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Abstract

:

Power assistive devices have been developed in recent years. To detect the wearer’s motion, conventional devices require users to wear sensors. However, wearing many sensors increases the wearing time, and usability of the device will become worse. We developed a soft gait assistive suit actuated by pneumatic artificial rubber muscles (PARMs) and proposed its control method. The proposed suit is easy to wear because the attachment unit does not have any electrical sensors that need to be attached to the trainee’s body. A target application is forward walking exercise on a treadmill. The control unit detects the pre-swing phase in the gait cycle using the pressure information in the calf back PARMs. After the detection, the suit assists the trainee’s leg motion. The assist force is generated by the controlled PARM pressure, and the pressure input time is changed appropriately considering the gait cycle time. We conducted walking experiments; (1) verifies the proposed control method works correctly, and (2) verifies whether the gait assistive suit is effective for decreasing muscular activity. Finally, we confirmed that the accurate phase detection can be achieved by using the proposed control method, and the suit can reduce muscular activity of the trainee’s leg.
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1. Introduction


1.1. Background


Power assistive devices have been developed in recent years [1,2,3] for various purposes: in the welfare field for nursing [4,5], rehabilitation [6,7,8,9,10], and gait assistance [11,12,13,14,15,16,17,18,19]; in the industrial field for assembling and load-carrying [20,21,22,23,24]; and in the military field [25]. For example, Sankai [4] developed a robot suit HAL (Hybrid Assistive Limb) driven by electric motors, and it detects the walking intention by bioelectrical sensors attached to the users. Chen et al. [6] proposed an upper limb rehabilitation robot embedded with force/torque sensors. Asbeck et al. [11,12,13] developed a soft exosuit which is light weight system driven by Bowden cables, and Lee et al. [26] proposed the online control parameter tuning method of the soft exosuit. Kobayashi et al. [23] developed a muscle suit driven by a pneumatic artificial rubber muscle (PARM), and measured muscle fatigue by oxygen concentration in the blood in order to evaluate the assist effect [24]. BLEEX (Berkeley Lower Extremity Exoskeleton) [25] was developed for enhancing carrying capacity and is driven by hydraulic actuators. These devices have different mechanisms, and appropriate sensors and actuators are utilized in each situation. One of the technical challenges for realizing a practical assistive device is to synchronize the assistive force to the wearer’s motion. To detect the wearer’s intention of motion, most conventional devices require users to wear electric sensors, such as bioelectrical sensors [4,5], joint-angle sensors [10,14,20,22], inertial measurement unit (IMU) [11,12,13], force/torque sensors [6,15,17,22], and undersole pressure sensors [11,12,13,20,25]. The reliability of the intention detection can be increased by fusing multi-modal information from different type sensors. However, wearing many sensors increases the time required to start up the device because of its calibration process, and usability of the device will become worse. Therefore, from an easy wearing point of view, it is desirable for the assistive devices to reduce wearable sensors.



On the other hand, several assistive devices using the PARMs have been developed [27]. The PARM has high power-to-weight ratio and is lightweight and soft, making it suitable for exoskeleton type power assistive device. Wehner et al. [28] developed a pneumatic gait assistive suit helps the ankle motion. This suit uses electric foot switches for the motion detection. Sridar et al. [29] developed a soft-inflatable exosuit for knee rehabilitation. This device uses IMUs and shoe insole sensors. Park et al. [30] developed a wearable device for ankle-foot rehabilitation. Sasaki et al. [31] developed a pneumatic assistive device with a wearable air supply system. The targets of these researches [30,31] are the novel device design, and motion detection method is not their subjects. Kanno et al. [18] proposed a pneumatically-driven walking assistive device and its control method using the backdrivability of the PARMs. In this control method, the gait phase of the wearer is detected by using air pressure sensors isolated from the device itself, without attaching electric sensors to the wearer’s body.



The several gait phase detection methods have been developed. For example, Huang et al. [32] developed an algorithm to continuously recognize a variety of locomotion modes performed by patients with transfemoral amputations. Electromyogram (EMG) signals and ground reaction forces/moments were measured and used for the algorithm. Lim et al. [33] developed an insole sensor system that can determine various dynamic models of a lower extremity exoskeleton. Altilio et al. [34] proposed a feature selection method to evaluate all the possible combinations of the gait parameters, in order to find the best subset able to classify among diseased and healthy subjects. In this method, medical data is retrieved from a stereophotogrammetric system. Wang et al. [35] proposed a gait recognition system based on support vector machine which uses plantar pressure sensors and acceleration sensors of the human legs. Lee et al. [36] proposed a gait type classification method based on deep learning using a smart insole with various sensor arrays. These methods require many electric sensors since their main target is to realize high precision detection. Compared with them, the gait phase detection method in [18] has a unique feature as that the PARM is used as the actuator and the non-electric sensor. Only the small number of the PARMs are used for the gait phase detection since the target of the device [18] is to realize high usability. Thanks to this configuration, this device realizes the short wearing time. However, the device [18] still has several issues to be solved as follows:




	
The walking assistive device has a rigid link system. However, its heavy weight will decrease the safeness and usability, especially for elder persons.



	
The gait phase detection method uses the time derivative of the pressure. However, it is not sufficient for the accurate detection since there are several timings which satisfy the detection condition in one gait cycle.



	
Pressure input time of the PARMs is given as constant. However, when the walking speed is changed, the input time should be also changed appropriately considering the walking cycle time.









1.2. Contribution of This Paper


Considering these issues, we aim to develop a novel assistive device using the PARMs and its control method. The concept of our proposed device is to reduce wearable sensors from an easy wearing point of view. Our proposed device does not require for the wearer to attach any electric sensors on their body as same as the device of [18]. In addition, we solve the issues of the conventional device [18] mentioned above.



We develop a hardware of a soft gait assistive suit actuated by the PARMs and propose its motion control method by a modified detection method using pressure and pressure derivative. The target task is to assist the wearer’s forward walking, and the PARMs are placed on the anterior and posterior surfaces of the wearer’s thigh and calf. The developed gait assistive suit consists of an attachment unit and a control unit, and these units are separated physically and only connected by air tubes. The control unit supplies compressed air and detects the assist timing using the measured pressure information. After the detection, the suit assists the wearer’s leg motion as raising up the toe and landing the foot. The assist force is generated by the controlled PARM pressure, and the pressure input time is changed appropriately considering the walking cycle time. The assist force will decrease the walking load of the leg muscles.



