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Abstract

:

To conduct a comfortable lift for the care-receiver, it takes a lot of time and operations to design the motion trajectory for each care-receiver before transfer tasks. To solve this problem, this paper proposed a method to design a lift trajectory for a piggyback transfer robot. The robot, which can lift and move a person from a wheelchair to a bed or a pedestal pan, has been developed. The trajectory obtained by this method could make the robot conduct a comfort lift for the care-receiver, according to the weight and height of the care-receiver. A human-robot mechanics model and the relationship between the comfortable lift trajectory and the care-receiver’s weight and height were also contributed. According to the test results of 20 subjects, the force parameters used for trajectory design were determined, and the trajectory design method was optimized. The results of three subjects demonstrated that this method could conveniently and quickly provide a robot lift trajectory based on the subject’s weight and height, and this trajectory also achieved a similar lift as the trajectory designed by relying on the opinion of the subject. This method can be used for the design of the reference trajectory in the compliant control of the piggyback robot, which realizes the comfortable lifting of the care-receiver.
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1. Introduction


Among nursing care tasks, patient transfer, such as lifting and moving a bedridden patient from a bed to a wheelchair or a pedestal pan and back, is one of the most physically challenging tasks [1,2]. With the advent of an aging society, the demand for human-interactive robots that assist on-site caregivers increases [3,4,5,6]. To provide comfortable and safe transfers, many kinds of transfer devices and robots have been developed [7,8,9,10,11], such as transfer lifts [12,13], and dual-arm care robots [14,15,16]. However, they are not widely used because of the large time consumption in performing transfer tasks, the lack of safety and comfortableness [17], the complicated operation, and so on.



To achieve a comfortable and safe patient transfer and a convenient operation for caregivers, we developed a piggyback transfer robot [18] by imitating the motion when a person holds another person on his/her back. It has a flexible and simple carrying mechanism and is shown in Figure 1a. The robot consists of a chest holder with 3 DOFs (Degree Of Freedom) that can lift and move like a human back. A hip support was also designed that could automatically rise to support the hip of the care-receiver when the robot moved after holding up the care-receiver. Figure 1b presents the process when the robot lifts a subject from a seat to the saddle of the robot and moves. Before the lifting process, the robot approached the subject who was on a seat and adjusted the posture of the chest holder to approach and contact with the subject. A caregiver helped the subject put their feet on the pedal of the robot. The flexible arms of the robot held the subject’s torso. The lifting motion was a movement of lifting the subject from a seat to the saddle of the robot. In moving, the saddle of the robot rose, and the subject’s posture did not change. The trajectory of the marker on the subject also represents the process of the robot lifting and moving. The process of putting a subject down on a bed or other positions is the reverse process of Figure 1b. In addition, an active stiffness control approach [19], in combination with a passive cushion, was proposed and introduced to the robot. The approach adjusted the motion of the chest holder according to the force acting on the care-receiver’s chest to achieve a comfortable lift. The test result demonstrated that the robot could hold a care-receiver from a seat to a bed comfortably.



Most transfer devices still require frequent caregiver operations to realize the comfort lift for different care-receivers [20,21,22]. Each care-receiver needs different lift trajectories to ensure their comfort in transferring since they all have different physical parameters, such as height, weight, and so on. Therefore, the caregiver needs many trials to conduct a comfortable lift for a care-receiver. It takes a lot of time, and the uncertainty of the field operation can easily cause discomfort to the care-receiver. In our previous study, the basic lifting motion of the piggyback nursing-care robot was created by interpolating several comfort postures. These postures were determined based on the opinions of the lifted person. Different care-receivers need different basic motions, so a test based on the subjective evaluation is necessary before designing the basic motion. This way provides a comfortable motion trajectory for each lifted person. However, it also takes a lot of time to design the motion for each care-receiver before lifting.



To solve the problems mentioned above, we present a trajectory design method for the lift motion of the piggyback nursing-care robot. According to the weight and height of the care-receiver, the method calculates a trajectory to conduct a comfort lift. The factors that affect the comfort of the care-receiver were analyzed, and a human-robot mechanics model was built. The subjective evaluation, test results of 20 subjects, and BP neural network were used to build the relationship between comfort force parameters of the human-robot mechanics model and the care-receiver’s weight and height. In addition, the trajectory design method was optimized. The results of three subjects demonstrated that the proposed method could provide a lift trajectory based on the subject’s weight and height. The trajectory can achieve a similar lift as the designed trajectory by relying on the opinion of the subject. This proposed method can be used for the design of the reference trajectory in the piggyback robot compliant control, which can realize the comfortable lifting of the care-receiver.



