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Abstract

:

(1) Background: In the case of quick picking and heavy lifting, the carrying action results in a much more active myoelectric signal in the lower back than in an upright stationary one, and there is a high risk of back muscle injury without proper handling skills and equipment. (2) Methods: To reduce the risk of LBP during manual handing tasks, a hip active exoskeleton is designed to assist human manual lifting. A power control method is introduced into the control loop in the process of assisting human transportation. The power curve imitates the semi-squat movement of the human body as the output power of the hip joint. (3) Results: According to the test, the torque can be output according to the wearer’s movement. During the semi-squat lifting process, the EMG (electromyogram) signal of the vertical spine at L5/S1 was reduced by 30–48% and the metabolic cost of energy was reduced by 18% compared the situation of without EXO. (4) Conclusion: The exoskeleton joint output torque can change in an adaptive manner according to the angular velocity of the wearer’s joint. The exoskeleton can assist the waist muscles and the hip joint in the case of the reciprocating semi-squat lifting movement.
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1. Introduction


Nowadays, LBP (Low back Pain) is one of the most common public health problems in Western society [1], which is very often seen in the case of quick picking and heavy lifting [1,2]. Relevant data has shown that lumbar muscle injury is a common occupational disease among people who work under heavy load and stand for a long time, and 17% of blue-collar workers in the survey have high grade back pain [3]. Epidemiological studies emphasize the burden of pain in western countries with an estimated 50% of community-dwelling older adults reporting chronic pain [4,5], with pain affecting particularly the lower back [6]. In addition, this proportion increases further with the aging of the population and the increase of hemiplegia patients. Sick leave and disability due to waist injuries place a heavy burden on patients and society.



1.1. Research on Manual Handling Posture


Inappropriate manual handling posture is one of the causes of lower back muscle injury. In the case of lifting the same weight, different lifting techniques can lead to changes in the frequency of muscle fatigue in the lower back [7]. Under the condition of symmetrical lifting of heavy objects by human body, the lifting techniques often adopted by transporters include: stoop, squat and semi-squat.



Stoop refers to the bending degree of the knee joint at the starting position is more than 135° and the bending degree of the trunk is about 90° when lifting the object horizontally from the ground; Squat start position is the knee bent about 45° and the trunk nearly upright (with the trunk bent less than 30°); semi-squat uses an intermediate position between squat and stoop, in which the knees are bent about 90 degrees and the trunk about 45 degrees when starting lifting [8]. During the lifting process, Chen jing et al. measured the average amplitude of the EMG signals of the erector spine with the EMG equipment and found that the average amplitude of the EMG signals of the erector is to be the lowest when the carrier uses the semi-squat lifting technique to lift the same object [9]. Zhenglun Wang applied JASA (Jointed EMG Amplitude and Spectrum Analysis) on the measured EMG signals and showed that compared with the semi-squat lifting technique, when squat and stoop were used, the back muscle was more prone to fatigue [7]. From the perspective of energy analysis of human transport, movement also shows that the energy consumption in semi-squat lifting is between stoop and squat. The study by Straker et al. shows that the compression force of the lumbar spine was almost 10% higher in semi-squat than in squat and stoop [10], and this allows the semi-squat technique to lift heavier objects than other lifting skills. In other aspects, Straker also found that young men scored lower in the semi-squat than in the squat, thinking that the semi-squat had less force than the squat and might even have less force than the stoop. Therefore, semi-squat lifting technique is a better lifting technique [9].




1.2. Back-Support Exoskeleton


With the development of bionic devices, more and more wearable devices have emerged to help people carry loads. one of these devices is wearable exoskeleton [11,12,13,14,15,16,17,18,19,20,21,22,23]. Exoskeleton is a wearable device supporting the human to generate the physical power required for manual tasks [11]. The exoskeleton was designed to help soldiers carry heavier equipment. With the improvement of the overall technology level of exoskeleton, more and more industrial fields (e.g., Assist medical workers carry patients or medical equipment, stooped work and construction work) require wearable exoskeletons especially back-support exoskeletons to help the transporter make efforts in the process of handling and reducing the risk of low back injury.



Back-support exoskeletons can be classified as “active” and “passive” [12]. The passive exoskeleton consists mainly of springs or dampers that store energy generated by human motion and release it when needed, without an external power source [11]. The active exoskeleton is composed of one or more actuation units, whose main function is to drive the mechanical structure through the actuators during the movement, and output torque with the human body joint [13]. On the one hand, notable research prototypes in passive exoskeleton include the PLAD [14], the BNDR [15] and SPEXOR [16,17]. There are also some passive exoskeleton products (e.g., BackX [18] and Leavo [11]) in the industrial field because the drive structure is easy to realize. Tim et al. measured the effects of Leavo on muscle activity with manual lifting. The test results showed that Leavo could reduce the activity of the lumbar muscles during the process of lifting by 35–38%, and increase the carrying endurance time from 3.2 min to 9.7 min [11]. However, the elastic forces in passive devices are generated by passive elements only, these forces cannot be adjusted during operation and have an upper limit, which may limit the versatility of this class of exoskeletons.