Considering the issue 1 in Section 1.1, the attachment unit has a lightweight soft structure, and it has no electrical devices. Because sensors are not needed to be attached to the wearer’s body, and the suit is soft and lightweight, therefore, it has the advantage of being easy and safe to use compared with the previous device in [18]. Considering the issue 2, the novel phase detection method is proposed which can detect only one desired timing in one gait cycle. The previous and novel phase detection methods are compared, and advantages of the novel phase detection method are described. Considering the issue 3, we propose a control method of the pressure input time considering the gait cycle time. Proper phase detection and gait assistance can be achieved in an arbitrary gait cycle time by using this method. The calculation method of the gait cycle time using the detection timing is proposed, and the proper pressure input times are obtained from the calculation result.



On the other hand, reducing sensors also have a disadvantage that will increase the responsibility of each sensor. Our developed suit is actuated by the PARM and it has backdrivability which will be an accident precaution of our suit. For example, when the pressure sensor is broken, the proposed suit will fail the proper detection or assist. When the PARM generates unpredictable force, the wearer will feel large leg load. However, a critical accident will be avoidable since the wearer can move against the PARM force thanks to the PARM’s backdrivability.



We focused on the usage of the proposed gait assistive suit as a training tool for health promotion, for example, a walking on a treadmill. The assistance of the suit will be useful especially for the elder persons who want to maintain their healthy locomotorium, and the suit provides the proper training menu in each trainee. By modulating the assistive force properly along with the training progress, the gait assistive suit will help to improve the trainee’s walking ability.



To confirm the performance of the proposed gait assistive suit, we conduct treadmill walking experiments of the trainees wearing the suit. In the experiments, we measured the pressure data and the trainees’ electromyogram (EMG) signals for the performance evaluation.



This paper is organized as follows. Section 2 describes the mechanism of the proposed suit. Section 3 describes the novel gait phase detection method. In Section 4, we describe the gait assistive control method. In Section 5, we describe the experiments conducted to confirm the effectiveness of the proposed suit and its control method. Concluding remarks are made in Section 6.





2. Soft Gait Assistive Suit


2.1. Mechanical Design of Soft Gait Assistive Suit


Figure 1 shows the PARMs attached on the trainee’s leg. The target muscles of the proposed suit are vastus lateralis, semitendinosus, gastrocnemius and tibialis anterior as shown in Figure 1c. By assisting these muscles, the suit can efficiently aid the motion of the hip, knee, and ankle joints. The PARMs are placed on the anterior and posterior surfaces of the trainee’s thigh and calf. Figure 1a shows a leg link system attached the PARMs, and Figure 1b shows an illustration of the trainee’s leg wearing the gait assistive suit. For attaching the PARMs to the legs, the trainee wears a waist supporter, knee supporters, and shoes. The foot, knee and pelvis are the key anchors for the PARMs, which can be seen in other exoskeletons as well (e.g., [11]).



Figure 2 shows the attachment unit of the novel gait assistive suits. The parameters of the novel gait assistive suit are shown in Table 1. Compared with the previous suit [18] which has a rigid link system, the novel suit consists of only lightweight and soft parts as PARMs, waist supporter, knee supporters, nylon belts and shoes, and the whole weight of the attachment unit is about 1 kg. The attachment unit has no electrical devices. The supporters are made of soft textiles contain polyester, nylon, polyurethane and natural rubber. They attach the PARMs to the trainee’s body securely and comfortably. The waist supporter is fixed on the pelvis by tightening force of the textile and the nylon belt. The knee supporters are fixed on the knee joints in the same manner. These supporters and shoes are connected to each other by the nylon belts and the PARMs not to slip on the body surface, and the PARM contraction force will be effectively transmitted to the leg motion. The time to take on the suit is a short time, about 5 min. Because electrical sensors are not needed to be attached to the trainee, and the suit is soft and lightweight, it has the advantage of being easy and safe to use compared with the previous suit. The 8 PARMs are placed on the surfaces of the legs. The PARMs on the right leg are named as the right thigh front (RTF), right thigh back (RTB), right calf front (RCF), and right calf back (RCB). The PARMs on the left leg are named in the same manner (LTF, LTB, LCF, LCB). The thigh front (TF) PARMs support vastus lateralis. The thigh back (TB) PARMs support semitendinosus. The calf back (CB) PARMs support gastrocnemius. These target muscles are the biarticular muscles, therefore these PARMs are also attached on the trainee’s body across the 2 rotational joints as shown in Figure 1a. When the TF PARMs contract, the contraction force flexes the hip joint and extends the knee joint. On the other hand, when the TB PARMs contract, the contraction force extends the hip joint and flexes the knee joint. In addition, when the CB PARMs contract, the contraction force flexes the knee joint and plantarflexes the ankle joint. The calf front (CF) PARMs support tibialis anterior. When the CF PARMs contract, the contraction force dorsiflexes the ankle joint.



Next, parameters of the attachment unit shown in Table 1 are discussed. The suit was designed for supporting an average Japanese adult male with a height of about 170 cm and a weight of about 65 kg. Since the average thigh length is about 400 mm and the lengths of the thigh surface change about 60 mm, the thigh PARM lengths were designed as 300 mm whose stroke length is 75 mm. The average calf length and its amount of change are almost same or small compared with the thigh, therefore the same PARMs are used on the thigh and calf to simplify the suit design. In addition, the normalized maximum output torque of the human leg joints during walking is about 1.40 Nm/(kg m) of the ankle joint torques [37]. In the case of the target trainee with 170 cm and 65 kg, the maximum output torque is about 155 Nm. In this paper, about 15 Nm which is 10% of the maximum output torque is defined as the target torque regardless of the joint. This target torque is just an example to design the suit and not optimized for maximizing the suit performance. The detailed target torque tuning in each joint is one of the interesting questions. Therefore, it will be considered in our future work. The minimum lever arm of the trainee’s leg, a distance between a joint center and a body surface, is approximated as 50 mm, which means that 300 N of force is needed for the PARMs to generate 15 Nm of torque. The PARM inner diameter was determined as 9.5 mm from the required force. When the compressed air is supplied at 400 kPa of gauge pressure, the selected PARMs can output the target force 300 N with its initial length. Pressure is represented as gauge pressure in this paper without Section 3.2. The designed PARMs were developed in the cooperative research project with Bridgestone Corporation. The PARM consists of a rubber tube, a cover sleeve, and metal fittings. The rubber tube is made of diene-based vulcanized rubber, and the cover sleeve is made of high strength synthetic fiber with its knitting angle of 25 degrees. The metal fittings are made of aluminum alloy.




