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This paper deals with the problem of the physical human-machine interaction in biped-wheeled exoskeletons and underlines how the symbiosis between humans and machines may increase sustainability. Few exoskeletons in the world are designed with wheels, but the evolution of wearable machines in industries and the convenience of using wheels, underline the importance of the novel research sector of biped-wheeled exoskeletons. This paper shows the functional design and simulation of a novel biped-wheeled wearable machine, including sustainable compliant physical interaction with the subject on board. In particular, the multibody model of the proposed machine is studied and simulated with the subject model on board, including human-machine compliant interactions. The classical human walking cycle is implemented in the machine, varying the speed and the joint compliance of the subject on board and comparing the torque and power output of the motors of the biped-wheeled exoskeleton. The results of this study underline how the joint compliance of the subject on board of the biped-wheeled exoskeleton may influence the efficiency and sustainability of the biped-wheeled wearable machine.
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1. INTRODUCTION

The Sustainable Development Goals of the 2030 Agenda of the United Nations member states define lines for a novel humanity. The technology must be oriented to be in line with the planned goals. In Lee et al. (2016), sustainability for the wearable technology is presented, underlining how this is a crucial point for the future of wearable systems.

Wearable robots and exoskeletons have been included in our society for helping people. Many studies have been performed on exoskeletons for working applications. In Panero et al. (2019, 2020a,b), the influence of the hinge positioning for optimizing exoskeletons and reducing human efforts are studied. In these papers, the human effort reduction is obtained using an upper body exoskeleton to help the subject to lift goods.

Many steps must be performed for increasing the sustainability of the upper and lower body exoskeletons. For the sustainability of the complete human-machine system, the subject should be in symbiosis with the exoskeleton. The efficiency of the exoskeleton is important for the human safety, reducing efforts and increasing performances. However, the human must learn to use the machine sustainably in order to reduce his efforts and motor consumptions and to have a more sustainable machine.

Many exoskeletons have been developed for lower limb applications. Many examples may be found in literature and on the market: BLEEX (Zoss et al., 2006), the Berkeley lower extremity exoskeleton; the Body Extender (Marcheschi et al., 2011), an advanced wearable robot conceived to augment human strength; some commercial devices, such as RewalkTM (Awad et al., 2020), EksoTM (Read et al., 2020), IndegoTM(Arora and McIntyre, 2020), and many others.

In the novel vision of sustainability for exoskeletons, what is the simple element that may increase the human performances? The authors think that the wheels (though not only them) rather than the feet could be one of the elements that may be included in the exoskeletons to increase sustainability.

How many exoskeletons are conceived with wheels? To the best of authors' knowledge, not many exoskeletons are conceived with wheels until now. In de Carvalho (2018), a lower limb exoskeleton is presented in which the subject is sitting like in a wheelchair. In Onishi et al. (2003), a leg-supporting unit is proposed; however, the hoist unit has big dimensions. In Borisoff and Rafer (2017), a wheeled chair able to pass from a sitting to standing position is presented. In Song et al. (2019), another mechanism for the same application is presented. In Ma et al. (2017, 2018), an interesting exoskeleton with wheels is presented, but it may not be used by people with a complete absence of mobility and only with partial mobility. In particular, the motion of the lower limb exoskeleton presented in Ma et al. (2017, 2018), is permitted thanks to the crutches moved by the upper part of the body. In these two works (Ma et al., 2017, 2018), rollers are included in the lower part of the feet of the exoskeleton.

The approach of including wheels instead of feet in the exoskeletons is the same as the one used in humanoid robotics research, where some difficulties underlined in biped locomotion may be bypassed by including wheels instead of feet. In literature, prototypes of legged robots with wheels have recently been developed (Hitachi, 2010; BostonDynamics, 2017, 2019). For this purpose, some researchers have presented Rollo, a biped-flexible wheeled robot (Muscolo and Recchiuto, 2017). This paper was underlined as one of the “Notable articles on Biped Robots” (only six papers have this honour today) (IJHR, 2020). After these results, other studies on modelling and compliance in legged robots (Muscolo et al., 2017; Maiorino and Muscolo, 2020; Spadaro and Muscolo, 2020) have permitted the evolution of Rollo in a novel biped-wheeled wearable robot (or biped-wheeled exoskeleton). Different aspects of this novel device are analysed in other works, including human comfort (Zoccali and Muscolo, 2021), the multibody model design (Nicoli, 2020), and the first prototype in a reduced scale (Loschi, 2020).