The active exoskeleton, on the other hand, is difficult to provide a comfortable experience due to its heavy drive structure. Since the increased metabolic energy carried by the extra mass of the limb cannot be offset by the metabolic energy saved by the exoskeleton, this is why it has been studied in a laboratory setting for a long time. With the development and progress of actuators, more and more high-power density actuators have been applied to active exoskeletons. Kim et al. designed an active exosuit to assist the human body in walking and running, using the different paths of the center of mass in the vertical direction of running and walking to distinguish the two gaits [19], but will not provide any help during manual handling tasks. ATOUN designed a waist active exoskeleton named Model A, which is an active, upper body exoskeleton for the waist and lower back intended to aid users during lifting and carrying objects. By driving the thighs and upper body back during bending motions to relieve the waist and lower back, this can help lift to 10 Kg [20]. Since the back-support active exoskeleton usually adopts the drive structure in the hip joint, the back-support exoskeleton is a kind of hip active exoskeleton. In most active back-support exoskeletons (e.g., the Model A [20], the Muscle Suit [21], the HAL Lumbar Support [22] and the WSAD [23]), the body is assisted by pushing the thighs and upper body.



The work presented in this paper provides a research prototype that can further advance the state of hip active exoskeleton and controllers. By cooperating with the human hip joint to output torque, the hip active exoskeleton is designed to assist the carrier in reducing the muscle activity of the lower back during the rise phase of the transport and reduce the energy consumption in the reciprocating transport. The goal is to design a wearable exoskeleton platform that can effectively assist in manual material handling. The power controller was introduced in the assist control, which provided new method for the control strategy of the hip active exoskeleton in standing up.



The remainder of this paper is organized as follows:




	
In Section 2, by establishing the inverse dynamic model of adult male semi-squatting and combining the average height and weight distribution of an adult male body [24], the output torque and power of the hip joint were analyzed. Meanwhile, we designed the mechanical structure of the hip-assisted exoskeleton, we also designed a control strategy based on the joint power of a semi-squat.



	
In Section 3, we measured the metabolism cost of the subjects with and without the active exoskeleton under the condition of using semi-squat for continuous lifting of certain weights. In addition, the surface EMG activities of muscle groups in L5/S1 location were also recorded with and without the active exoskeleton.



	
Lastly, we analyzed the experimental data and concluded the paper.










2. Materials and Methods


2.1. Semi-Squat Lifting Model


Before the design of the exoskeleton mechanical structure and controller, a model that can analyze the bending motion of the human body is necessary. Through the model, we can get the hip joint output torque and output power during the manual material handling, which facilitates the selection of the actuator and the design of power curves in power controllers.



The methods used to model human motion vary from study to study; Chaffin and Anderson proposed a back-force model [25]. Similarly, Hemami.H considered the human body standing up and sitting down as a three-link motion model and obtained the output torque of each joint [26]. Given the complexity of the human body, the strain on the muscles of the lower back can also be affected by factors such as handling posture, environment, and working hours. In this paper, the human body is represented as several rigid bodies connected by ideal revolute joints [27]. The amount of pressure on the body’s muscles and spine is indirectly reflected by the torque at the hip joint [13].



In the semi-squat movement, the upper arm and forearm are usually in a straight line, which can simplify the arm into a rigid body with even mass distribution. As shown in Figure 1, the length of the arm is    d 4   . Since the weight is at the end of the arm, we assumed that the center of mass of the weight is on the same straight line with the center of mass of the arm, and merged the weight with the arm. The coordinates of the center of mass of the merged rod are as follows:


   x 4  = −  d 2  s i n α + L s i n β +  Z 4  s i n  (  γ − β  )  ,  



(1)






   y 4  =  d 1  +  d 2  c o s α + L c o s β −  Z 4  c o s  (  γ − β  )  ,  



(2)






   Z 4  =   ∑  x i   m i  + m  d 4    m +  m 4    ,  



(3)







Compared with stoop and squat, semi-squat can help the body produce more torque when standing up, and it can also keep the center of gravity between the feet on the horizontal plane when lifting heavy objects, keeping the posture stable and reducing the risk of injury during lifting.



By defining the Lagrangian function   l = E − K   and the Lagrangian formula, the inverse dynamics model of the hip joint in the process of semi-squat is established as follows:


   τ  h i p   =  D  i i    θ ¨  +  D  i j k     θ ˙  2  +  D  i j k     θ ˙  j    θ ˙  k  + D ,  



(4)




where     θ  ¨  =    [   α ¨  ,   β  ¨  ,  γ ¨   ]   T    is the acceleration vector;    θ ˙  =    [   α ˙  ,  β ˙  ,  γ ˙   ]   T    is the angular velocity vector; and    D  i j   =  [   D  21   ,  D  22   ,  D  23    ]   , where    D  i i     is the effective inertia of joint  i ,    D  i j     is the coupling inertia between joint   i   and   j  ,    D  i j k     θ ˙  2    refers to the centripetal force generated by joint  j  on joint   i   with velocity      θ j   ˙   ,    D  i j k     θ ˙  j    θ ˙  k    refers to the coeldrin force generated by joint  j  acting on joint   i   with velocity     θ ˙  i   , and  D  is the torque of the gravity term. According to the calculation formula of rigid body power   = M  θ ˙   , it can be obtained that the formula of the output power of the hip joint during the movement of human body is:


  A θ ,  θ ˙  ,  θ ¨  =  τ  h i p    θ ˙   



(5)







In the moment equation of hip joint, the moment formula of the gravity term is as follows:


  D = −  m 3  g    d 3   2  s i n β +  (  m 4 + m  )  g  (  − L s i n β −  Z 4  s i n  (  γ − β  )   )  ,  



(6)




where   L   represents the distance between the shoulder turning point and the hip joint during manual handling, and the negative sign represents the direction of torque opposite to the specified direction. From the equation, we can find that the larger the bending angle, the greater the output torque of the hip joint when holding still. When the body is upright (  β = 0 , γ = 0  ), the hip joint ideally does not produce torque. However, the angular acceleration and angular velocity fluctuating up and down 0 can still be detected, which is not exactly equal to 0. Therefore, the back muscles and the hip joint still need to output torque to maintain the balance of the body.



During the hip active exoskeleton assisting human manual material handling, the exoskeleton and the human body together generate the required torque for the semi-squat; the actuation unit drives a mechanical structure that pushes the body’s thighs and upper body to assist the body stand up; at this point, the inverse dynamic equation of the hip joint becomes:


   τ  h i p   =  τ e  +  τ t  =  D  i i    θ ¨  +  D  i j k     θ ˙  2  +  D  i j k     θ ˙  j    θ ˙  k  + D ,  



(7)







In Formula (7),    τ  h i p     is the actual torque required for the system to stand up, the output torque of the hip joint (   τ t   ) and the output torque of the exoskeleton system (   τ e   ) constitute the required torque during the semi-squat lifting. In the case of lifting the same weight and doing the same action, the mass of the exoskeleton is added to the human body, resulting in an increase in the required torque on each joint. Therefore, during the actuation unit selection, the actuation unit should be able to output a large enough torque to offset the additional torque caused by the mass of the exoskeleton.



Due to the limitation of the sensor placement, the angle of the back and the angle of the hip measured is shown in Figure 2. The angle of the hip joint was defined as zero when standing upright, and the joint angle will increase when the subject bends. It can be found that at the peak of the hip joint angle, for an adult man, the hip joint output torque can reach minus 200 N.m. We can convert the data measured by the above sensors to the corresponding angle in Figure 1, and the conversion formula is as follows:


  β =   90  °  −  θ  b a c k _ a n g l e   ,  



(8)






  α =   180  °  − β −  θ  h i p _ a n g l e    



(9)







Combined with the actual measured hip angle of motion (Figure 2) and the average height and weight distribution of the adult male body, we can obtain the output torque and power of the lower hip by semi-squatting (Figure 3), which will be used in structure design and controller design. It can be found that when bending, the hip joint output negative work, and when standing up, the hip joint output positive work, help the human body to lift heavy objects.




2.2. Structure Design


2.2.1. Mechanical Structure Design


In this study, a hip active exoskeleton (Figure 4a) was designed and tested. The overall mass of the exoskeleton system is 6.2 kg. Compared to the other active assisted exoskeleton [19,20], which has a lighter mass (Model A weighs 6.7 kg, Kim’s exosuit weighs 7.5 kg) and most of the mass of the system is close to the center of mass of the wearer, the effect of the mass of the system on the wearer’s gait is minimized.



As can be seen from the torque output of the hip joint in Figure 2, the torque required by the hip joint in the semi-squat lift is close to 200 N.m, which is consistent with Luo, Z [23], Hemami, H [26] and Toxiri, S [28] et al. mentioned in their research. The combination of the harmonic reducer with a deceleration ratio of 101:1 and the external rotor dc brushless motor is adopted as the main part of the actuation unit, each single-side actuation unit can provide a torque of up to 80 N.m, leaving the rest to the human hip and back muscles. The actuation units are installed in parallel, the wearer can align the execution unit with the rotational center of the wearer’s hip joint by adjusting the binding structure of the shoulder and chest (Figure 4d). This makes the mechanical structure driven by the exoskeleton joint rotate in the same way as the human thigh, eliminating transmission efficiency loss caused by misalignment of the rotation center.



Briefly, the prototype is made of aluminum alloy and carbon fiber, extending from the human shoulder to the upper part of the knee. The mechanical structure is mainly composed of thigh rods (Figure 4b), a supporting mechanism at the waist (Figure 4c), and a binding structure (Figure 4d). The thigh rods on both sides each contain an actuation unit, which includes a brushless DC motor, harmonic drive gear and other flange accessories. A two-dimensional force sensor is added at the connection between the rotating rod of the actuator and the leg rod to detect the interactive force in the process of human motion. At the connection between the supporting mechanism of the thigh and the waist, a self-locking structure with an adjustable waist width of the system was designed to accommodate different users. Waist support mechanism mainly includes back-support plat, circuit board and battery (Figure 4c). The binding structure and thigh rods are connected to the waist support mechanism. In the binding structure, in order to fit the exoskeleton to the human body and align the actuation unit with the joint rotation center of the human body, the thigh, the waist, the shoulder, and the chest are added with adjustable binding bands (Figure 4-4,5). At the same time, in order to reduce the discomfort caused by the relative movement of the back, the removable cushion for leaning on was added to the back to improve the wearing comfort (Figure 4-3).