2.2. Pneumatic Control System


Figure 3 shows a schematic of the pneumatic control system. The control unit is connected to the attachment unit by the air tube. The control unit consists of a compressor, air tank, computer, servo valves, pressure sensors, A/D board, D/A board, and others. The pressure in the PARMs is measured by the pressure sensors (SMC Corp., PSE510), and the A/D board sends the pressure information to the computer. Command voltages for the servo valves (Festo, MPYE5-1/4-010-B) are calculated by the computer, and are send by the D/A board. The pressure in the PARMs except for the CB PARMs is controlled by the servo valves with a controller, as shown in Figure 4. Pref and P (kPa) are a reference pressure and a current pressure respectively. Kp (V/kPa) and Ki (V/kPa s) are a proportional and an integral gains. u (V) is a control voltage, and s is a Laplace operator.



The assistive suit utilizes the backdrivability of the PARMs to detect the proper assist timing. The assist timing is detected by using the pressure and the pressure derivative of the CB PARMs. Therefore, the CB PARMs are pressurized and their air flows are closed by the 2 port valves as shown in Figure 3. The CB PARMs become deformable closed chambers, and its pressure change amount along with the deformation is utilized for the timing detection.





3. Gait Phase Detection Method


3.1. Forward Walking Sequence and Target Assist Timing


The leg motion is classified into several phases by using the method developed by the Rancho Los Amigos national rehabilitation center [37] as shown in Figure 5.



In Figure 5, a horizontal axis represents a gait percentage in the one cycle motion. The gait phases of a white color leg are classified in a stance phase, a pre-swing phase, and a swing phase, and an opposite side leg is also classified in the same manner.



In this paper, the pre-swing phase is set as a target detection phase. The pre-swing phase starts from the heel contact of the opposite side foot and ends at lifting off of the toe. By detecting the pre-swing phase of both legs, a walking cycle time can be obtained, and it is used to calculate proper assist timings and durations in each PARM from the gait analysis data [37]. The suit assists the trainee’s leg motion as raising up the toe in the swing phase and landing the foot in the stance phase. The assist force will decrease the walking load of the leg muscles and also helps to avoid stumble and fall of the trainee. When the pre-swing phase, the posterior surface of the calf is stretched and contracted along with the heel lifting as shown in Figure 5. The CB PARMs attached to the trainee will be deformed along with the leg motion. We focus to detect the pre-swing phase from the pressure information in the CB PARMs.



The pressure of the CB PARMs will be affected by the impact force of foot landing, and it will make worse the signal to noise ratio of the pressure information. Therefore, a low-pass filter is used for smoothing the pressure information.




3.2. Relation between Calf Back PARM Variables


A relation between the CB PARM variables for the gait phase detection is derived as follows. First, the following equation is derived from the state equation of gas:


P(dV/dt)+(dP/dt)V=(dW/dt)Rθ+WR(dθ/dt)



(1)




where V (m3) is the PARM volume, W (kg) is the mass of air, R (J/(kg K)) is the gas constant, θ (K) is the air temperature, and t (s) is the time. In Section 3.2, the pressure P is represented as absolute pressure. We consider Equation (1) during the pre-swing phase. We assumed that air charge to or discharge from the CB PARMs is zero, since the CB PARMs are the closed chambers. We also assumed that the air temperature in the CB PARM is constant since the pre-swing phase is generally short time under 1 s. These assumptions are represented as:


dW/dt≃0,dθ/dt≃0.



(2)







Then, Equation (1) could be written as follows:


dP/dt=−(P/V)(dV/dt).



(3)







Equation (3) shows that the relation between the pressure derivative and the volume derivative is negative proportional. In addition, we consider the deformations of the CB PARMs in the pre-swing phase as shown in Figure 6. The left figure is a stretched state, and the right figure is a contracted state of the PARM. The bold line on the PARM is a wire whose length is constant. The relation between the pressure derivative and the length derivative is as follows:


dP/dt=−(P/V)(dV/dℓ)(dℓ/dt)



(4)




where ℓ (m) is the length of the PARM. dV/dℓ is a negative value since when the PARM length becomes long, the PARM volume becomes small.



Therefore, the relation between the pressure derivative dP/dt and the length derivative dℓ/dt is proportional. Under the assumptions of Equation (2), at the start of the pre-swing phase, the CB PARM is stretched and its length is long. After that, the stretched PARM contracts in a short time, and its length becomes short. Therefore, a sign of the length derivative dℓ/dt will become positive to negative in the pre-swing phase, and also a sign of the pressure derivative dP/dt will become positive to negative. As a result, the pre-swing phase will be be detectable from the pressure information of the CB PARMs.




3.3. Pressure Configuration in Calf Back PARMs


The proper pressure in the CB PARMs is required for measuring the pressure change, and it is configured by the walking experiments on the treadmill as shown in Figure 7. The trainee wears the gait assistive suit, and the initial pressure in the CB PARMs is set as several values, when the trainee stand upright on the flat floor and the CB PARMs don’t slack. The initial pressure is adjusted by the pressure regulator 2 shown in Figure 3. While the trainee walks on the treadmill, the pressure in the CB PARMs is measured, and we will evaluate the pressure change amount.



