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In recent years, the burden for labor is increasing due to an aging society. To solve this issue, assistive suits 

are proposed as one of the solutions. In the previous study, an assistive suit has been developed that is 

based on variable viscoelasticity. However, the motion judgment interface for the variable viscoelastic 

based actuating device has not been studied. In this study, joint angle and joint angular velocity are used to 

judge the motion of the wearer, because variable viscoelastic based actuating device has a high 

backdrivability. In addition, with a suit of high backdrivability, the intention of a wearer can be shown as 

the joint angle. This study reports the motion judgment algorithm that is based on the wearer’s joint angle, 

and joint angular velocity, and experiments have been conducted to evaluate the utility of the algorithm. 

1. Introduction

Currently, in Japan, the burden for labor is increasing due to an aging society [1]. To solve

this issue, assistive suits have been proposed and studied actively [2] - [4]. In the previous 

study, motors and reduction gears were used as actuators in assistive suits. The suit can assist 

the wearer with high positioning accuracy. However, in general, as motors have low output 

density, they tend to be heavy when high outputs are required. Thus, reduction gears are 

proposed. Reduction gears enable the motors to output an adequate power. However, with 

reduction gears and motors, the inertia of the output side could be high, and lower the suit’s 

backdrivability. Therefore, assistive suits with motors and reduction gears inhibit the motion 

of the wearer when assistive suits are not activated. In addition, many sensors and complex 

controllers are required. 

Moreover, pneumatic artificial muscles are also being used as actuators in assistive suits [4]. 

Artificial muscles are lightweight, flexible, and have high output density. Thus, assistive suits 

with artificial muscle can output high assistive power with high backdrivability while being 

lightweight. The suits assist the wearer to move but they do not assist the consecutive motion 

of the wearer. Additionally, some assistive suits focus on variable elasticity of the artificial 

muscle, however, these suits do not discuss the assistive effect to the wearer [5]. 

Springs and dampers are also used in assistive suits [6][7]. Generally, as these suits do not 

consume a large amount of energy, they can be mobile. However, these suits only output the 

assistive power in one direction, and there are limitations to the motion. 

Due to these reasons, an assistive suit based on variable viscoelasticity has been developed 

[8]. The characteristic of variable viscoelasticity is inspired by the human joint motion method. 

In the previous study, variable viscoelasticity is implemented with two elements; straight-

fiber-type artificial muscle (SFT-AM) and magneto rheological fluid brake (MR brake). SFT-
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AM has variable elasticity and MR brake has variable viscosity. Figure 1. shows the 

mechanism of variable viscoelasticity. The following statement has been studied. 

1. Assistive effect based on variable viscoelasticity [8] 

2. Development of the variable viscoelastic assistive suit “Airsist I” [8] 

3. Assistive effect confirmed by measuring the subject’s electromyogram (EMG) [9] 

4. Proposal of the variable viscoelastic control strategy [10] 

However, to expand the practical use of the assistive suit, judgment of wearer’s motion 

should be measured, and an adequate assistive power be output in each motion. 

 
Figure 1. Assistive system based on the variable viscoelasticity 

There are several ways to judge the wearer’s motion. With EMG of the wearer [11], 

accelerometers [12] [13], and zero moment point (ZMP) [14]. EMG can pick up the wearer’s 

intention ahead. However, EMG has high sensor noise, and it takes a lot of time to put the 

electromyograph sensors on wearers. With accelerometers, sensor noise is less and fewer 

sensors are required [12][13]. In this method, there are various algorithms; however, they are 

not real time based. ZMP is the method that uses the force reaction of the wearer’s sole. There 

are several methods with ZMP, for instance, an algorithm for the biped walking robot [15]. 

Sensors should be installed to the shoes, however, it makes the system complex. To make the 

assistive suit simple, number of sensors and labor when wearing the suit should be reduced 

and using a real time based system using the joint angle and joint angular velocity is proposed 

[16]. For example, the method that judges the gait cycle [17]. 

In this study, the motion judgment algorithm based on the wearer’s joint angle and joint 

angular velocity is proposed. In this method, the joint angle and joint angular velocity is used 

because the variable viscoelastic assistive device has a high backdrivability. The five types of 

motions, namely gait, standing up/sitting down, stance with leg opening, sitting, and stance, 

with the assistive suit are judged. 