2.2.2. Electrical Structure Design


In order to accomplish the exoskeleton control scheme, sensors are not only placed on the back-support plate of the exoskeleton, but also on the actuation unit of the exoskeleton joint. Each exoskeleton joint is equipped with both kinematic (angular position, velocity and acceleration) and kinetic (interaction force between limb and exoskeleton) sensors. The hip exoskeleton operates with the following physical sensors:




	
Absolute position magnetic encoders (AS5600) measure the joint angle at each joint output shaft.



	
One IMU (Inertia Measurement Unit) (MPU6050) placed in the back-support plate to estimate the pitch angle of the upper body of the wearer.



	
A force sensor at each powered joint is used to measure the interaction force between the body and the exoskeleton joint.








The electrical structure is the bridge connecting the control and mechanical structure in the system design, which mainly consists of three parts: the drive board at the left and right thighs and the main control board at the back. In addition to driving the motor and reading the encoder to obtain the current position, the driver board also puts DSP (Digital Signal Processing) to obtain the interactive force information output by the interactive force sensor during the movement. The instructions sent by the master, the actuator information and the interaction force information of the left and right leg joints are transmitted through CAN (Controller Area Network) communication (Figure 5), and the baud rate of its communication is 1000 K. During the movement, except for the sampling frequency of interaction force and the sampling resistance being 1K Hz, the rest of the sensor’s data update frequency is 200 Hz.



In the current state, the power is supplied by 24-V DC lithium batteries at the lower end of the back-support plat, with a maximum discharge current of up to 15 A. It can meet the maximum current required by the exoskeleton system to assist adult men (170 ± 10 cm, BMI (Body Mass Index) < 25) from squatting to standing.



In particular, in addition to placing a sampling resistor on the lower bridge circuit of the three-phase inverter circuit of the motor driver, a sampling resistor is also placed on the bus of the driver for the collection and analysis of the induced current. The purpose of this is to make a quick judgment of the standing state, as can be seen from the Figure 6; when the subject wears the exoskeleton and moves in the EXO-OFF state, the induced current generated by the motor’s rotation of the human body changes faster than the angle obtained by the magnetic encoder, which can be used to solve the problem of rapidly capturing the motion intention of human body in the process of the human–computer interactive motion, so as to improve the subject’s sense of experience in the process of motion.





2.3. Controller Design


The exoskeleton described in this paper is a torque-controlled, back-supported exoskeleton driven by motors based on a power control strategy. The exoskeleton controller needs to perform two tasks, one is to keep the interactive force between the exoskeleton and the human body as little as possible in certain situations, such as walking and sitting. The other is to recognize the human semi-squat movement and assist the body to stand. Accordingly, the control strategy is divided into two parts. One is the real-time tracking of the Interactive moment signal, and the closed-loop feedback control of the output torque of the motor is adopted to keep the interaction force zero. In another control strategy, the required output torque is mainly determined based on the actual system joint rotational angular velocity and the output power of the hip joint in the semi-squat lifting.



2.3.1. Finite-State Machine


Six states are defined to describe the working state of the system: 1. upright state; 2. semi-squat state; 3. left leg forward swing, single foot support; 4. left leg backward swing, single foot support; 5. right leg forward swing, single foot support; and 6. right leg backward swing, single foot support. Each state corresponds to the motion characteristics of human joints. The main controller extracts the motion characteristics of human bodies and classifies to obtain the above human motion states.



The finite-state machine is shown in Figure 7. In the controller, the IMU on the back, the encoder, and the sampling resistor output data at the motor joint are used as the switching conditions of different state machines. The switching conditions between states are shown in Table 1. Since the magnetic encoder is installed on the shaft of the motor’s reduction gear, if only the angle sensor is used to detect the intention and posture of human motion, it will require the human body to drive the exoskeleton to detect the intention of motion, which will reduce the user’s wearing experience during the movement. When the method of detecting the current of the driver bus introduced in the electrical structure is used, the movement intention of the wearer can be quickly determined and the judgment time can be advanced  t  (  t ≈ 100    ms   ), which is shown in Figure 6.




2.3.2. Follow Control Strategy


In the follow control strategy, the controller mainly controls the exoskeleton system to follow the movement of the human body. This requires the controller to continuously adjust the output torque of the actuator according to the man–machine interaction force data, so that the human–machine interaction force data received by the force sensor of the leg is kept near the target. In the follow control block diagram (Figure 8) and Formula (10),    τ  r e f     is the reference interaction moment and is set as 0 in the follow control strategy.



When the control system detects that the human body is not standing up, the power controller is closed. At this time, the torque of the system is obtained by the feedback control loop at the bottom. By introducing the interactive force into the negative feedback control loop, the reference moment of the dynamic solution during the control motion is constantly corrected and allows the wearer to perform his or her own movements without hindrance.