In this paper, the detectability index is defined as follows:


Jp=maxP(t)−minP(t)(0≤t≤Tc)



(5)




where Tc (s) is a gait cycle time. Equation (5) calculates the maximum pressure change amount Jp (kPa) in the one cycle motion. When Jp is larger, the assist timing detection will become easier.



The experimental parameters are given as follows. The trainee walks on the treadmill 40 steps of 20 cycles with its speed of 4.0 km/h in each trial. In this paper, we used the manual treadmill (All market japan Inc., YT-RR). A metronome is used for equalizing the walking rate to make the data analysis easy, and its tempo is adjusted in each trainee. The initial pressure is given as 0, 50, 100, 150, 200, 250, 300 kPa. The walking data with the initial pressure of 0 to 300 kPa are measured in randomized order. Each pressure data is measured in one trial respectively. After each trial, the trainee rests for 5 min. Finally, 20 cycle data of Jp in each leg is obtained, and the proper pressure will be determined.



For example, one healthy male trainee in his 30 s with the height of 171 cm and the weight of 72 kg wore the gait assistive suit and walked on the treadmill with its walking rate 100 beats per minute (BPM). The experimental result is shown in Figure 8, whose initial pressure in the CB PARMs is set as 200 kPa. The horizontal axis shows time (s), and walking phases are distinguished by color areas. The gait phases are classified by the synchronized recorded video data and the classification method of [37]. Red areas represent the stance phase, green areas represent the pre-swing phase, and yellow areas represent the swing phase. The upper figure shows the pressure in the RCB PARM. The cut-off frequency of the low-pass filter of the pressure was set as 10 Hz which assumes to be sufficiently high for measuring the human walking motion. The lower figure shows the pressure derivative. The cut-off frequency of the numerical differentiation of the pressure was also set as 10 Hz. As a result, the measured pressure was changed around the given initial pressure, and its change amount is calculated as Jp in each cycle. The pressure derivative signal changes large in the pre-swing phase. The heel contact occurs between the swing phase and the stance phase, however, the pressure data seems to be smooth. Therefore, the effect of the impact force will be negligibly small for phase detection.



The calculated index Jp of the CB PARMs is shown in Figure 9. The horizontal axis shows the given initial pressure. Blue and red colors mean values of the RCB and LCB PARMs. Markers are average values, and thin bars are standard deviations. The detectability Jp became large when the pressure was over 100 kPa since the PARMs were sufficiently shrunk and not loose through whole walking cycle. In this case, we set the proper pressure for this trainee to 150 kPa since it showed the largest detectability of the LCB PARM. The pressure configuration of the CB PARMs is carried out in each trainee in the same manner.



We considered the reason why the detectability indexes of over 150 kPa pressure seem to be constant or small. When the initial pressure is too high, the CB PARM becomes hard to deform. In that case, the PARM deformation and the pressure change amount will become small.



In addition, the detectability difference between the RCB and LCB PARMs is discussed. There will be possible reasons as; (i) the fixing position and initial tension difference, and (ii) asymmetric walking of the trainee. About (i), when the fixing position and initial tension of the PARMs are different, their extension direction and stroke length along with the trainee’s walking vary, and the detectability will be changed. About (ii), when the trainee’s gait is an asymmetric motion, the detectability difference will occur since the strokes of the RCB and LCB PARMs will become different. The detectability difference will occur because of these reasons, therefore, the pressure threshold for the gait phase detection should be set appropriately considering both detectabilities of the RCB and LCB PARMs.



The different initial pressure setting of the RCB and LCB PARMs may be a good idea to equalize the detectabilities between the different PARMs. However, we have not tried that condition since the different pressure setting might become a cause of the asymmetric and unnatural walking. In addition, the detectability difference is not so serious problem and can be solved by setting the appropriate pressure threshold. From these reasons, we set the common initial pressure in the RCB and LCB PARMs.




3.4. Modification of Phase Detection Method


3.4.1. Conventional Detection Method


In [18], the phase detection algorithm using the pressure derivative as shown in Figure 10 was proposed. In the conventional detection algorithm, the assist timing is defined as the moment when the pressure derivative of the CB PARMs exceeds a given threshold as:


ka=ks.t.P˙c(K)≤P˙th



(6)




where k is the time step, and ka is the time step of the assist timing. P˙c(K) (kPa/s) is the pressure derivative of the CB PARMs at the time step k, and P˙th (kPa/s) is the given threshold. When the assist timing is detected, the PARMs are pressurized and the suit assists the trainee’s walking. The PARMs on the right leg and the left leg are controlled separately. During one walking cycle, the pressure derivative of the CB PARMs exceeds the threshold several time steps, so that a non-detection time is set in order to detect only the desired timing. However, the non-detection time constrains the maximum walking rate, because it will prevent the correct detection when the trainee walks with a high walking rate whose walking cycle time is smaller than the non–detection time. Therefore, we propose a novel phase detection method to solve the issue.




3.4.2. Novel Detection Method


In the novel detection method, the pressure value is also used in addition to the pressure derivative value. The procedure of the novel detection method is shown as follows.



	
The time step k1 is detected as the timing that the pressure derivative of the CB PARMs P˙c crosses the threshold P˙th.



	
The measured pressure of the CB PARMs Pc1 (kPa) at the time step k1 is recorded, and the previously detected k1 and Pc1 are set as k2 and Pc2 (kPa).



	
The difference of Pc1 and Pc2 are calculated as ΔPc=Pc1−Pc2 (kPa). When ΔPc is less than the threshold ΔPth, k1 is set as the assist timing ka.



	
Return to step 1 and repeat these steps.