The paper is organized as follows. Section 2 analyzes the factors that affect the comfort of the care-receiver. Section 3 introduces the human-robot mechanics model and the trajectory design method for the robot lift. Section 4 gives the experimental design, builds the relationship between comfort force parameters of the human-robot mechanics model and the care-receiver’s weight and height, optimizes the trajectory design method, and verifies the feasibility of the motion design method. Section 5 covers the conclusions and gives a brief explanation of future work.




2. The Factors Affecting the Comfort of the Care-Receiver


It is essential to ensure the comfort of the care-receiver. In previous tests, subjective evaluations of subjects [23] demonstrated that forces acting on the care-receiver’s chest and axillaries were the main factors affecting his/her comfort. The uncomfortable posture directly led to pain in the armpits or chest of the subject. The force acting on the chest or armpits exceeded the limits which the subject could accept, and was the cause of this phenomenon. The subject’s armpits were so sensitive that the excessive force acting on the armpits could easily lead to numbness and even pain in the armpits. The excessive force acting on the chest also caused the discomfort of the abdomen and chest.



To clarify the relationship between the force acting on the care-receiver and the posture of the chest holder, an experiment was conducted. In this experiment, the subject was lifted from a seat to the saddle of the robot. The force acting on the subject and the postures of chest holder were recorded when they were lifted. The hip of the subject was not supported in this process. As shown in Figure 2, the VICON motion capture [24] recorded the actual posture of the chest holder. The force acting on the armpit and chest of the subject were measured by using the one-dimensional force sensor and the TEKSCAN tactile sensor [25], respectively. AMIT force plates measured forces acting on the foot of the subject. The times of the collected information were synchronized. In addition, the lift trajectory of the robot was created by interpolating the several postures determined, based on the opinions of the lifted person before the experiment. This motion trajectory can lift the subject comfortably.



Ten healthy subjects participated and they signed written informed consents prior to the experiment. These subjects were adults aged 26–32, including 4 women and 6 men. Their BMI ranged from 17.48–27.57 kg/m2. The experimental results showed that there was the similar feature in relationship between the force acting on the subject and the posture of the chest holder in lifting. A result of subject 6 (1730 mm, 58 kg), as an example, is shown in Figure 3. The force acting on the subject is changed with the postures of the chest holder. The lifting motion of the robot consists of the motions in horizontal distance, vertical distance, and the rotation. To clarity the effect of the lifting motion on the force acting on the subject, these motions in a single DOF are shown in Figure 3b.



In the early stages of lifting, the angle of the chest holder was obviously reduced to ensure the subject could be lifted comfortably. The subject’s torso leaned forward, and there was a significant increase in the force acting on the chest. In contrast, the force acting on axillaries and the force in vertical acting on the foot decreased. After this stage, there were not obvious changes in these forces compared to the early lifting. During the entire lifting, the angle of the chest holder directly affected the force acting on the subject. The force exerted on the chest increased as the angle between the chest holder and the ground decreased. The trend of the force acting on the foot in vertical was opposite to that of the chest since more force was supported by the chest. Compared to the chest and the foot, the armpit took a small part of the force acting on the subject. The trend of the force acting on armpits were also opposite to that of the chest. The force decreased with decreasing the angle of the chest holder. According to the previous test, it was found that forces acting on the care-receiver’s chest and axillaries were the main factors affecting his/her comfort. The experimental results demonstrated that the force exerted on the subject changed with the posture of the chest holder of the robot. Therefore, it is clear that the force change with the posture of the chest holder of the robot is what affects the comfort of the care-receiver.




3. A Human-Robot Mechanics Model and the Motion Design


3.1. A Human-Robot Mechanics Model


To clarify the relationship between the force acting on the subject and the posture of the chest holder, a human-robot mechanics model was built, as shown in Figure 4. In this model, the chest holder of the robot lifted a person from a seat. The person was regarded as a four-link model to simplify this model. In lifting, the chest, including the thorax and the abdomen, of the care-receiver was supported by the chest holder. The thorax and the abdomen were regarded as a whole, including the head and the neck. The pelvis and thigh were seen as a link. The calf and the foot were regarded as the other two links. Each link was articulated with each other. There were interaction forces in the joints of the links.