Without considering the motion of the human body, the formula for calculating the output torque of the follow-controlled exoskeleton joint is as follows:


   τ m  =  τ b  +  τ  r e f   + Δ  τ i  ,  



(10)






  Δ  τ i  = − P  τ h  −  τ  r e f   − D   τ ˙  h  ,  



(11)







The dynamic equation at the exoskeleton joint is as follows:


   (   J m   R 2  +  J l  +  J g   )   β ¨  + s i g n  (  β ˙  )  m g l s i n β − f l =  τ b  ,  



(12)




where    J m    is the internal rotational inertia of the motor,    J l    is the rotational inertia of the harmonic drive gear,  R  is the deceleration ratio of the harmonic drive gear, and    J g    is the rotational inertia of the external member;  f  refers the friction force generated when the body and the exoskeleton move side to side, and   l   is the effective distance of the friction force from the revolute joint.   m g l s i n β   represents the output torque due to the gravity of the thigh member,    τ m    is the output torque of the motor operating in the torque mode, and    τ h    is the interaction torque between the human and the exoskeleton. By measuring the real-time interaction force between the waist active exoskeleton and the wearer and introducing it into the closed-loop feedback control system, the system can be more stable and accurate.




2.3.3. Assist Control Strategy


Based on complete and effective follow control, we have added a power controller to the follow control strategy. This means the control strategy can assist in manual material handling. The specific implementation is as follows: When the control system detects that the human body is standing up, the torque controlled by the power controller is introduced into the control loop (Figure 9).



The following control law is proposed, which includes a proportional-derivative torque feedback; a feed-forward action torque from inverse dynamics; and the power controller, where   p w r  (  β ,  β ˙  ,  β ¨   )    is the power function of the hip joint of the semi-squat lift of human body, and the expression is:


   τ m  =  τ b  +  τ  r e f   +  τ p  − P  τ h  −  τ  r e f   − D   τ ˙  h  ,  



(13)






   τ p  =   p w r  (  β ,  β ˙  ,  β ¨   )    β ˙   =   k A  (  β ,  β ˙  ,  β ¨   )    β ˙    e  −  |     β  m a x   − β    β  m a x      |     



(14)







During the semi-squat lifting movement, the expression (14) combines the joint rotational speed and torque together, which is consistent with the actual man–machine coupling movement. When the human body joint rotation speed is faster than the hip exoskeleton, the human body in the active force and the exoskeleton system mainly follow the body movement. When the joint rotation of the human body is slow, the exoskeleton system will actively output the torque and help the human body achieve the semi-squat state to upright state. Therefore, the system can adapt the output torque according to the rotation speed of the human hip joint.   A  (  β ,  β ˙  ,  β ¨   )    is the hip power curve of the adult man at the moment of standing up calculated by the model in Section 2.1, the actuator at the exoskeleton joint cannot deliver such a high power, so the power curve solved by the original model is usually multiplied by a ratio   k ( 0 < k < 1 )   in the control loop; the power function is multiplied by    e  −  |     β  m a x   − β    β  m a x      |      to make the torque output of the system conform to the torque variation trend of the semi-squat movement. In order to adapt to different ranges of motion, the motion angle data are normalized.






3. Evaluation Methods


In this study, seven healthy adult men (age 25 ± 3, weight 70 ± 5 kg, height 170 ± 3.0 cm) carried out experiments comparing carrying objects with and without an exoskeleton; the subjects signed an informed agreement and claimed to have had no lower back pain in the past 3 months. The experiment mainly measured the energy metabolism cost changes and the changes in the muscle electrical signals of the lower back during the continuous lifting process, to verify the effectiveness of the hip active assistance to the exoskeleton in assisting manual material handling.



In order to maintain the consistency of bending frequency and bending angle in the semi-squat reciprocating transportation, when subjects wore exoskeletons for comparison experiment, we added the function of indicating that the wearer had reached the given position in the system. The given position is as follows: The left and right bending angle of the hip is between 130 ° and 140° (    130  °  <  θ  l e f t _ a n g l e   <   140  °  ,   130  °  <  θ  r i g h t _ a n g l e   <   140  °   ), and the angle of the back from vertical is between 45° and 55°     (   45  °  <  θ  b a c k _ a n g l e   <   55  °  )  . Once the angle of the hip and back of the wearer reaches the desired position, the built-in buzzer indicates that the wearer has reached the desired position. After receiving the cue, the subject is required to lift the object autonomously with the assistance of the exoskeleton.



In the case of without-EXO, one IMU was placed on the upper body of the subjects and on the lateral sides of the left and right thighs of the subjects; there were also IMUs to detect the angle of pitch. By calculating the angle of pitch through Formulas (15)–(17), we could also detect the posture of the human body and give the subject prompts.


   θ  l e f t _ a n g l e   =  β  b _ i m u   −  θ  l _ i m u   ,  



(15)






   θ  r i g h t _ a n g l e   =  β  r _ i m u   −  θ  b _ i m u   ,  



(16)






       θ  b a c k _ a n g l e   =  β  b _ i m u        



(17)







Before conducting the evaluation experiments, we first measured the data of sensors after the human body wore an exoskeleton to verify that the system could work normally. During the exoskeleton assisting manual material handling, both the follow control strategy and the assist control strategy are involved, therefore, we measured the sensor data of the subject during a complete handling movement to evaluate the performance of the exoskeleton system. The angle sensor data during the manual material handling, the motor output torque at different rising speeds, the interactive force under the follow control strategy, and the assist control strategy were recorded in this experiment. These data can help us better understand the working process of the exoskeleton.