First, the time step k1 is detected in step i as:


k1=ks.t.(P˙c(K)−P˙th)(P˙c[k−1]−P˙th)<0



(7)







Equation (7) is the condition that the measured pressure of the CB PARMs crosses the threshold P˙th at the time step k. Figure 11 shows the sample data of the pressure and the pressure derivative for checking Equation (7). These are the same data as shown in Figure 8. The threshold P˙th was set as 0.0 kPa/s since this timing contains the phase changing timing between the pre-swing phase and the swing phase. In Figure 11, the horizontal axis shows time (s), and walking phases are distinguished by color areas. Red areas represent the stance phase, green areas represent the pre-swing phase, and yellow areas represent the swing phase. Red circle markers are all of the detected time step k1 using Equation (7). There are still many candidates of k1 in one walking cycle because of the signal noise. Therefore, additional conditions using the pressure value are given as follows. In step ii, neighboring two data satisfies Equation (7) are recorded. In step iii, by using the two data, these difference ΔPc is calculated. The assist timing ka is detected using ΔPc as:


ka=k1s.t.ΔPc<ΔPth



(8)







Equation (8) is the condition that the measured pressure of the CB PARMs decreases more than the threshold ΔPth at the time step k1. Finally, the assist timing ka is obtained as shown in Figure 12. Circle markers are all the assist timing ka, and there is only one marker in one walking cycle. The target of Equation (8) is the changing timing from the pre-swing phase to the swing phase. There is large pressure difference between the marker of the time step ka(=k1) and the previous marker of the time step k2. The condition ΔPc<ΔPth means the feature mentioned above. The threshold ΔPth was set as −5 kPa in Figure 12. ΔPth is configured in each trainee appropriately by considering the detectability index Jp. The large ΔPth will be effective to avoid the wrong detection, however, ∥ΔPth∥ should be lower than Jp. Thanks to the novel detection method, the issue of the conventional detection method will be solved. Since the non-detection time is not required, the trainee can walk with a high walking rate.






4. Gait Assistive Control Method


4.1. Control Sequence


We set the target pressure as a step input to provide assistive force immediately after the phase detection. A design of the input pressure trajectory, which maximizes the assist performance, is one of the interesting questions. Therefore, input trajectory optimization will be considered in our future work. The assistive control method is applied to each leg separately. The control cycle consists of the following phases:




	
Walking start



	
Pre-swing phase detection



	
Walking assist (by applying the step input pressures to the PARMs controlled by the servo valves)



	
Return to step 2 and repeat these steps









4.2. Control of Pressure Input Time


In the conventional control method in [18], the pressure input time of the PARMs is given as a constant value. However, when the walking speed is changed, the input time should be also changed appropriately. In this paper, the gait cycle time is calculated from the assist timing, and the proper pressure input time is obtained from the calculation result. Since the assist timing in each gait cycle is detected as shown in Figure 12, the gait cycle time Tci (s) can be obtained as:


Tci=Tcal(Tcal≤Tcmax)Tcmax(Tcal>Tcmax)s.t.Tcal=(kai+1−kai)ΔT



(9)




where the superscript i is the number of the gait cycle, and ΔT (s) is the sampling interval time. Tcmax (s) is the upper limit of Tci. The average gait cycle time Tcavei (s) is calculated from the last n data of Tci as:


Tcavei=1n∑k=i−n+1iTck



(10)







Tcavei is updated in every gait cycle, and it is used for calculating the pressure input time of the PARMs. The pressure input time of the PARMs is given as shown in Figure 13. The horizontal axis shows gait percentage, and the vertical axis shows reference pressure in each PARM. ON (100%) and OFF (0%) mean the pressurized state and the depressurized state. Walking phases are distinguished by color areas. Red areas represent the stance phase, green areas represent the pre-swing phase, and yellow areas represent the swing phase. The pressurized timing and duration are given from the EMG activation time in each muscle near the PARM [37]. The pressurized timing and duration are represented as the percentage in one walking cycle, and these times are defined as the functions of the average gait cycle time Tcavei which is assumed as the one walking cycle time. The pressurized time of the TF PARMs is 90–10% which is the activation time of vastus lateralis. The pressurized time of the TB PARMs is 80–10% which is the activation time of semitendinosus. The pressurized time of the CF PARMs is 55–13% which is the activation time of tibialis anterior. The detection timing is assumed as 55% in Figure 13. For example, the CF PARMs are pressurized immediately after the pre-swing phase detection.



The joint motion driven by the TF and TB PARMs is discussed as follows. In Figure 13, the TB PARM is pressurized slightly earlier compared with the TF PARM in the swing phase, and depressurizing timing of these PARMs is same in the stance phase. When only the TB PARM is pressurized, its contraction force flexes the knee joint and extends the hip joint. This motion assists the landing motion. After that, the TF PARM is also pressurized, and the leg link system is driven like an antagonistic driven system. When the same pressure is supplied in the TF and TB PARMs, these PARMs can be assumed as the air springs with the same characteristic. In this case, the stretched PARM outputs larger force than the shrunk PARM, therefore the TF and TB PARMs make the leg posture as upright standing. The PARM contraction force extends the knee and hip joints. These PARM motions are mimetic motions of each target muscle.





5. Evaluation Experiments


5.1. Control Parameter Settings


We confirm that the proposed gait assistive suit and its control method works correctly. The parameters for the proposed control methods are given as shown in Table 2. The gain parameters were tuned in frequency response experiments. The base pressure and the target pressure mean the lower and upper values of the rectangular reference pressure. The target pressure was set as 400 kPa as noted in Section 2.1. P˙th was set as 0.0 kPa/s as described in Section 3.4.2. ΔPth was set as −15 kPa. The control frequency of the servo valve and the measuring frequency of EMG were set as 500 Hz. About pressure measurement, the cut-off frequencies of numerical differentiation and low-pass filter were set as 10 Hz. The upper and lower limits of the control voltage were set as considering the available voltage range of the servo valve. We assumed that the suit would assist walking at speeds from 1.0 to 5.0 km/h at a stride length of 0.7 m in one step. The gait cycle time at the speed of 1.0 km/h is 5.0 s, therefore it was set as the upper limit of the gait cycle time Tcmax. The walking step number n for calculating the average gait cycle time was set as 4. The pressurized time was set as shown in Figure 13.




