer based on the approach 

proposed in Section 3．This app uses the imbedded 

accelerometer of mobile terminals and it performs 

simple analysis function with two types of visualization.  

This app has the following three main characteristics: 

(1) adopting the evaluation method based on trunk 

torsion spring model; (2) offering easy measurement 

without the need of special devices; (3) providing 

straightforward visualization of the measurement results. 

As is shown in Figure 2, the measurement procedure is 

Beginning movement：shoulder 
torsion：legs open：：

Intermediate movement：waist 
torsion：legs closed：：
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as follows: physical condition check  practice of 

movement  practice of measuring method  

measurement (12 seconds)  visualization of results  

data export. In particular, the measurement method in 

step 4 can use two of the methods described in Section 

3.3. If one becomes familiar with those methods, step 2 

and 3 can be omitted. Similarly, step 6 is optional. In 

the following subsections, we will describe in detail the 

design of the application in step 4 and the data 

visualization in step 5. 

 

Fig. 2. Measurement procedure. 

4.1 Measurement with Sound Feedback  

We implemented sound feedback during the 

measurement to enhance the naturalness of movements. 

When the acceleration of the movement is greater than 

a fixed threshold value, the sound of “wheel” will be 

played [Nishimura T, 2016]. In order to solve this 

problem, we use the following equations to determine 

the upper and lower bound of the threshold value. 

 

Upper bound: 

θmax =min[0.5, amax - (amax - amin)・θr]        (4) 

 

Lower bound: 

θmin = max[0, amin + (amax - amin)・θr]        (5) 

 

where amax and amin are the maximum and minimum 

acceleration during the past N seconds (N=2 in the 

implementation). The sound will play when the 

acceleration is higher thanθmax  or lower thanθmin. We 

also validated that th=0.2 is a proper value for the 

sound to play whenever the user changes torsion 

direction regardless of the absolute acceleration. Figure 

3 presents two screenshots of the application. Users 

simply need to input measurement duration (12 

seconds by default) and nickname. The measurement 

starts when users tap the start button and stops when 

timer ends. 

4.2 Result: peak ratio * peak frequency [Hz] 

During a measurement, the sampling rate, FFT and 

sampling time are set to 50Hz, 512 taps, and 10.24 

seconds respectively. As is shown in Figure 4, the final 

result that is given to the end user is the the value 

obtained by multiplying the peak frequency to the peak 

ratio of the movements. Figure 4 shows screenshots of 

measurement results．The percentage value shown on 

the top of the figure is a value obtained by multiplying 

the peak frequency to the peak ratio, which makes it 

easy to understand the measurement results. The graph 

in the center in Figure 4 shows the acceleration. The 

red line indicates the acceleration in the left-right 

direction (X-axis), and the blue line indicates the 

acceleration in the back-forth direction (Z-axis). The 

value of the peak ratio and the peak frequency is 

presented below it. The graph at the bottom shows the 

frequency analysis results, illustrating which frequency 

components are often obtained during measurement. 

The fewer the peaks are, the more stable the torsion 

movement is. Peak ratios are obtained by dividing the 

peak power over full power. For this application, the 

peak power is calculated by summation from -2 to 2 

taps, this means about 0.5Hz width, of the FFT power 

result. The two screenshots on the right shows the 

evaluation of bad movements. The body axis shakes 

during waist torsion, generating both low frequency 

and high frequency. Therefore, the result was as low as 

13.2%. 

 

 

Fig. 3.  The Use of Axis Visualizer. 

 

 

Fig. 4.  Screenshots of measurement results. 

Measurement 
duration：second

s：：

Nickname：

Acceleration 
Red line: left-right 

direction (X-axis) 
Blue line: back-forth 

direction (Z-axis) 

Measurement by 
shoulder torsion：

Measurement by 
waist torsion：
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4.3 Ranking Function  

As is shown in Figure 5, we also implemented a 

ranking function for users to compare results with 

others. A ranking is generated based on the descending 

order of the scores stored in local memory. This 

function can help users (1) track the change in their 

quality of movement, (2) understand the difference of 

between their movement and others’, and (3) be 

motivated for further improvement in core stability. 