In this paper, a simulation of the multibody models of the biped-wheeled wearable machine and the subject on board are performed, modifying the compliance of the joints of the subject. Thanks to this approach, very interesting results have been obtained and are presented. In particular, the output of the torque and power of the motors of the machine are compared, moving the biped-wheeled exoskeleton with two different speeds and with different compliance in the joints of the subject.

The paper is structured as follows: section 2 presents the used biped-wheeled exoskeleton model; section 3 shows the compliance used for the model of the subject; section 4 presents the multibody models of the exoskeleton and the subject; section 5 shows the control architecture used to simulate the model behavior; section 6 contains the results and discussions. The paper ends with conclusion.



2. BIPED-WHEELED EXOSKELETON MODEL

The sketch of the biped-wheeled exoskeleton is shown in Figure 1. The subject is fixed to the exoskeleton by his trunk (fixed to the base for the trunk) and feet (fixed to the base for the feet). The main purpose of this exoskeleton and its novelty are underlined by its capability to completely support humans without muscular activities (e.g., Amyotrophic Lateral Sclerosis's patients or people with a Complete Locked-In Syndrome). The exoskeleton is able to move a human subject (conceived as a dummy), which is not able to give an active contribution to the robot motion. However, the novel biped-wheeled exoskeleton may be used by a human without disabilities.


[image: Figure 1]
FIGURE 1. Sketch of the biped-wheeled exoskeleton (or biped-wheeled wearable machine).


The exoskeleton is composed of eight motors (Ms) in the revolute joints of the wearable machine:

• Two for the motion of the wheels (M1, M5);

• two for the motion of the ankle joints of the exoskeleton (M2, M6);

• Two for the motion of the ankle joints of the human subject (M3, M7);

• Two to control the motion of the human trunk (M4, M8).

Figure 1 shows some characteristics of the biped-wheeled exoskeleton model. The original kinematic chain is composed by eight DoFs (see Figure 1, right), one in each revolute joint (q1, q2, q3, q4, q5, q6, q7, and q8). The biped-wheeled exoskeleton can be moved in the environment with two different configurations and with the eight wheels always in contact with the ground:

1. Alternating the motion of the chassis of each foot in order to reproduce the walking cycle of the subject on board;

2. Moving each chassis in order to obtain a motion similar to a segway in which each leg remains parallel to the other one and the joints of one leg have axes that are coaxial to the respective joints of the other one.

In the first configuration, M1 and M5 may be synchronized with the steps performed by the human's feet in a classical walking cycle. The distance (la) of each chassis (see Figure 1 on the right) from the other one represents the step performed, and it may be used as input to define the motion of the whole system. Simple geometrical considerations allow us to underline that, in the first configuration, six of the eight DoFs are linearly independent from the other ones. In particular, from Figure 1 (right) it can be noted that one leg is the mirror of the other one and that q2 = q6 and the following equation are satisfied by geometrical conditions:

[image: image]

In conclusion, in the first configuration, the kinematic chain has six linearly independent DoFs (q1, q3, q4, q5, q7, and q8), and only six motors are then requested for the motion (M1, M3, M4, M5, M7, and M8). However, to maintain the equilibrium in the second configuration, all the eight motors must be activated. The first configuration is the most difficult to analyze, and it represents the novelty of the proposed machine, allowing a biped wheeled motion. For these reasons, in this paper, only the first configuration will be analyzed.



3. COMPLIANCE IN THE SUBJECT

The main purpose of the exoskeleton is to permit to the subject to walk at different speeds, remaining on board of the machine. In particular, this machine is useful for subjects with muscular disabilities, because it allows them to move muscles in a passive mode and to be able to do rehabilitation exercises. However, the same machine may be used by people without disabilities as personal vehicles for daily use or for sport.

Human gait can be divided mainly into two phases (Tu and Lee, 2010):

• The stance phase, which begins when a foot touches the ground and ends when the same foot leaves the ground.

• The swing phase, which begins when a foot leaves the ground and ends when the same foot touches the ground.

During the cycle, it is possible to define single support and double support zones:

• In the single support, the load is on the support leg, while the other leg is swinging.

• In double support, the load is on the two legs.