5.2. Verification of Proposed Control Method


5.2.1. Experimental Method


We performed the experiment to confirm whether the proposed control method works correctly. In this experiment, the phase detection accuracy and the change of the pressure input time are confirmed by comparing with the conventional control method [18]. One healthy male trainee in his 30 s with the height of 171 cm and the weight of 72 kg wears the gait assistive suit and walks 100 steps of 50 cycles on the treadmill with its speed of 3.0 km/h in each trial. We measure the two different gaits with their walking rate of 90 and 140 BPM by using a metronome. Each gait data is measured in one trial respectively. The 90 BPM case is a normal walking, and the 140 BPM case is walking with a short stride. The initial pressure in the CB PARMs was set as 150 kPa by using the procedure in Section 3.3. The control parameters for the conventional control method are shown in Table 3. These parameters were adjusted to assist the 90 BPM walking whose gait cycle time is 1.3 s. The pressure input time and the non-detection time are constant in the conventional control method. The threshold of the pressure derivative P˙th was set as −100 kPa/s which is an offset value from 0 kPa/s to avoid the detection error by the signal noise of P˙. Other parameters for the conventional control method, for example, control gains etc., were set as common values shown in Table 2.




5.2.2. Experimental Result


Figure 14 shows the assisted walking sequence on the treadmill. The horizontal axis shows the gait percentage of the right leg. The red box marker means the pressurized PARM on the right leg. The TF and TB PARMs are pressurized before the initial contact (gait percentage 0%) between the foot and the ground to absorb impact force and stabilize the stance leg posture. The CF PARMs are pressurized from the initial swing phase to the middle stance phase for raising up the trainee’s toe. The CB PARMs are the pressurized closed chambers, and their shrinking force is given to the trainees’ leg through the whole gait cycle. The total 100 walking steps were measured, and the success rate of the phase detection was counted in each case. The RCF PARM pressure trajectories of the 90 and 140 BPM walking are shown in Figure 15. The horizontal axis is time (s), and the vertical axis is pressure (kPa). The solid and dashed lines are the measured pressure and the reference pressure. Both methods achieved 100% success rate in the case of 90 BPM. On the other hand, in the case of 140 BPM, the proposed control method achieved 100% detection, and the success rate of the conventional control method was 72%.




5.2.3. Discussion


When the trainee’s walking rate is higher than expected, the regular phase detection using the conventional method will be difficult as shown in Figure 15b. The primal reason is that the conventional control method uses the constant pressure input time and the non-detection time. The gait cycle time of the 140 BPM walking is 0.86 s, and it is shorter than the given non-detection time 0.9 s. In this case, the non-detection time will mask the correct detection timing and the success rate of the detection will become worse. By using the proposed control method, the pressure input time changes along with the walking rate, and the non-detection time is not used. Therefore, as shown in Figure 15c,d, the regular and accurate phase detection can be achieved in an arbitrary walking rate by using the proposed control method.





5.3. Electromyogram Measurement


5.3.1. Experimental Method


We verified whether the gait assistive suit is effective for decreasing activity in the trainee’s muscles. We measured and compared the muscular activities of the assisted walking and walking without the suit. Note that the measured data of the muscular activities is used for just evaluating and not for controlling the gait assistive suit.



In this experiment, the gait assistance only uses the novel control method, and the conventional control method [18] for comparison is not used, since the difference between the novel and conventional control methods is the detection algorithm. These precisions were confirmed by the result in Section 5.2. Therefore, the purpose of this experiment is to confirm the effectiveness of the proposed gait assistive suit which achieves regular phase detection.



Five healthy males in their 20 s and 30 s walked on the treadmill, and their parameters are shown in Table 4. EMG signals were recorded by EMG sensors (Delsys Inc., Bagnoli desktop EMG systems). We assumed that the walking of the trainee is bilateral symmetry. The electrodes are attached to the right leg, and these positions are on vastus lateralis (RTF), semitendinosus (RTB), gastrocnemius (RCB) and tibialis anterior (RCF). We recorded the EMG signals and calculated their RMS values Jr (V) in one cycle motion as:


Jr=1Tc∫0TcEMG(t)2dt



(11)




where EMG (V) is a measured EMG signal. Frequency components of the EMG signal under 25 Hz are cut off by a high-pass filter to avoid a noise effect from cable swinging et al. The RMS value in maximum voluntary contraction (MVC) state is also measured in each muscle for normalization. The normalized RMS value is %MVC (%), and is calculated as:


%MVC=Jr/JrMVC×100



(12)




where JrMVC is the RMS value in MVC state, and %MVC is calculated in each electrode channel. The sensor positions and the clinical test method of measuring MVC state are determined based on the SENIAM project [38]. The metronome is used for equalizing the walking rate, and its tempo is adjusted in each trainee. The trainee walks on the treadmill 40 steps of 20 cycles with its speed of 5.0 km/h in each trial. The pressure in the CB PARMs is determined by using the procedure in Section 3.3. The experimental procedure is as follows;



	
Measuring the RMS value in MVC state JrMVC.



	
Resting 5 min.



	
EMG measurement of the walking without the suit.



	
Wearing the suit.



	
Practicing of the assisted walking.



	
Resting 10 min.



	
EMG measurement of the asssited walking.






5 to 10 min resting time is set between the measuring steps to avoid muscle fatigue of the trainee. In the practicing step, the trainee is required to learn how to walk with the assist force provided from the suit. The targets of the practicing step are 100% success rate of the phase detection and learning of the relaxed walking using the assist force. Each EMG data is measured in one trial respectively in procedure 1, 3 and 7.




5.3.2. Experimental Result


The experimental results are shown in Figure 16. The vertical axis represents %MVC value in each electrode. The white and gray bars are the average %MVC values with assist and without assist which are calculated from 20 cycle data. The black thin bars are the standard deviations. We calculated the significant difference in the measured data using Welch’s t-test. The symbols * and ** indicate that the values are statistically different at the significance level of 5% and 1% of the two-sided test.




5.3.3. Discussion


The average %MVC values with assist were less than the values without assist in 16 of 20 channels as shown in Figure 16. This result quantitatively confirmed that the suit can reduce muscular activity. We also confirmed that the novel control method is applicable to the different trainees shown in Table 4 since all trainees achieved 100% success rate of the phase detection in this experiment.



The CB PARMs are not controlled by the servo valves, however, these also contributes for the assistance since %MVC value on the RCB sensors decrease as shown in Figure 16. When the CF PARMs are pressurized, since these target pressure is larger than the CB PARM pressure, the assist torque rotates the trainee’s ankle in dorsiflexion and raises up the toe. After that, the CF PARMs are depressurized and the CB PARM will assist the plantar flexion torque on the ankle which is used in the terminal stance phase.