3.1. Measure Metabolism Cost of Energy


To assess the reduced metabolic energy cost of the exoskeleton during assisted transport, a comparative experiment was conducted on three adults of different heights and weights (age 24 ± 3, weight 70 ± 5 kg, height 170 ± 5.0 cm). The specific experimental measurement methods and steps are as follows: First, participants were asked to wear portable gas analyzers (K4b2, Cosmed, Roma, Italy) and measure the base energy consumption while siting; due to the fact that K4b2 has the advantages of small size and light weight, it will not affect the range of motion of the human body after wearing and will not significantly increase the metabolism cost of human movement.



After being upright for 2 min, participants were asked to carry an 8 Kg weight from the ground back and forward to a platform at a height of 0.5 m, either with or without an exoskeleton. The whole process lasts 5 min. The carrying posture and frequency of the wearer during the carrying process are strictly controlled to reduce the influence of movement differences between participants on the experimental data. The whole process was repeated six times, three times without the exoskeleton, three times with the exoskeleton. The experiment was conducted 2 h after a meal to eliminate the effect of digestion on the metabolism cost of energy. To eliminate individual differences, data for each participant were normalized according to their own weight.



In this experiment, the K4b2 samples and analyzes the exhaled air of the human body, and the supporting software receives the energy consumption data and visualization through wireless transmission. After the experiment, the test data for each subject was processed by a MATLAB (The MathWorks Inc., Natrick, MA, USA) script to calculate the final metabolic cost of energy.




3.2. Measure Back Muscle Electromyography Signal


The purpose of the EMG measurement Experiment was to evaluate the reduced activity of the exoskeleton on the muscles of the lower back and analyze the effectiveness of the exoskeleton from another perspective. The areas where the electrical signals of the muscles of the lower back change significantly during semi-squat are mainly located in the erector spines and multifidus muscle on the left and right sides of the spine [29]. The erector spines are far away from the spine and produce a greater torque when the lumbar spine is stretched. The multifid muscle, which is usually attached to the lumbar spine, accounts for a quarter of the energy contribution of the trunk extensor during maximum trunk stretching [30]. As the handling quality becomes heavier, the amplitudes of EMG signals of the erector spines and multifidus muscle increase [31,32].



The specific experimental methods are as follows: Before the experiment began, Ag/AgCl surface electrodes were installed at the left thorax lumbar erector spinae, the right thorax lumbar erector spinae, the left thorax thoracic erector spinae, and the right thorax thoracic erector spinae after rubbing with alcohol at the test point of the subject’s back. The test point is based on Hermens et al. [11]; EMG signals were first measured at the test point in the standing position. The subjects were required to relax their back muscles before the experiment began. After it was detected that the back muscles EMG signals remained stable and the amplitude was near 0 for 10 s, a complete carrying movement experiment started. The EMG signal was not recorded during the bending of the subject. While the subject bent down to reach the established semi-squat posture, the left and right bending angle of the hip was between 130° and 140° (    130  °  <  θ  l e f t _ a n g l e   <   140  °  ,   130  °  <  θ  r i g h t _ a n g l e   <   140  °   ), and the angle of the back from vertical was between 45° and 55°     (   45  °  <  θ  b a c k _ a n g l e   <   55  °  )  . The posture capture system would indicate the wearer. After receiving the cue, the wearer began to lift the object, and another participant used the NORAXON EMG software to record the EMG signal data of the wearer.



In this experiment, seven subjects were asked to stand in a designated position and carry an 8 kg weight to a 0.5 m platform at a fixed frequency. In another set of experiments, subjects were asked to lift the same weight with the help of hip exoskeleton; the starting position and frequency of the semi-squat were the same as those without the exoskeleton. The only difference between the experiments is whether the subjects wore an exoskeleton or not.





4. Results


The sensor data images when the system is running are shown in Figure 10, Figure 11 and Figure 12. Comparing the movement angle curves of the joints when carrying heavy objects, we can find that the movement angle curves of the joints (the Figure 10 and the Figure 11a) have not changed significantly with or without the assistance of the exoskeleton during the process of lifting heavy objects, which means that no mechanical and control interference affect the carrier’s manual material handling.



In the gait phase of Figure 11c, the system distinguishes between semi-squat and upright. The definition of gait phase is consistent with the definition of finite state machine. Since the transition of the human body in semi-squat and upright is not realized immediately, we define the transition process state of the two states as 0. The controller can further distinguish between bending and standing up according to the slope of the angle sensor data and assist the human body to get up.



As can be seen in Figure 12, turns out that under different joint angular velocities, the output torque of the exoskeleton hip joint changes with the angular velocity of the human body when the subject is standing up. The controller system calculates the torque of the exoskeleton hip joint based on the angular velocity. It can be found that when the movement is fast, the output torque of the joint is small; compared with when the movement speed is slow, the average output torque of the joint is smaller and the peak torque lasts shorter.



In the experiment of detecting the metabolism cost of energy in the state of continuous transportation, the energy consumption of the subject’s continuous transportation with or without an exoskeleton was recorded and subtracted from the basic metabolism cost of energy. Figure 13 shows the change of energy consumption with time under the state of continuous transportation; the results showed that wearing the exoskeleton upright did not significantly increase the overall energy consumption, while during the reciprocating process, the total energy consumption of the carrier decreased by 18% (n = 3, two-sided paired t tests, p = 0.091 < 0.01).