In lifting, the care-receiver’s chest, armpits, and foot are acting on some forces generated by their own gravity. Interaction forces also exist between the joints of the person. The piggyback nursing-care robot can lift a person with lower limb disability. Their arms are healthy, and they can hold the handle of the robot to ensure their posture in lifting. The grip of hands will reduce the force acting on the body. It is the internal force generated by muscles and different from the force acting on the body. To simplify the mechanics model and influence of the grip, the arms of the person and its weight were ignored in this model. The force acting on the armpits and the friction acting on the chest were regarded as a force. It was noted that there was no relative movement between the care-receiver and the chest holder of the robot in lifting, since the axillary holders of the robot supported the armpits of the care-receiver. Thus, the friction acting on the chest has little effect on the other force acting on the body and can be ignored. The force acting on the chest and foot of the care-receiver were regarded as a combination of force and moment, since they were in the area of contact with each other between the care-receiver and the robot. The size and force of the model are shown in Figure 5a. The position and posture of the chest holder are represented by    (  x , y , α  )   , where  x  is the horizontal distance between the joint of the chest holder and the origin of the world frame,  y  is the vertical distance between the chest holder’s joint and the origin of the world frame, and  α  is the angle between the chest holder and the ground.



A fast lifting speed of the robot can increase the mental and physical burden on the care-receiver. To ensure the comfort of the person, the lift motion has a slow speed and a small acceleration. Therefore, the effect of inertial force acting on the person was ignored. The lifting motion was analyzed by using the statics analysis. According to the balance of forces and torques, the forces and torques acting on the foot meet:


   {       F  p x   +  F  10 x   = 0        F  p y   +  F  10 y   −  G 0  = 0        M p  +  G 0   l  02   = 0       ,  



(1)




where    G 0    is the weight of the foot.    F  p x     and    F  p y     are the friction and pressure exerted on the foot.    M p    is the torque acting on the foot.    F  10 x    ,    F  10 y     are the relative forces from calf to the foot.    l  02     represents the position of the mass center of the foot. The forces and torques acting on the calf meet:


   {       F  21 x   −  F  01 x   = 0        F  21 y   −  G 1  −  F  01 y   = 0        G 1   l  12   sin  (  π −  θ 1   )  +  F  01 x    l 1  sin  (  π −  θ 1   )  +  F  01 y    l 1  cos  (  π −  θ 1   )  = 0       ,  



(2)




where    G 1    is the weight of foot.    F  01 x    ,    F  01 y     are the relative forces from the foot to the calf.    F  21 x    ,    F  21 y     are the relative forces from thigh and pelvis to the calf.    θ 1    is the angle between the calf and the ground.    l 1    is the length of the calf.    l  12     represents its position of barycenter. The forces and torques acting on the thigh and the pelvis meet:


   {       F  32 x   −  F  12 x   = 0        F  32 y   −  G 2  −  F  12 y   = 0        G 2   l  22   cos  θ 2  +  F  12 x    l 2  sin  θ 2  +  F  12 y    l 2  cos  θ 2  = 0       ,  



(3)




where    G 2    is the weight of thigh and pelvis.     F  12 x    ,    F  12 y     are the relative forces from the calf to the thigh.    F  32 x    ,    F  32 y     are the relative forces from the abdomen to the pelvis.    θ 2    is the angle between the thigh and the ground.    l 2    is the length of the thigh and the pelvis.    l  22     represents its position of the barycenter. The forces and torques acting on the torso (head, neck, chest, and abdomen) meet:


   {       F c  cos  (   π 2  − α  )  −  F a  cos α =  F  23 x          F c  sin  (   π 2  − α  )  −  F a  sin α =  G 3  +  F  23 y          M c  +  F  23 x    l  3 a   sin α +  F  23 y    l  3 a   cos α = 0       ,  



(4)




where    G 3    is the weight of torso.    F  23 x    ,    F  23 y     are the relative forces from the pelvis to abdomen.    θ 3    is the angle between the torso and the ground. It is equal to   ( π − α  ).    l 3    is the length of torso.    l  31     represents its position of the barycenter.    F c    and    M c    are the force and torque acting on the chest (thorax and abdomen) of the care-receiver. The friction acting on the chest is not considered, because there is no relative movement between the chest and the chest-holder under the supporting of the axillary support.    F a    is the force acting on the axillaries.



According to the Formulas (1)–(4) and the geometric relationship of the robot mechanism, the posture of the chest holder    (   x  c i   ,  y  c i   ,  α  c i    )    is:


   {       x  c i   =  d x  −  l 1  cos  (  π −  θ 1   )  +  l 2  cos  θ 2  −  b 2  sin α −  (   l 3  −  b 1   )  cos α        y  c i   =  d y  +  l 1  sin  (  π −  θ 1   )  +  l 2  sin  θ 2  +  (   l 3  −  b 1   )  cos α −  b 2  sin α        α  c i   = arcsin  (       F a   (   F c 2  −  F  23 x  2  +  F a   )    −  F  23 x    F c     F  23 x  2  +  F a     )        ,  



(5)




where    x  c i     is the horizontal distance between the joint of the chest holder and the origin of the coordinate system,    y  c i     is the vertical distance between the chest holder’s joint and the origin of the coordinate system, and    α  c i     is the angle between the chest holder and the ground. (   d x   ,   d y   ) is the position of the ankle joint of the care-receiver. (   d x   ,   d y   ) does not change with different care-receivers, since each care-receiver put his/her foot on the same position in lifting. All parameters of the model are shown in Table 1 [26,27].