The study is organized as follows. Section 2 provides the outline of the assistive suit based 

on variable viscoelasticity. Section 3 provides the motion judgment algorithm with joint angle 

and joint angular velocity. Section 4 describes the evaluation experiment with the data of joint 

angle and joint angular velocity that is measured with motion capturing system. Finally, in 

section 5, conclusion and scope for future works are described. 

2.    Assistive suit based on variable viscoelasticity 

Figure. 2 shows the assistive suit “Airsist I” based on variable viscoelasticity. The suit has 

two elements to implement the variable viscoelasticity which has already been described 

above. First is the SFT-AM (Figure. 3). An SFT-AM is a pneumatically driven actuator with 

variable stiffness. The other one is the MR brake (Figure. 4). Inside an MR brake, there is MR 

fluid, and the viscosity is varied by applying the magnetic field to the MR fluid. With these 

two elements, variable viscoelasticity is implemented. In addition, antagonized SFT-AMs are 

connected to the pulleys having different diameters that enables to output the assistive torque. 

The suit has high backdrivability so the wearer can run with the suit when the suit is not 

actuated. In addition, there are foot plates that suppress the weight of the suit. 

Pneumatic Artificial Muscles

Controls Torque, angle, and stiffness

Magneto rheological fluid brake

Controls viscous
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Figure. 2 Concept of variable viscoelastic system 

 

 
Figure. 3 Straight-fiber-type artificial muscle (SFT-AM) 

 
Figure. 4 Magneto rheological fluid brake (MR Brake) 

3.    Motion Judgment Algorithm 

In this section, the motion judgment algorithm that uses the joint angle and joint angular 

velocity is proposed. This algorithm focuses on the high backdrivablity of the variable 

viscoelastic assistive suit. Figure. 5 shows the flowchart of the motion algorithm. This 

algorithm judges the five types of motions, namely, gait, standing up/sitting down, stance with 

leg opening, sitting, and stance. The motion involving movement of the body weight such as 

gait, standing up/down is defined as dynamically balanced motion (DBM) and the motion 

without movement of the body weight such as stance is called statically balanced motion 

(SBM).  

This algorithm starts by comparing SBM and DBM with the threshold values of the joint 

angular velocity. The joint angle and joint angular velocity are measured with encoders that 

are installed in the suit. Upon comparing the values of joint angle and joint angular velocity 

with the threshold value, SBM and DBM are judged. First, the method to judge the DBM is 

described where gait motion and standing up/down motion are judged by checking whether 

the legs are moving alternatively. Next, the method to judge the SBM is described. Stance 

with legs opening motion is judged by checking whether both the legs are aligned. Finally, 
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sitting and stance are judged by comparing the joint angle with threshold values. In this study, 

output signal from the algorithm is called judgment signal.  

 
Figure. 5 Motion judgment algorithm 

 

4.    Measurement and evaluation experiment 

The purpose of the evaluation experiment is to verify whether the motion algorithm can 

judge the gait, stance, stance with legs opening, sitting, and standing up/down. The data of the 

joint angle and the joint angular velocity are obtained from motion capturing system (MAC 

3D system, Motion Analysis Corporation). Adequate instructions for the experiments were 

given to the subjects on their approval. The minimum joint angle of the subjects was used as 

the threshold value described above. 

4.1.    Measuring method and measurement environment 

To start with, the three motions are measured which are as follows. First is the gait motion 

(Motion 1). Second is keeping sitting position for 2 s, standing up for 1 s, keeping stance 

position for 2 s, and walk until the measuring area ends (Motion 2). Third is keeping stance 

position for 2 s, sitting down for 1s and keeping sitting position for 2 s (Motion 3). Four 

subjects (Table 1 shows the subjects’ fundamental data) enact these three motions. The timing 

is practiced before the measurement. Additionally, 26 markers for motion capturing were 

stuck to the subjects. About seven measurement is conducted in each motion. Data with lesser 

noise are used for the evaluation experiment. In addition, these three motions were selected to 

confirm the effect of the algorithm when a motion changes to the next motion. 

Table 1. Subjects’ fundamental data 

 
Figure. 6 shows the measurement environment. There are eight motion capture cameras 

(frame rate of 100 fps) for the upper part of the measurement area. There are three force plates 

(TF-4060-D, Tec Gihan Co. Ltd., sampling rate of 1000 Hz) on the floor. Force plates can 

measure the reaction force and the moment of the subject’s sole. 

Moving legs 

alternatively? 

Not aligning legs?

Moving legs?