Two other important parameters of walk are the stride length and the step length. Stride length is the distance between the heel strike of the same foot, while step length is the distance between heel strike of one foot and the heel strike of the other foot during walking.

In a first approximation of the walking on a plane, three joints for each leg may be considered: the ankle, knee, and hip joints. The principal movements of the ankle are dorsiflexion and plantarflexion on the sagittal plane and inversion and eversion on the frontal plane. The hip joint is responsible for the equilibrium of the upper part of the body. The knee joint movements are extension, flexion, and lateral and medial rotation (these last two only when the knee is flexed).

Some studies have underlined how each joint of the human has a stiffness function of the walking cycle (Shamaei et al., 2013; Sartori et al., 2015). In this paper, the authors used the peak values for each joint (hip, knee, and ankle), calculated in Shamaei et al. (2013) and Sartori et al. (2015), and implemented them on the model of the subject, obtaining a more realistic motion.



4. MULTIBODY MODELS: EXOSKELETON AND SUBJECT

Figure 2 shows the multibody model of the exoskeleton machine and the subject on board, designed using the dimensions of a standard man (age: 30; height: 1,720 mm; weight: 70 kg) (Maiorino and Muscolo, 2020).


[image: Figure 2]
FIGURE 2. Multibody model of the biped-wheeled exoskeleton and the subject on board on it.


Figure 2 shows how the human is positioned on the machine. In particular, the subject is fixed to the machine by the feet and the trunk. Some walking steps are presented in the same figure. The complete multibody model is composed of three subsystems: the external environment, the subject, and the exoskeleton.

The environment is composed of a planar surface, and it defines the contact forces between the wheels and the ground.

The subject subsystem is obtained using the dimensions of the standard man available in literature (Maiorino and Muscolo, 2020); it is composed of 19 rigid bodies and 33 joints. Each body part (hands, arms, legs, trunk, neck, feet, and head) has been designed with the same dimensions, weights, and center of mass positions of the standard man, as shown in Maiorino and Muscolo (2020), giving as input the total height (1,720 mm) and weight (70 kg) of the subject and validating their interaction in a multiphysic environment. The subject multibody model is attached to the exoskeleton at three points: the trunk (and head) and the two feet. In our preliminary tasks, the arms are not fixed. The starting angles of the hip, knee, and ankle joints are away for the anthropomorphic borders in order to simulate the behavior without external constraints. However, the anthropomorphic displacements of the joints are free to move (no joints constraints are implemented on the subject). In particular, we used the following starting values (reported here in absolute values) with respect to the stance position: hip = 20°, knee = 40°, and ankle = 20°.

The biped-wheeled exoskeleton subsystem has 44 different rigid bodies and eight actuated joints. The functional design of the presented version of the exoskeleton is obtained with the intent to reduce (as soon as possible) the weight in the upper part of the exoskeleton; this allows us to avoid falls. The wheels of each chassis must remain always in contact with the ground and have the great advantage of being able to increase the weight in the lower part of the biped-wheeled wearable machine. On the contrary, in literature and on the market, the weight of the classical exoskeletons must be always reduced because the walk is performed alternating the contact of the foot with the ground. In a preliminary functional design, a total weight of the biped-wheeled exoskeleton has been obtained: 78 kg in which 56 kg constitute the lower part. However, this is only a first model and may be different from the exoskeleton that will be realized in future steps. As can be seen from Figure 2, the biped-wheeled exoskeleton is designed around a subject with a height of 1,720 mm and a weight of 70 kg. In this first functional design, the biped-wheeled exoskeleton and the subject have a total weight of 148 kg. For each motor, a weight of about 2 kg has been estimated, and all weights of the structure have a reference to some available commercial products. The base of the trunk has a weight of 7 kg and each chassis of 10 kg. As explained above, this is a first step for the biped-wheeled exoskeleton, and it will be optimized in future steps.



5. CONTROL ARCHITECTURE

Figure 3 shows the general control architecture implemented on the multibody model. The input of the control system are the reference speeds (m/s) of the left and right chassis, which are integrated in time to obtain their positions ql (m) and qr (m). The human takes the first step with his left foot and then continues with the stance and swing phases. All the other actuators are synchronized to simulate the movement of the human subject during walking.


[image: Figure 3]
FIGURE 3. General control architecture.