3.2. The Motion Design


The process of the care-receiver being lifted from a seat to the saddle of the robot can be divided into 4 stages by 5 moments, including the beginning of lifting, rising, falling, and putting on the saddle. These 5 moments consist of a start of lifting, the middle in rising, the highest position in lifting, the middle in falling, and the end of lifting. The position of the mass center of the care-receiver’s torso is marked and the trajectory of the mass center is shown in Figure 6.



According to the planning of the lift motion, the lifting trajectory was determined by five postures. A well-planned and smooth motion trajectory is the key to realizing that the robot can lift a care-receiver flexibly. The sudden change in the speed of robot motion can cause the discomfort to the care-receiver. The cubic Hermite interpolation [28,29] was introduced to the creation of the lift trajectory to ensure the continuum of motion speed at different interpolation positions. Five positions were chosen and interpolated. The position of the chest holder    (   x  c i   ,  y  c i   ,  α  c i    )    is represented by    C i   , where   i = 0 ,   1 ,   2 ,   3 ,   4  . These positions of the chest holder, including      C   0   ,    C 1   ,    C 2   ,    C 3   , and    C 4   , are shown in Figure 7. Except for the motion time of lifting, the definition of the interpolation positions is significant to obtain the lift trajectory of the chest holder. The position represents certain specific postures in lifting and ensures the comfort of the care-receiver in this posture. These positions are determined by the Formula (5) and the force that can ensure the care- receiver’s comfort in these postures. The determination method of the force is described in Section 4.2 of this paper.



The lift trajectory of the chest holder, determined by interpolation based on 5 positions, consists of 4 parts. Each part can be determined based on the position of the start and end of each part. The part of the lift trajectory is represented by    (   x c   ( t )  ,  y c   ( t )  ,  α c   ( t )   )   , where  t  is the time in lifting, the    x c   ( t )    is the horizontal distance between the joint of the chest holder and the origin of the coordinate system,    y c   ( t )    is the vertical distance between the chest holder’s joint and the origin of the coordinate system, and    α c   ( t )    is the angle between the chest holder and the ground. The lift trajectory of the chest holder is:


   {       x c   ( t )  =  a x  +  b x  t +  c x   t 2  +  d x   t 3         y c   ( t )  =  a y  +  b y  t +  c y   t 2  +  d y   t 3         α c   ( t )  =  a α  +  b α  t +  c α   t 2  +  d α   t 3        ,  



(6)




where    a x   ,    b x   ,    c x   ,    d x   ,    a y   ,    b y   ,    c y   ,    d y   ,    a α   ,    b α   ,    c α   ,    d α    are parameters of the Formula (6). These parameters can be represented by:


          a x  =  x  c ( 𝑖 + 1 )          b x  =    x  c  (  𝑖 + 1  )     ˙         c x  =     x  c ( 𝑖 + 1 )   ˙  −   x  c 𝑖   ˙    2   t  𝑖 + 1   −  t 𝑖     −  3 2     2   x  c ( 𝑖 + 1 )   ˙     t  𝑖 + 1   −  t 𝑖    +     x  c ( 𝑖 + 1 )   ˙  −   x  c 𝑖   ˙     t  𝑖 + 1   −  t 𝑖    −   2   x  c ( 𝑖 + 1 )   −  x  c 𝑖        t  𝑖 + 1   −  t 𝑖   2           d x  =   2   x  c ( 𝑖 + 1 )   ˙      t  𝑖 + 1   −  t 𝑖   2   +     x  c ( 𝑖 + 1 )   ˙  −   x  c 𝑖   ˙      t  𝑖 + 1   −  t 𝑖   2   −   2   x  c ( 𝑖 + 1 )   −  x  c 𝑖        t  𝑖 + 1   −  t 𝑖   3           



(7)






          a y  =  y  c ( 𝑖 + 1 )          b y  =    y  c  (  𝑖 + 1  )     ˙         c y  =     y  c ( 𝑖 + 1 )   ˙  −   y  c 𝑖   ˙    2   t  𝑖 + 1   −  t 𝑖     −  3 2     2   y  c ( 𝑖 + 1 )   ˙     t  𝑖 + 1   −  t 𝑖    +     y  c ( 𝑖 + 1 )   ˙  −   y  c 𝑖   ˙     t  𝑖 + 1   −  t 𝑖    −   2   y  c ( 𝑖 + 1 )   −  y  c 𝑖        t  𝑖 + 1   −  t 𝑖   2           d y  =   2   y  c ( 𝑖 + 1 )   ˙      t  𝑖 + 1   −  t 𝑖   2   +     y  c ( 𝑖 + 1 )   ˙  −   y  c 𝑖   ˙      t  𝑖 + 1   −  t 𝑖   2   −   2   y  c ( 𝑖 + 1 )   −  y  c 𝑖        t  𝑖 + 1   −  t 𝑖   3           