Knee and hip joint 

exceeding threshold value?

Gait
Standing up/

Sitting down

Stance with legs 

opening
StanceSitting

START

OUTPUT

YES

YES

YES

YES

NO

NO

NO

NO

Subject Height [cm] Weight [kg] Age

A 175 64 23

B 167 63 23

C 168 63 23

D 170 55 22

120



 

In Motion 1, the motion is measured with motion capture cameras as shown in the Figure. 

6 (a). Measured data is transferred to the PC through the A/D convertor. In Motion 2 and 

Motion 3, the chair that makes the subject’s knee set at 90°, and the force plate set on the 

chair, are shown in Figure. 6 (b). After measuring the subjects’ joint angle and joint angular 

velocity, musculoskeletal simulation is run (ver. 1.58, nac Image Technology Inc.), and 

simulated data is used for the evaluation experiment. 

  
(a) Experimental set up for gait motion (b) Experimental set up for sitting down, standing up, 

and gait motion 

Figure 6. Experimental set up 

 

4.2.    Evaluation method 

In this evaluation experiment, judgment ratio is used in the evaluation method. Judgment 

ratio is defined in equation (1). 
𝑡judge

𝑡motion

 [%] (1) 

Where, tjudge [s] is the time taken by the algorithm to output the judgment signal in respond to 

the motion, and tmotion [s] is the time of motion we want to measure (for example, when subject 

stands up for 1 s while the judgment signal is “stands up” for 0.5 s, and stance position for 0.5 

s, the judgment ratio is 50 % for “stands up” motion). 

 

4.3.    Results and discussion 

Table. 2 shows the results of judgment ratio of all subjects in each motion, and Figure. 7 

shows the judgment signals of the algorithm. As the characteristic of the results tends to be the 

same, subject A’s results are shown in Figure. 7, and the discussion is based on these. 

As shown in Table. 2, the average of the judgment ratio was 81.4% for Motion 1. In Figure. 

7 (a), the judgment signal was “Stance with legs opening” in constant cycle. This is because 

the joint angular velocity is lower than the threshold value in a constant cycle. When walking, 

the legs push the floor to keep walking which causes the low joint angular velocity.  

In Motion 2, the judgment ratio of the SBM was higher than that of DBM in motions such 

as standing up or gait motion. As shown in Figure. 7 (b), sitting and stance position satisfy the 

judgment condition and the judgment signal is appropriate. However, when standing up, the 

judgment signal was sitting down. The reason for this phenomenon is as follows. When 

standing up, the subject flexes the joint angle of the hip joint to move the center of gravity. 

After flexing the hip joint, subject will be in the stance position by extending the knee joint. At 

this moment, the joint angular velocity of the hip joint is smaller than when moving the center 

of gravity which causes it to be lower than the threshold values. In addition, deviation of the 

marker is the reason why the judgment ratio did not achieve a 100%, as shown in Table. 2. 

When shifting to the gait motion, the judgment signal tends to be the same as described in 

Motion 1, however, is judged as a different motion. 
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In Motion 3, the result was same as Motion 2, which means the judgment ratio of SBM 

was higher than that of DBM.  

Table. 2 Results of judgment ratio of all subjects in each motion 

 
 

 
(a) Results of motion judgement of Motion 1 

 
(b) Results of motion judgement of Motion 2 

 
(c) Results of motion judgement of Motion 3 

Figure. 7 Results of simulation 

A B C D Average

Judgment ratio [%] Gait 83.3 83.0 81.8 77.3 81.4

A B C D Average

Sitting 95.7 100 100 100 98.9

Standing up 96.1 97.0 96.5 98.6 97.1

Stance 100 100 99.5 100 99.9

Gait 77.2 89.7 81.8 86.1 83.7

A B C D Average

Stance 100 100 98.7 100 100

Sitting down 92.6 95.8 94.5 96.4 94.8

Sitting 98.5 98.7 100 99.4 99.2
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5.    Conclusion and future works 

In this paper, the motion judgment algorithm was proposed based on the joint angle and 

joint angular velocity. Subjects conducted three motions, and in each motion, the joint angle 

and joint angular velocity were measured with motion capturing system. With these measured 

data, the evaluation experiment was conducted based on the proposed algorithm. The 

judgment ratio of SBM was higher than that of DBM. For future works, the algorithm will be 

applied to the variable viscoelastic assistive suit (such as Airsist I) and will evaluate the effects 

of the suit and the wearer. 
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