 

 

Fig. 5.  Image of ranking results. 

 

Fig. 6.  Two dimensional trajectory of accelerometer. 

4.4 Visualization of Analysis  

The simple visualization function allows users to 

select two axis out of the X-axis, Y-axis, and Z-axis, 

and plot a graph of either acceleration or gyros on a two 

dimensional plane. The visualization helps users 

understand their movements straightforwardly. Figure 6 

illustrates the plots of acceleration and gyros 

respectively on a two-dimensional plan with X-axis and 

Z-axis. This function not only helps users understand 

their own movements but also makes it possible to 

compare to previous measurement or the measurement 

results of others. 

5. Conclusions 

In this paper, we proposed a trunk torsion model and 

evaluation criteria for the purpose of quantifying trunk 

strength in terms of the smoothness of trunk movement. 

Based on the proposed model, we implemented a 

mobile application named AxisVisualizer for end users 

to evaluate and visualize their trunk strength. In the 

next step, we will refine the trunk torsion model based 

on measurement using motion capture systems or floor 

force plate systems, as well as assessing the model 

against users’ subjective evaluation. In addition, we will 

build the modeling and evaluation techniques for other 

trunk movements and by doing so we will eventually 

promote the health promotion community support. 

Acknowledgement 

This study was partly supported by Japanese METI’s 

“Robotic Care Equipment Development and 

Introduction Project”，NEDO’s Artificial Intelligence 

Research Project and JSPS KAKENHI Grant Numbers 

24500676 and 25730190. We would also like to thank 

the member of the health promotion project in Odaiba 

and Tsukuba for their kind support. 

References 

[Behm DG, 2010] Behm DG, Drinkwater EJ, Willardson JM, et 

al. The use of instability to train the core musculature. Appl 

Physiol Nutr Metab. 2010;35(1):91–108. 

[Granacher U, 2013] Granacher U, Gollhofer A, Hortobágyi T, 

Kressig RW, Muehlbauer T. The Importance of Trunk 

Muscle Strength for Balance, Functional Performance, and 

Fall Prevention in Seniors: A Systematic Review. Sports 

Medicine, July 2013, Volume 43, Issue 7, pp 627-641. 

[Gillespie LD, 2012] Gillespie LD, Robertson MC, Gillespie WJ, 

et al. Interventions for preventing falls in older people living 

in the community. Cochrane Database Syst Rev. 

2012;9:CD007146. 

[Hicks GE, 2005 (a)] Hicks GE, Simonsick EM, Harris TB, et al. 

Trunk muscle composition as a predictor of reduced 

functional capacity in the health, aging and body composition 

study: the moderating role of back pain. J Gerontol A Biol 

Sci Med Sci 2005;60:1420–1424.] 

[Hicks GE, 2005 (b)] Hicks GE, Simonsick EM, Harris TB, et al. 

Cross-sectional associations between trunk muscle 

composition, back pain, and physical function in the health, 

aging and body composition study. J Gerontol A Biol Sci 

Med Sci 2005;60:882–887. 

[Japanese Government, 2015] White Paper in 2015, Cabinet 

Office, Japanese Government, 

http://www8.cao.go.jp/kourei/whitepaper/w-

2015/html/zenbun/index.html [in Japanese]. 

[Nakamura Y, 2004] Nakamura Y, Yamane K, Suzuki I, and 

Fujita Y: "Somatosensory Computation for Man-Machine 

Interface from Motion Capture Data and Musculoskeletal 

Human Model," IEEE Transactions on Robotics, 2004. 

[Nourbakhsh MR, 2002] Nourbakhsh MR, Arab AM. 

Relationship between mechanical factors and incidence of 

low back pain. J Orthop Sports Phys Ther. 2002;32(9):447–

60. 

[Nishimura T, 2016] Nishimura T, et al. Axis Visualizer: 

Visualizing Quality of Motion (QoM). INTERACTION 2016.  

②Select 

Measurement Data

③Select evaluation 

metric 

④Select x and y 

axis of graph

x:left-right

y:up-down

z: back-forward

Results

⑤ Tap “DRAW”