In addition, there are differences in the assist force effectiveness between the trainees’ data. Part of the measured data, for example, the trainee 2’s %MVC value on the RTB sensor etc., could not observe the effectiveness of the assistance. There will be possible reasons as; (i) the physical difference, and (ii) the skill level difference. About (i), the physical difference will affect the gait motion, and the force valance in the leg muscles will be different between the trainees. Therefore, the proper assist force will be different by the trainee. In this paper, the assist force trajectory is designed as a simple step function and its amplitude is given as the constant value of 400 kPa regardless of the trainee. In our future work, the proper assist force will be designed in each trainee. About (ii), there is the skill level difference about the assisted walking between the trainees. Some trainees could master the assisted walking in a short time, however, some trainees said that they feel difficult to execute the assisted walking with the fixed BPM tempo. Therefore, some trainees’ result shown in Figure 16 might not be skilled sufficiently. In our future work, the practicing protocol of the assisted walking will be improved for measuring the skilled walking data.



About the repeatability, in all experiments in this paper, we confirmed the repeatability of the experiments with the same subject in one trainee in different days. From this result, we expect that all experiments have repeatability since gait motion is one of fundamental motion for healthy trainees. Only the experiments in this section will be affected by the trainee’s skill level. The result of the skilled trainee will have repeatability.






6. Conclusions


The conclusions are as follows:




	
We developed the soft gait assistive suit actuated by the PARMs. The target task is to assist the trainee’s forward walking on the treadmill, and the PARMs are placed on the anterior and posterior surfaces of the thigh and the calf. The proposed gait assistive suit consists of the attachment unit and the control unit, and these units are separated physically and only connected by air tubes. The attachment unit has a lightweight soft structure, and the unique feature of the unit is that it has no electrical devices. Because electrical sensors are not needed to be attached to the trainee, and the suit is soft and lightweight, it has the advantage of being easy and safe to use.



	
We proposed the novel phase detection method using pressure and pressure derivative in the PARMs. The novel detection method is more robust to the signal noise compared with the conventional method since the pressure information is utilized which is smoother than the pressure derivative. Also, since the non-detection time is not required, the trainee can walk with a high walking rate.



	
We proposed the calculation method of the gait cycle time from the assist timing. The average gait cycle time is calculated from the assist timing, and the proper pressure input time is obtained from the calculation result. The pressurized timing and duration in each PARM are given from the EMG activation time in each muscle near the PARM.



	
We confirmed that the proposed gait assistive suit and its control method works correctly in the experiment. The phase detection accuracy and the change of the pressure input time were confirmed by comparing with the conventional control method. 1 trainee wore the gait assistive suit and walked 100 steps of 50 cycles on the treadmill with its speed of 3.0 km/h in each trial. We measured the two different gaits with their walking rate of 90 and 140 BPM by using a metronome. The total 100 walking steps were measured, and the success rate of the phase detection was counted in each case. In the case of 90 BPM walking, the conventional and the proposed control methods achieved 100% success rate. On the other hand, in the case of 140 BPM, the proposed control method achieved 100% detection, and the success rate of the conventional control method was 72%. As a result, it was confirmed that the regular and precise phase detection can be achieved in an arbitrary walking rate by using the proposed control method.



	
We verified whether the gait assistive suit is effective for decreasing activity in the trainee’s muscles. We measured and compared the muscular activities of the assisted walking and walking without the suit. 5 healthy males in their 20 s and 30 s walked on the treadmill. EMG signals were recorded by EMG sensors, and their %MVC values were calculated. The trainee walks on the treadmill 40 steps of 20 cycles with its speed of 5.0 km/h in each trial. The average %MVC values with assist were less than or equal to the values without assist. This tendency was observed in all subjects. The results quantitatively confirmed that the suit can reduce muscular activity.