After rectifying the original EMG signal and low-pass (10–400 Hz) filtering, the root mean square (RMS) value was calculated for the EMG signal every 5 ms, and the EMG signal amplitude of the muscle group is shown in Figure 14a–d, respectively; the mean EMG amplitude in four muscle groups is shown in Figure 14e. Comparing the EMG signals of the erector spinae with or without exoskeleton assistance during transport, we found that the activity of EMG signals without exoskeletons was significantly higher than with exoskeleton assistance. Specifically, there was a 48% (without 97.9 ± 11.9 and with 50.1 ± 6.4    μ v   , n = 7, two-sided paired t tests, p = 0 < 0.05) reduction of muscle activity for the LTTES (Left Thorax Thoracic Erector Spinae), a 47% (without 121.2 ± 21.8 and with 64.1 ± 7.04    μ v   , n = 7, two-sided paired t tests, p = 0 < 0.05) reduction for the LTLES (Left Thorax Lumbar Erector Spinae), a 37% (without 86.7 ± 6.0 and with 53.5 ± 6.01    μ v   , n = 7, two-sided paired t tests, p = 0 < 0.05) reduction for the RTTES (Right Thorax Thoracic Erector Spinae), and a 30% (without 64.3 ± 14.1 and with 45.9 ± 7.8    μ v   , n = 7, two-sided paired t tests, p = 0.001 < 0.05) reduction for the RTLES (Right Thorax Lumbar Erector Spinae) with the exoskeleton (compared to without-EXO).




5. Discussion


Compared to a passive exoskeleton, active exoskeleton can provide variable torque, which enables the system to work in more complex environments. In this paper, the proposed hip active exoskeleton is designed to assist the human body with optimal handling techniques. The system will automatically adjust the joint output torque according to the joint rotation angular velocity of the carrier during the transportation process. At the same time, it can be found from the angle sensor data and the interaction force sensor data that the exoskeleton in the paper prolongs the rise time of the human body. Comparative experiments show that in the situation without exoskeletons, the subjects lifting and bending movements will cause the waist back EMG signal to rise and fall sharply, and the average amplitude of the signal will be greater. With the help of an exoskeleton, the average amplitude of the EMG signal of the wearer’s back muscle group decreases and changes gently. This means that the absence of exoskeleton assistance during the subjects’ manual material handing will cause the center frequency of myoelectric signals to increase. Subjects stated that during the assist process, the subject’s thighs and shoulders were pushed by the system, so the back muscles and hip joints did not need to output the corresponding torque when bending without an exoskeleton. According to the characteristics of average amplitude increase of EMG signal during muscle fatigue [33], it can be inferred that this exoskeleton can effectively reduce the activity of the muscles in the lower back and extend the endurance of the human body for reciprocating transport.



Analysis of the interaction force sensor data shows that when the human body is not standing up, the interaction force between the human and the machine is generally controlled near 0; however, when the system detects that the human body is up, the power controller will control the system output torque based on the human body’s motion data. The interaction force reaches peaks and then decreases negatively exponentially. The figure shows that the interaction force between the human and the machine does not increase immediately after the controller recognizes the human body’s standing up movement. There is also a delay in the time between the left and right legs of the human body beginning to receive exoskeleton assistance (approximately 100 ms). This is due to the angle difference between the exoskeleton and the human body, which is mainly caused by the inconsistency of the tightness of the left and right legs and the types of sensors used in the exoskeleton. Therefore, the interaction force sensor does not increase immediately as the system first compensates the human–machine angle difference when assisting the human body to stand up. A close-fitting binding structure can help to reduce the time delay of the angle difference in the movement and improve the physical feeling when wearing the exoskeleton.



Exoskeleton, as a type of bionic robot, often has a time delay with the human body during the human–machine coupling movement, which is not only related to machinery and binding structure, but also related to system cognition speed. The type of sensor used in the exoskeleton will greatly affect the speed of the system’s cognition. The current system uses sensors to detect the posture of the exoskeleton, which has the advantages of small number, convenient installation and stable work. However, since the human body is required to drive the exoskeleton at the beginning of the movement, there is inevitably a time delay with the human body during the human–machine coupling movement. Moreover, motor performance deficits in older adults may be due to motor impairments, not cognitive impairments. STAC (Scaffolding Theory of Aging and Cognition) suggests that pervasive increased frontal activation with age is a marker of an adaptive brain, which engages in cognitive compensation in response to the challenges posed by declining neural structures and function [34]. One evidence from an orthoptera–robot interaction shows that cognitive decline does not occur in locusts with age [35], whereas motor impairments occur more frequently with age. This means that if the exoskeleton movement is controlled by collecting EEG signals, which has the advantages of not being easily affected by the physical condition of the wearer and reducing the time delay in man–machine coupling movement, this will be more in line with the needs of the elderly or disabled. On the other hand, the scope of the applicable population by placing sensors on the exoskeleton can also be increased if the prediction of aperiodic motion sensor data can be realized, which is also a kind of cognitive compensation for human movement.