(8)






          a α  =  α  c ( 𝑖 + 1 )          b α  =    α  c  (  𝑖 + 1  )     ˙         c α  =     α  c ( 𝑖 + 1 )   ˙  −   α  c 𝑖   ˙    2   t  𝑖 + 1   −  t 𝑖     −  3 2     2   α  c ( 𝑖 + 1 )   ˙     t  𝑖 + 1   −  t 𝑖    +     α  c ( 𝑖 + 1 )   ˙  −   α  c 𝑖   ˙     t  𝑖 + 1   −  t 𝑖    −   2   α  c ( 𝑖 + 1 )   −  α  c 𝑖        t  𝑖 + 1   −  t 𝑖   2           d α  =   2   α  c ( 𝑖 + 1 )   ˙      t  𝑖 + 1   −  t 𝑖   2   +     α  c ( 𝑖 + 1 )   ˙  −   α  c 𝑖   ˙      t  𝑖 + 1   −  t 𝑖   2   −   2   α  c ( 𝑖 + 1 )   −  α  c 𝑖        t  𝑖 + 1   −  t 𝑖   3           



(9)




where      x  c 𝑖    ˙   ,      y  c 𝑖    ˙   ,      α  c 𝑖    ˙   ,      x  c  (  𝑖 + 1  )     ˙   ,      y  c  (  𝑖 + 1  )     ˙   ,      α  c  (  𝑖 + 1  )     ˙    are the velocity at the current moment. Each part of the lift trajectory can be determined by the Formulas (6)–(9). These parts of the trajectory form the whole lift trajectory. Moreover, the velocity at the connection position of each part is continuous.



According to the force analysis of the care-receiver in lifting, the relationship among the posture of the chest holder, the posture of the care-receiver, and the force acting on the care-receiver is clarified. The force is the main factor affecting the comfort of the care-receiver. When the care-receiver is in a comfortable posture, the force is acceptable and corresponds to the comfort state. Differences in physical parameters of the care-receiver, such as height and weight, need be considered since the nursing-care robot need to provide lift to different persons. The relationship among the physical parameters of the care-receiver, the force acting on the care-receiver, and the posture of the chest holder can be represented by:


   (   C i  ,    M F   )  = f  (  l , G  )  ,  



(10)




where    M F  =  {   F a  ,    F c  ,    F  p x   ,    F  p y    }    is the force acting on the care-receiver when he/she is lifted comfortably. The force changes with the physical parameters, including the weight  G  and height  l , of the care-receiver. According to the experiment result of the subject, the relationship between the physical parameters and force was determined, as shown in Section 4.2.    C i   (  i = 0 ~ 4  )    is the selected position of the chest holder, which can ensure the comfort of the care-receiver. It is determined by the Formula (5) and    M F   . The lift trajectory is created by interpolating the position    C i   (  i = 0 ~ 4  )   . It can be represented by:


  g  (   C i  ,   t  )  = j  (  l , G , t  )  ,  



(11)




where   g  (   C i  ,   t  )    represents the functional relationship between the interpolation position and the robot motion trajectory, and is obtained by the Formulas (6)–(9).   j  (  l , G , t  )    represents the relationship between the physical parameters of care-receiver and the robot trajectory.   g  (   C i  ,   t  )    and   j  (  l , G , t  )    are both functions with time  t  as the independent variable. The time can be set according to actual requirements.



It is noted in the lift process of the designed trajectory that the robot lifted the care-receiver from a seat to the saddle of the robot. In this process, the hip of the care-receiver is not supported. The lift trajectory is not affected by the starting posture of the care-receiver. In nursing, the care-receiver has a different start posture depending on the care scene. The start posture can be measured by the vision of the robot. A continuous motion trajectory can be obtained by interpolating this posture with the lift trajectory. The hip of the care-receiver is not supported at the end of the trajectory. During the actual robot transfer process, the saddle of the robot will rise and support the care-receiver when the lifting motion is nearly over. It reduces the force acting on the chest and armpits of the care-receiver in moving.