We consider that the proposed suit is applicable to underwater training. The underwater training has an effect that the weight is canceled by water’s buoyancy. Therefore, this training is popular as a training method for elder persons and persons in rehabilitation, etc. [39,40]. The conventional assistive devices, which contain many electrical parts, will be difficult to apply for the underwater training from the waterproof point of view. On the other hand, our proposed suit has an advantage for the underwater application since it has no electrical parts on its attachment unit. As a preliminary step, the prototype suit was applied for the underwater walking experiment, and the experimental result demonstrated the applicability of our suit in the underwater situation [41]. As a future work, we will try to expand the application of the proposed suit, for example, underwater walking, swimming, etc.
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Figure 1. (a) Leg link system attached the PARMs and (b) Illustration of the trainee’s leg wearing the gait assistive suit. PARMs attached on the anterior and posterior surfaces of the trainee’s thigh and calf. Contraction force of these PARMs assists joint torque of the hip, knee, and ankle. (c) The target muscles of the gait assistive suit. 
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Figure 2. Attachment unit of the novel gait assistive suit actuated by PARMs. Compared with the previous suit [18] which has a rigid link system, the novel suit consists of only lightweight and soft parts as PARMs, waist supporter, knee supporters, nylon belts and shoes. The 8 PARMs are placed on the surfaces of the legs. The PARMs on the right leg are named as the right thigh front (RTF), right thigh back (RTB), right calf front (RCF), and right calf back (RCB). The PARMs on the left leg are named in the same manner (LTF, LTB, LCF, LCB). 
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Figure 3. Schematic of the pneumatic control system. The control unit is connected to the attachment unit by the air tube. The pressure in the PARMs is measured by the pressure sensors, and the analog-to-digital (A/D) board sends the pressure information to the computer. Command voltages for the servo valves are calculated by the computer, and are send by the digital-to-analog (D/A) board. The pressure information of the calf back (CB) PARMs is used for an assist timing detection. Air flows into or out from the CB PARMs are closed by the 2 port valves, and these PARMs are used as deformable closed chambers. 
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Figure 4. Block diagram of pneumatic pressure control. Pref and P (kPa) are reference pressure and current pressure respectively. Kp (V/kPa) and Ki (V/kPa s) are a proportional and an integral gains. u (V) is a control voltage, and s is a Laplace operator. 
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Figure 5. Gait phases in one cycle motion. A horizontal axis represents a gait percentage in the one cycle motion. The gait phases of a white color leg are classified in a stance phase, a pre-swing phase, and a swing phase, and an opposite side leg is also classified in the same manner. 
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Figure 6. Deformation of CB PARM in pre-swing phase ((left) long length state, (right) short length state). The red line represents a wire whose length is constant. At the start of the pre-swing phase, the PARM is stretched and its length is long. After that, the stretched PARM contracts in a short time, and its length and pressure become short and low. 
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Figure 7. Walking experiments to determine the proper pressure in the CB PARMs. The trainee wearing the gait assistive suit walks on the treadmill with the pressurized CB PARMs. 
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Figure 8. Sample experimental data with the initial pressure of 200 kPa. The trainee walked with its walking rate 100 BPM. The horizontal axis shows time (s), and walking phases are distinguished by color areas. Red areas represent the stance phase, green areas represent the pre-swing phase, and yellow areas represent the swing phase. The (upper) figure shows the pressure in the RCB PARM. The (lower) figure shows the pressure derivative. 
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Figure 9. Detectability index calculated from the sample data. Blue and red colors mean values of the RCB and LCB PARMs. Markers are average values, and thin bars are standard deviations. 
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Figure 10. Control sequence of PARM pressure using conventional pre-swing phase detection. 
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Figure 11. Sample data of the pressure and the pressure derivative for checking Equation (7). The horizontal axis shows time (s), and walking phases are distinguished by color areas. Red areas represent the stance phase, green areas represent the pre-swing phase, and yellow areas represent the swing phase. The (upper) figure shows the pressure in the RCB PARM. The (lower) figure shows the pressure derivative in the RCB PARM, and blue solid lines and yellow dashed lines are calculated value and the threshold 0 kPa/s. Red circle markers are detected time step k1. 
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Figure 12. Sample data of the pressure and the pressure derivative for checking Equation (8). The horizontal axis shows time (s), and walking phases are distinguished by color areas. Red areas represent the stance phase, green areas represent the pre-swing phase, and yellow areas represent the swing phase. The (upper) figure shows the pressure in the RCB PARM. The (lower) figure shows the pressure derivative in the RCB PARM, and blue solid lines and yellow dashed lines are calculated value and the threshold 0 kPa/s. Red circle markers are assist timing ka. 
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Figure 13. Pressure input time of PARMs controlled by servo valves. The horizontal axis shows gait percentage, and the vertical axis shows reference pressure in each PARM. ON (100%) and OFF (0%) mean the pressurized state and the depressurized state. Walking phases are distinguished by color areas. Red areas represent the stance phase, green areas represent the pre-swing phase, and yellow areas represent the swing phase. The pressurized timing and duration in each PARM are given from the EMG activation time in each muscle near the PARM [37]. 
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Figure 14. Assisted walking sequence on the treadmill. The trainee wearing the gait assistive suit walked on the treadmill. The horizontal axis shows the gait percentage of the right leg. The red marker means the pressurized PARM on the right leg. 
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Figure 15. RCF PARM pressure trajectories of the 90 and 140 BPM walking. The horizontal axis is time (s), and the vertical axis is pressure (kPa). The solid and dashed lines are the measured pressure and the reference pressure. (a) 90 BPM walking using the conventional method. (b) 140 BPM walking using the conventional method. (c) 90 BPM walking using the proposed method. (d) 140 BPM walking using the proposed method. 
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Figure 16. Results of EMG evaluation experiment. The vertical axis represents %MVC value in each electrode. The white and gray bars are the average %MVC values with assist and without assist which are calculated from 20 cycle data. The black thin bars are the standard deviations. The symbols * and ** indicate that the values are statistically different at the significance level of 5% and 1% of the two-sided test. 
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Table 1. Parameters of the attachment unit.
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	Whole mechanism weight (kg)
	1.0



	PARM numbers
	8



	PARM weight (kg)
	7.0 × 10−2



	PARM length (m)
	300 × 10−3



	PARM inner diameter (m)
	9.5 × 10−3



	Target torque (Nm)
	15



	Target contraction force of PARM (N)
	300



	(When pressure is supplied as 400 kPa)
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Table 2. Given parameters for the proposed control method.
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	Proportional gain Kp (V/kPa)
	3.0 × 10−2



	Integral gain Ki (V/kPa s)
	7.0 × 10−2



	Base pressure (kPa)
	0.0



	Target pressure (kPa)
	4.0 × 102



	Threshold of pressure derivative P˙th (kPa/s)
	0.0



	Threshold of pressure ΔPth (kPa)
	−15



	Control frequency (Hz)
	5.0 × 102



	Measuring frequency of EMG (Hz)
	5.0 × 102



	Cut-off frequency of numerical
	



	differentiation of pressure (Hz)
	10



	Cut-off frequency
	



	of low-pass filter of pressure (Hz)
	10



	Upper limit of control voltage (V)
	9.8



	Lower limit of control voltage (V)
	0.2



	Upper limit of gait cycle time Tcmax (s)
	5.0



	Walking step number n
	



	for calculating average gait cycle time
	4



	Detection timing in gait cycle time (%)
	55



	Pressurized time of TF PARMs (%)
	90–10



	Pressurized time of TB PARMs (%)
	80–10



	Pressurized time of CF PARMs (%)
	55–13
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Table 3. Given parameters for the conventional control method.
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	Threshold of pressure derivative P˙th (kPa/s)
	−1.0×102



	Target walking rate [BPM]
	90



	Target gait cycle time (s)
	1.3



	Non-detection time (s)
	0.9










[image: Table]





Table 4. Parameters of the trainees.
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	Height (m)
	Weight (kg)
	Pressure in CB PARMs (kPa)





	Trainee 1
	1.71
	72
	1.5×102



	Trainee 2
	1.76
	73
	1.5×102



	Trainee 3
	1.75
	74
	1.0×102



	Trainee 4
	1.70
	54
	1.0×102



	Trainee 5
	1.61
	68
	1.0×102
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