In order to obtain the position of the other joints, the step length definition is required during simulation; it is defined as the difference in the position of the axes of the motors M1 and M5 (see la in Figure 1 on the right). To ensure the trunk remains vertical during locomotion, the motor M4 (M8) must compensate for the motion of the motor M2 (M6). The block “Robot” of the Figure 3 contains the models of the exoskeleton, the subject, and the external environment. Each motor is controlled using a Proportional-Integral-Derivative (PID) controller with position in feedback to guarantee the stability and tracking of the trajectory. The PID receives as input the error, obtained by the difference between the reference position and the real position of the joint, and it provides the torque as the output. Figure 4 shows the control system in a single joint.


[image: Figure 4]
FIGURE 4. Control system of a single joint.


The output of the PID is influenced by four factors (Kp, Ki, Kd, N) to be set in order to obtain the desired response as shown in Table 1. The parameters are obtained in order to reduce the instability of the whole system and to have a local stability in the equilibrium points of each joint motor.

[image: image]

Kp is the proportional gain; e(t) is the error; Ki is the integrative gain; Kd is the derivative gain; and N is the derivative filter coefficient. The parameters chosen for the PIDs change depending on the joint to be actuated.


Table 1. PID Parameters.

[image: Table 1]



6. RESULTS AND DISCUSSION


6.1. Planned Tasks

The main purpose of this work is to analyze and simulate the physical interaction between the subject and the biped-wheeled wearable machine in two different conditions (tasks) in joint stiffness in humans:

• Task 1 represents a subject with zero stiffness in the lower limb joints (ankle, knee, and hip).

• Task 2 represents a subject with the following values of stiffness in the lower limb joints (peak values considered, Shamaei et al., 2013; Sartori et al., 2015): ankle stiffness = 5.9 Nm/deg; knee stiffness = 4.8 Nm/deg; hip stiffness = 5.25 Nm/deg.

Another important simulation performed is the trajectory tracking because it is an essential requirement for the applications of an exoskeleton. In the following simulation (and for each task), each chassis is moved along y axis (see Figure 1) alternatively with two different speeds of 0.73 m/s (speed 1) and 1.4 m/s (speed 2) for about 10 m.



6.2. Trajectory Tracking

Figure 5 shows the input positions used for each chassis (left and right) at speed 1 (0.73 m/s). Figure 6 shows the position (x, y, and z, see Figure 1) of the base for the trunk (seat position) during motion. From this figure it may be seen how the inclusion of the stiffness in the subject (task 2) allows to move the machine in a correct position, avoiding the asymmetry in motion during the walking cycle. In particular, in task1, it can be noted how the x value position is different from zero, by 7–15 s; this means that the exoskeleton is moved not only in the y direction (for many reasons related to the vibration, friction, etc.). In task 2, the presence of compliance in the subject allows us to maintain the x around zero, and the same final position of y is obtained in a reduced time.


[image: Figure 5]
FIGURE 5. Speed 1 (0.73 m/s): Input on the left and right chassis.



[image: Figure 6]
FIGURE 6. Speed 1 (0.73 m/s): Position of the base for trunk in task 1 (left) and task 2 (right).


The following figures show the results of the simulation of the left side of the exoskeleton. The graphs on the right side have the same behavior. In the joint of M3, some differences between the two tasks (1 and 2) are underlined and can be seen in following section.

Figure 7 shows the angular displacements (radiant) of the three joints of the left leg (q2, q3, and q4) where the three motors M2, M3, and M4 are implemented, respectively, and the robot is moved with the speed 1 and with the trajectory shown in Figure 5. Figure 7 compares the results obtained with task 1 (on the left) and 2 (on the right). It can be seen from the graphs that in task 2, the errors between the reference and simulated real positions of M2 and M4 are reduced respect to the graphs shown in task 1. Moreover, the peaks are also reduced. M3 and M4 are the two motors that interact directly with the subject and the machine for the left side (such as the M7 and M8 for the right side), but M3 for the left side (such as the M7 for the right side) is more influenced by human stiffness, as can be seen from the graphs. The errors between the reference and simulated real positions in task 2 are greater than the errors in task 1 for M3; in task 2, the simulated real position is higher than in task 1. These first results underline that the stiffness in the subject may be an important point for the sustainable development of the motion of the subject with a wearable system.


[image: Figure 7]
FIGURE 7. Speed 1 (0.73 m/s): Reference position (solid line), simulated real position (dotted line), and error (green line) without human stiffness (task 1-left) and with human stiffness (task 2-right) for the motors M2, M3, and M4.