However, our hip active exoskeleton is committed to assisting in carrying and following human movement with small hindrance, which still has limitations. One is that there is an asymmetric handling condition in the handling process, which makes the transporter need to rotate the upper body in the handling process, and the output torque of the left and right hip joints is not consistent, which is not achieved in the mechanical structure and control of our existing exoskeleton prototype. Second, in the process of auxiliary transportation, the prototype can only give assistance to the wearer when standing up, while the rest of the time it follows the movement of the human body. We found that the EMG signals of the lower back were also active when bending. Therefore, in the subsequent design, we considered adding the function of assisting in bending to the exoskeleton prototype rather than just assisting in lifting heavy objects.




6. Conclusions


We analyzed the output torque and power of the hip joint of the semi-squat lift on the basis that the semi-squat lift is a better handling technique for the human body. A hip active exoskeleton system was designed based on the power output curve of the hip joint during human semi-squat lifting. Since the torque of the system is determined by the angular velocity of the human body’s motion and the power of the hip joint, the exoskeleton can be adaptive to the output torque when assisting human transport.



With the assistance of the hip active exoskeleton, the amplitude of the back muscles of the erector spinae decreases, and the magnitude of the torque of the hip joint is reflected by the magnitude of the EMG signal amplitude of the waist. Therefore, we hypothesized that the active hip exoskeleton assisted manual lifting mainly by reducing the activity of the myoelectric signals in the lower back to reduce the risk of lower back injury. From the experimental data, there is no doubt that the active exoskeleton can assist the human body in semi-squat lifting, and by reducing the activity of the muscles in the lower back, the exoskeleton may also reduce the risk of lower back injury.
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Figure 1. Simplified model of rigid body in semi-squat. 
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Figure 2. (a) The current version of the prototype exoskeleton. (b) The angle and hip output torque measured by the subject during the semi-squat. 
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Figure 3. Curve of hip joint power output during semi-squat. 
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Figure 4. The hip active exoskeleton ‘MeBot-EXO’. (a) Prototype in SolidWorks. (b) Thigh member. (c) Supporting mechanism of the waist. (d) Binding structure. 1. Battery. 2. Back-support plate. 3. Removable cushion. 4. Shoulder straps. 5. Waist straps. 
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Figure 5. Electrical hardware structure. 
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Figure 6. Curve of induced current and angle in EXO-OFF state. 
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Figure 7. Finite-state machine. 
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Figure 8. Follow control block diagram. 
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Figure 9. Assist control block diagram. 
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Figure 10. Manual material handling without exoskeleton sensor data. 
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Figure 11. The result of the control system recognizing the posture of the human body. (a) Manual material handling assisted by exoskeleton angle sensor data. (b) Interact force during manual material handling. (c) Gait phase in manual material handling. 
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Figure 12. Actuator output torque at different speeds when standing up. 
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Figure 13. Metabolic cost of energy during the continuous manual material handling with and without exoskeleton. (a) Metabolic Rate in 5 min. (b) Metabolic cost of energy in 5 min. 
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Figure 14. EMG amplitude of four muscle groups at L5/S1 location: (a) LTTES muscle amplitude in 5 s. (b) LTLES muscle amplitude in 5 s. (c) RTTES muscle amplitude in 5 s. (d) RTLES muscle amplitude in 5 s. (e) The median EMG activities of four muscle groups (Error bars indicate standard deviation. Significant results (p < 0.05) are marked with an *). (f) Four muscle group locations. 
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Table 1. Finite-state machine transition conditions.
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#

	
Transition Conditions

	
Next State Machine






	
①

	
    K l  >  K  t h r   > 0     

	
   K l I  >  K  t h r  I       |  K b  | <  K  t h r  b   

	
3.Left Front Swing




	
②

	
   0 < −  K  t h r   <  K l    

	
   K l I  >  K  t h r  I       |  K b  | <  K  t h r  b   

	
4.Left Back Swing




	
③

	
   −  K  t h r   <  K l  <  K  t h r     

	
   K l I  <  K  t h r  I       |  K b  | <  K  t h r  b   

	
1.Upright




	
④

	
    K r  >  K  t h r   > 0   

	
   K r I  >  K  t h r  I       |  K b  | <  K  t h r  b   

	
5.Right Front Swing




	
⑤

	
   0 < −  K  t h r   <  K r    

	
   K r I  >  K  t h r  I       |  K b  | <  K  t h r  b   

	
6.Right Back Swing




	
⑥

	
   −  K  t h r   <  K r  <  K  t h r     

	
   K l I  <  K  t h r  I       |  K b  | <  K  t h r  b   

	
1.Upright




	
⑦

	
    K l  ,  K r  >  K  t h r   > 0   

	
   K r I  ,  K l I  >  K  t h r  I        K b  >  K  t h r  b   

	
2.Semi-Squat




	
⑧

	
   0 < −  K  t h r   <  K r  ,  K l    

	
   K r I  ,  K l I  >  K  t h r  I        K b  > −  K  t h r  b   

	
1.Upright








where    K  t h r     refer to the slope thresholds of the angular data detected over a period of time;    K l  ,  K r    refer to the slopes of the angle sensors at the left and right thighs;    K  t h r  b    refer to the slope thresholds of back angle detected by IMU over a period of time;    K b    refer to the slope of back angle detected by IMU over a period of time;    K  t h r  I    refer to slope thresholds of the sampling current over a period of time; and    K l I  ,  K r I    refer to the slopes of the sampling current at the left and right thighs. Unwritten transition conditions are considered to have no effect on state switching.
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