4. Experiment


To improve the accuracy of the model, determine the force parameters of the mechanics model, and verify the feasibility of the trajectory design method, several experiments were conducted. Experimental results of 20 subjects were used to improve model accuracy and determine model parameters. The experimental results of the other three subjects were used to verify the feasibility of the trajectory calculation method. All subjects, who participated in these tests, were in good health and signed written informed consents prior to the experiment.



4.1. Optimization of the Model


The force acting on the care-receiver is only the most important factor affecting comfort. The care-receiver’s comfort is a comprehensive evaluation index. Many other factors can also have an impact on it, such as the force of holding the handle (grip), stretching of the care-receiver’s muscles, speed of the robot, and so on.



The mechanics model built in Section 3.1 is inaccurate. Only the main forces acting on the care-receiver (including the force acting on the chest, the armpits, and the foot) were considered. The grip of hands and the friction acting on the chest were ignored to simplify this model. Therefore, the compensation parameter should be introduced to improve the accuracy of the model. The posture of the chest holder could be represented by the    (   x c  ,  y c  ,  α c   )   . The compensation parameters    λ i   ,  μ ,  δ  were used to optimize the posture of the chest holder to improve the accuracy of the lift trajectory. These parameters were determined by actual test results of the 20 subjects. These subjects were adults aged 26–29, including 4 women and 16 men. Their height ranged from 1650 mm to 1820 mm and their weight ranged from 58 kg to 83 kg. In the test, the reasonable posture of the chest holder, which was used to design the comfort motion, was determined based on these subjects’ opinions and recorded by using the motion capture. The forces acting on the subject in these postures were also recorded. The calculated postures were obtained by using these forces. The compensation parameters    λ i   ,  μ ,  δ  were determined by comparing the calculated posture and the posture based on the subject’s opinion. These parameters are the average of the test results. The compensation parameters at different times are listed in Table 2.



Table 2 shows that the parameter δ, which is used to optimize the angle of chest holder, is close to the constant value. The parameter λ and μ, which are used to optimize the displacement of the chest holder, change with time. It is the result of the change in grip and the internal force of human joints with the posture. These parameters are fitted at different times, and the results are presented in Table 3.



The optimized posture is:


   {       x  r i   = λ  x  c i          y  r i   = μ  y  c i          α  r i   =  α  c i   + δ       ,  



(12)




where    (   x  r i   ,    y  r i   ,    α  r i    )    is the posture after compensation. They are directly introduced into Equation (6) and replace    (   x  c i   ,    y  c i   ,    α  c i    )    to obtain the motion trajectory of the robot.




4.2. Neural Network-Based Parameter Determination


These forces    F c   ,    F a   ,    F  p x    ,     F  p y    , are necessary to calculate the lift trajectory by using the proposed method. These forces are different for each care-receiver, because they have different physical characteristics, such as weight and height. The relationship between the physical parameters and the forces making the subject comfortable is significant to improving the generalizability of the trajectory design method. The BP (Back Propagation) neural network [30,31], which is a highly complex and nonlinear dynamic analysis system, is always used to deal with nonlinear relationships between parameters directly. Therefore, the relationship between the physical characteristics and the forces making the subject comfortable was established by using the BP neural network. In this network, the weight and height were regarded as the input of the network. The forces acting on the chest, armpits, and foot of the subject were regarded as the output of the network. This network will give five sets of forces, which correspond to the five postures of the chest holder making the subject comfortable during lifting. Twenty subjects participated in this test to establish the relationship between the physical parameters and the comfortable force. These subjects also participated in the test for the optimization of the trajectory design method. As a result of the height, weight, gender, and other factors of the subject, each subject’s feelings about the comfort lift was different. According to the analysis of the test results, it was known that the gender of the subjects had no obvious effect on the difference in comfort. Therefore, the parameters of the subjects’ height and weight were selected as the input of the network. In the test, their weight, height, the comfort posture obtained based on the subject’s opinion, and the force in these postures were recorded. The postures making the subject comfortable were determined by considering their subjective feelings. The data of 16 subjects were used as the training set of the network, 2 subjects were used as the test sets of the network, and 2 subjects were used as the validation sets of the network.




4.3. Trajectory Verification


To verify the feasibility of the trajectory calculation method, three subjects (see Table 4) participated in this experiment. These comfort force parameters of subjects obtained by using the prediction network were presented in Table 5.



The experiment focused on lifting a subject from a seat to the saddle of the robot with lift trajectories obtained by the subject’s subjective opinion and the proposed method, respectively. The time of each lifting test was set to be 26 s. In this experiment, all subjects were asked not to use their lower limbs so that we could understand the real feelings when their whole body was lifted. In addition, the subjects were asked to have had enough rest and to have fasted within two hours before the experiment. The motion trajectory of the chest holder, as well as the force acting on the chest, armpits, and foot of the subject were recorded in each test.