Table 2 shows the maximum absolute values of the tracking error of the Figure 5. Regarding M1, M2, and M4, the current position follows the reference input in the same way in both tasks, but smaller errors are noted for task 2 than task 1 (e1, e2, e4). However, a big difference in error can be seen in the behavior of the motor M3. In task 2, the joint with M3 presents bigger dorsiflexion and plantarflexion than the expected ones, and the error e3 exhibits a different behavior compared to e1, e2, and e4 for the reasons described above.


Table 2. Speed 1 (0.73 m/s): Maximum absolute values of the tracking error.

[image: Table 2]



6.3. Torque and Power

The comparisons between task 1 and task 2 for the torque and power requested by the four motors (M1, M2, M3, and M4) of the left side of the biped-wheeled wearable machine are shown respectively in Figures 8, 9 for the speed 1 (0.73 m/s).


[image: Figure 8]
FIGURE 8. Speed 1 (0.73 m/s): Torque (Nm) in the joints of the left leg of the biped-wheeled exoskeleton in task 1 and task 2 for the Motors M1, M2, M3, and M4.



[image: Figure 9]
FIGURE 9. Speed 1 (0.73 m/s): Power (W) in the joints of the left leg of the biped-wheeled exoskeleton in task 1 and task 2 for the Motors M1, M2, M3, and M4.


Table 3 shows the maximum absolute peak values for speed 1 and for each motor. The differences between the values of the torque (ΔTorque) and power (ΔPower) obtained in the configuration of the task 2 compared to the task 1 are calculated using the following formulations:

[image: image]
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From the graphs of Figures 8, 9, it can be seen that in task 2 (a case in which the subject has the joint stiffness > 0), the peaks of the torque and power of M1, M2, and M4 are lower than in task 1 (a case in which the subject has the joint stiffness = 0). In particular, it can be noted how the torque in task 2 is reduced compared to that of task 1 of 39.6, 38, and 49.14% in M1, M2, and M4, respectively; the power for the same motors is reduced from 34.61, 61.3, and 59.6%, respectively.


Table 3. Speed 1 (0.73 m/s): Maximum absolute peak values of the torque (Nm) and power (W) and their difference (ΔTorque, ΔPower) in Figures 8, 9.

[image: Table 3]

On the contrary, the graph of M3 underlines an opposite behavior compared to the other graphs. For this motor (M3), more torque and power are requested in task 2 compared to the task 1. However, it is important to underline that the difference ΔTorque (ΔPower) calculated with 3) [and 4)] is only of 3.56 Nm (13.28 W). These results underline that the machine is more efficient if the subject is on board on it. This underlines also how the symbiotic physical interaction between humans and machines is the way to increase the sustainability.

The notes underlined for speed 1 are also underlined for speed 2, where the peaks of the torque and power are higher. The higher speed 2 allows us to point out, with more emphasis, the asymmetry in motion during the walking cycle underlined in a first time in Figure 6. The video attached to this paper allows us to underline these points.




7. CONCLUSION

This paper has analyzed the compliant physical interaction between the two multibody models of a novel biped-wheeled wearable machine and the subject on board. A very important result of this study is underlined by the inclusion of compliance in the joints of the model of the subject, which helps us to increase the efficiency of the biped-wheeled wearable machine during the walking cycle. In this paper, the walking cycles of the machine with the subject on board, with and without compliance of the joints, have been compared. The reduced torque and power, requested in the motors of the machine (if a subject with compliance in the joints is considered), have allowed us to design a novel generation of sustainable wheeled machines that will be more in symbiosis with human walking. Two different speeds are used for the simulation, underlining the good stability of the biped-wheeled machine, which is increased by the compliance in the joints of the subject. Future works should be oriented toward the design and development of the biped-wheeled machine for real implementations. The authors included the word “sustainable” because the core of this work is to reduce the torque and power consumptions of the novel machine, modifying the compliance of the subject. The reduction of the motor consumption and energy requested by the motors (varying the compliance of the subject on board) is a way to have a more “sustainable” machine. In this work, the authors would like to underline that the sustainability (as the way to construct novel machines more in symbiosis with the environment) may be obtained, increasing the symbiosis between the human and the machine. Thanks to the novelty underlined in this work, more (and different) machines may be designed, including human compliance to increase sustainability.
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