Figure 8 shows the posture differences of the chest holder in different lift trajectories. The lift motion of the chest holder consists of the rotation, horizontal movement, and vertical movement. It is found that the motion trends in each degree of freedom direction obtained by the two ways are consistent. It demonstrated that the trajectory obtained by the proposed method has the same motion trend as the trajectory obtained based on the subjective feelings of the subject.



To clarify the deviation between the two trajectories, their average deviation was calculated. In this calculation, the trajectory obtained based on subjective evaluation was regarded as the reference. The deviation between two trajectories reflects the accuracy of the proposed method. The proportion of the average deviation from the reference trajectory is presented in Table 6. It shows that the results of subject 1 and subject 2 have a small deviation, and deviations of all items are within 10%. The result of subject 3, especially in the results of angle and vertical displacement, has a relatively large deviation, which is controlled by 15%. In summary, the accuracy of the proposed method reaches 85%. Therefore, this method is feasible for designing the lifting trajectory of the robot.



The large deviation of subject 3 was caused by the lack of samples with similar characteristics in establishing the relationship between the physical characteristics and the forces making the subject comfortable. This problem can be solved by adding samples with different characteristics.



In lifting, the main factor affecting the comfort of the care-receiver is the force acting on the care-receiver. It is necessary to verify the force acting on subjects in different trajectories. These forces consist of the force acting on the chest, the armpits, and the foot. The combined (resultant) force of these forces is essentially equal to the subject’s gravity. They influence each other and correspond to each other in different postures of the subject. Each of these forces can reflect the change in the comfort state of the care-receiver. It should be noted that the grip of the hand affected other forces acting on the care-receiver in lifting. Due to the small contact area between the care-receiver’s armpits and the chest holder in lifting, the armpits of the subject could not bear excessive force. This force was easily affected by the other forces, such as the grip of the hands and the muscle force. It was difficult to judge the comfort state. Therefore, the force acting on the chest was used to judge the comfort state of the subject. The force acting on the chest of three subjects in different trajectories are shown in Figure 9.



Figure 9 shows that the force has the same trend in different trajectories, although there is a small deviation between the two trajectories. To clarify the specific deviation, their average was also calculated, and the force in the trajectory obtained based on subjective evaluation was regarded as the reference. The proportion of the average deviation from the reference is presented in Table 7. It shows that the results of subject 1 and subject 2 have a small deviation, and deviations of all items are within 10%. The result of subject 3 has a relatively large deviation, which is also about 15%. It is the result of the lift trajectories calculated by the proposed method.



The comparison of the trajectory obtained by the two methods demonstrated that the motion trajectory obtained by the proposed trajectory design method could lift a care-receiver and basically ensure the comfort of the care-receiver. Although there was a deviation between the trajectory designed by the method and the trajectory obtained by the subjective feelings, this designed trajectory can be used as a reference trajectory for the robot lifting motion. The robot developed by our team can actively adjust the posture of the chest holder to lift a care-receiver comfortably. Before the lifting task, the lift trajectory ensuring the care-receiver’s comfort can be obtained quickly, based on the weight and height of the care-receiver. The trajectory will be input to the robot in advance as a preset value. The robot adjusts the posture of the chest holder according to the force acting on the chest of the care-receiver in lifting while using this trajectory. Therefore, the proposed method is effective for improving the operational efficiency of the robot.





5. Conclusions


To quickly obtain a lift trajectory for a piggyback nursing-care robot, a method was proposed. This piggyback nursing-care robot, which can lift and move a person from a wheelchair to a bed or a pedestal pan like a person holding another person on his/her back, has been developed. The proposed method can quickly provide a lift trajectory based on weight and height of the care-receiver. The trajectory can make the robot conduct a comfort lift for the care-receiver. A human-robot mechanics model and the relationship between the comfort lift trajectory and the care-receiver’s weight and height were contributed. According to the test results of 20 subjects, the force parameters used for trajectory design were determined, and the trajectory design method was optimized.



The results of three subjects demonstrated that the trajectory obtained by the proposed method has a similar motion trend and force as the trajectory obtained. The average deviation of trajectory and force between the trajectory obtained by the method, and the trajectory designed based on the subject’s opinion, were within 15% of the trajectory designed based on the subject’s opinion. This method can conveniently and quickly provide a robot lift trajectory based on the subject’s weight and height, and this trajectory. It can be used for the design of the reference trajectory in the piggyback robot compliant control, which can realize the comfortable lifting of the care-receiver.



In the future, the authors’ team will increase the number of subjects and optimize the mechanics model, to improve the accuracy of the trajectory designed. In addition, the comfort of the care-receiver is significant to the development of the nursing-care robot. Further study on the quantitative evaluation of the care-receiver’s comfort will be conducted. These will contribute to improving the comfort of the nursing-care robots.
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Figure 1. The piggyback nursing-care robot [19]: (a) The structure of the robot; (b) The transfer process of the robot. 
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Figure 2. The measurement when the piggyback nursing-care robot lifted a subject. 
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Figure 3. The relationship between forces acting on the subject and the posture of the chest holder: (a) the posture of the chest holder; (b) the force acting on the subject. 
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Figure 4. The human-robot mechanics model. 
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Figure 5. The size and forces of the model: (a) size of the model; (b) force acting on the model. 






Figure 5. The size and forces of the model: (a) size of the model; (b) force acting on the model.



[image: Machines 10 00441 g005]







[image: Machines 10 00441 g006 550] 





Figure 6. The motion planning of the nursing-care robot for the transfer task. 
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Figure 7. Realization of the motion trajectory for lifting. 
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Figure 8. The posture of the chest holder in different motions. 
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Figure 9. The force acting on the chest of three subjects in different motions. 
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Table 1. The parameters of the model.
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(a) Size




	
Item

	
    l 3    

	
    l 2    

	
    l 1    

	
    l  31     

	
    l  22     

	
    l  12     

	
    l  02     

	
    l  c s     

	
    b 1    

	
    b 1    




	
Value

	
   0.218   l   

	
   0.32   l   

	
   0.238   l   

	
   0.132   l   

	
   0.21   l   

	
   0.228   l   

	
   0.113   l   

	
   0.212   l   

	
120 mm

	
43 mm




	
(b) Weight




	
Item

	
    G 3    

	
    G 2    

	
    G 1    

	
    G 0    




	
Value

	
   0.403   G   

	
   0.383   G   

	
   0.094   G   

	
   0.024   G   








 l  and  G  are the height and weight of the care-receiver.













[image: Table] 





Table 2. The compensation parameters for different postures.
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Posture

	
Time/s

	
   λ   

	
   μ   

	
   δ   






	
    P 0    

	
0

	
0.789

	
1.275

	
21.4




	
    P 1    

	
5

	
0.759

	
1.375




	
    P 2    

	
10

	
0.719

	
1.45




	
    P 3    

	
18

	
0.679

	
1.25
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Table 3. The fitted compensation parameters.
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	Item
	Parameters





	  λ  
	   − 5.8 ×   10   − 3   t + 0.7853   



	  μ  
	   2 ×   10   − 5    t 4  − 0.6 ×   10   − 3    t 3  + 6.5 ×   10   − 3    t 2  + 1.7 ×   10   − 3   t + 1.275   



	  δ  
	21.4
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Table 4. The subjects.
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	Gender
	Age
	Height (mm)
	Weight (kg)
	BMI (kg/m2)





	Subject 1
	Male
	31
	1727
	64.3
	21.6



	Subject 2
	Male
	30
	1736
	68.8
	22.8



	Subject 3
	Female
	26
	1610
	45.3
	17.5
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Table 5. The comfort force parameters.
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Postures

	
Chest (N)

	
Armpits (N)

	
Foot in Horizontal (N)

	
Foot in Horizontal (N)






	
Subject 1

	
0

	
195.60

	
18.06

	
34.31

	
214.09




	
1

	
214.09

	
18.42

	
22.50

	
180.91




	
2

	
207.81

	
20.59

	
20.91

	
172.76




	
3

	
228.23

	
17.33

	
17.79

	
157.58




	
4

	
224.28

	
19.78

	
14.49

	
166.07




	
Subject 2

	
0

	
183.99

	
20.45

	
32.20

	
236.29




	
1

	
206.33

	
19.46

	
24.51

	
204.50




	
2

	
205.52

	
21.41

	
23.84

	
206.32




	
3

	
223.06

	
18.13

	
19.66

	
191.19




	
4

	
216.74

	
20.26

	
11.51

	
183.80




	
Subject 3

	
0

	
257.59

	
20.79

	
5.69

	
89.09




	
1

	
259.89

	
15.06

	
2.05

	
78.87




	
2

	
269.50

	
12.65

	
2.97

	
76.99




	
3

	
252.63

	
14.25

	
5.44

	
102.50




	
4

	
239.44

	
16.24

	
7.23

	
100.03
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Table 6. The average deviation of the trajectory.
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	α (%)
	x (%)
	y (%)





	Subject 1
	9.56
	4.76
	3.85



	Subject 2
	7.27
	1.86
	3.52



	Subject 3
	12.50
	1.44
	14.31
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Table 7. The average deviation of the force.
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	Chest (%)





	Subject 1
	8.49



	Subject 2
	5.87



	Subject 3
	15.66
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