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Abstract

:

Biped robots’ locomotion is realized by driving the joint motion via a drive chain. Therefore, the stiffness of the drive chain is an important factor that affects the drive performance and can influence the locomotion behavior of the biped robot. This work focused on the influence of the stiffness of the leg’s drive chain using a mass-spring model based on the biped robot AIRO built in Zhejiang Lab. Methods for determination of the parameters in the proposed model were presented, including the use of ANSYS Workbench to determine the stiffness parameters and the determination of the inertia parameters by dynamic modelling of the biped robot. Simulation results show that special attention should be paid to the stiffness of the drive train of the leg when designing a biped robot to ensure the walking capability of the robot. Using the model proposed in this work, relations between the executed accuracy of the joint trajectories and the stiffness can be analyzed; after that, the stiffness parameters can be optimized. In addition, simulation results also showed that attention should be paid to manufacturing tolerances to ensure the symmetry of the legs of the bipedal robot in order to reduce the vibration of the robot body. Experiments were conducted on AIRO for validating the proposed model and the simulation analysis.
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1. Introduction


Biped robots have attracted a lot of attention in recent years for their unique advantage of human-like structure, which allows them to easily work in a human-built environment [1]. Up to now, a multitude of biped robot designs have been developed, such as Atlas, developed by Boston Dynamics [2], Cassie, developed by the Oregon State University [3], Asimo, developed by the Honda company [4], and others [5,6]. Though developed by different research groups, what these biped robots have in common is the anthropomorphic leg structure, which is comprised of mechanical components, drive systems and transmission mechanisms, such as the thigh, the electric motor and the linkage mechanism.



Typically, biped robots are driven by electric motors [7,8], hydraulics [9,10] or pneumatics [11,12]. With respect to the publications of biped robots, most of them address the issues of bionic structure designs, gait panning, and control strategies [13,14,15]. In these publications, the biped robots are usually taken as rigid bodies, which is not feasible in the real design, regardless of the driving approach. Hence, it is worth noting that the biped robots, in particular their legs, should be taken as flexible parts. Elastic deformation would occur when subjected to external forces during the biped robot’s locomotion process; consequently, the actual execution of the joint trajectory might deviate from the expected trajectory. For example, due to the elastic deformation of the drive chain of the knee joint motion, the execution angle position of the knee joint may deviate from its gait planning. Therefore, the stiffness of the drive chain would have an influence on the locomotion behavior of biped robots and is worth discussion.



However, few publications could be found on discussing the stiffness of the leg’s drive chain. Carbone et al. analyzed the static characteristics of the biped robot Wabian-RIV induced by stiffness. In their works, the robot was regarded as springs and the stiffness parameters were determined by measuring the displacement with respect to a certain static wrench being applied to the robot [16,17,18]. However, the dynamic behavior of the robot was not accounted for. Kwon et al. analyzed the dynamic stiffness of mechanical components of the biped robot Mahru III for mass reduction using CAE methods [19,20]. However, only mechanical components were analyzed and the drive chain system was not accounted for. Lohmeier performed an elasto-dynamic analysis of the drive mechanisms of the biped robot, Lola utilizing two-mass systems as an equivalent model [21,22,23]. However, the stiffness of the leg’s stiffness was not accounted for. Xiong et al. discussed the leg stiffness based on the motion of the spring joints and the motor joints. However, Xiong’s work mainly focused on jumping control of the biped, while the stiffness of the drive chain was not discussed [24,25]. Moreover, it is worth noting that, in the above works, the legs of the biped robots were taken as two symmetrical legs. However, due to manufacturing errors, the two legs were not completely symmetrical; this would do harm to the locomotion behavior of the biped robot.



Research could be found on addressing the stiffness concerning other robotic systems, such as industrial robots, the lower limb exosuits, et al. [26,27]. Luca et al. analyzed the robot manipulator’s performance, taking the mechanical flexibility in to consideration, focusing on the stiffness and damping properties [28]. Klimchik et al. proposed a stiffness model for a serial robot, paying particular attention to the elastostatic parameters identification and calibration of the robot [29]. Pashkevich et al. presented a methodology to enhance the stiffness analysis of serial manipulators, taking into account the loading influence on the manipulator configuration [30]. Kim et al. analyzed the stiffness and optimized the design of an under-actuated tendon-driven robot [31]. Geeroms et al. designed and analyzed a prosthetic knee joint actuator with a lockable parallel spring [32]. However, in these works, the industrial robots were connected to fixed bases and lower limb exosuits usually played the role of assisting and interacting with humans; the biped robots are mobile robots that usually move on their own, with two legs that each take turns as the base during locomotion. Under this circumstance, the drive chain of the leg is of particular interest and discussion.



This work used the biped robot AIRO, shown in Figure 1, as a platform. AIRO was designed and built by us in Zhejiang Lab. In this work, we conclude some lessons learned from designing and testing the biped robot AIRO and elucidate the effects of the stiffness of the leg’s drive chain on the locomotion behavior in biped robots using mathematical models. The model was experimentally validated using AIRO and the parameters of the leg’s drive chain of AIRO were further optimized.



The main contribution of this work are as follows: (1) a mass-spring model was established that allows analysis of the influence of the stiffness of the drive chain of the leg; (2) methods for determination of the parameters of the stiffness and the moment of inertia were introduced, including using ANSYS Workbench and the dynamic modelling of the biped robot; (3) guidance was given for the design of the biped robot’s legs, including the leg’s drive chain and the symmetrical design of the two legs.



The rest of this work is organized as follows. Section 2 describes the structural design of the biped robot AIRO, especially its leg structure and the drive chain. Section 3 brings the mathematical model for analyzing the stiffness of the drive chain. Section 4 describes the simulation results and related discussions on the influence of the stiffness. Section 5 shows the experiment setup and related experimental results. After that, Section 6 presents the conclusions and the future work.




2. Description of the Biped Robot AIRO


Figure 2 presents the configuration of AIRO, a biped robot built in Zhejiang Lab. The robot was approximately 30 kg in weight, 1.4 m in height and 0.625 m in width. AIRO’s leg weighed 8 kg and its length was 600 mm, including 300 mm for the thigh and 300 mm for the shank. AIRO had 20 degrees of freedom (DOFs), including 2 for the head, 3 for each arm, and 6 for each leg. Regarding the leg, it consisted of three working parts: the hip joint with 3 DOFs, the knee joint with 1 DOF and the ankle joint with 2 DOFs. It was expected that AIRO could achieve omnidirectional walking with a maximum step size of 488 mm for forward walking and 328 mm for lateral walking.



The main design concept for AIRO, especially the leg structure, is based on the inverted pendulum model, which is characterized by a mass mainly concentrated above the leg and by the leg being lightweight. To satisfy this, as shown in Figure 3a, the motors and the joint motions they drive are connected via linkages such that the motors can be placed closer to the hip, reducing the weight of the distal end of the leg. Specifically, the motor for driving motion of the knee is placed in the thigh; the motors for driving the motion of the ankle are placed in the shank.



AIRO is expected to be able to travel with only position control of the motor, without measuring and feeding back the actual trajectory of the joint. Specifically, the motors with encoders integrated within would receive commands from the walking gait generator and then execute the corresponding rotation motion. For a simpler leg structure and a lower cost, no extra encoders were added on the joints. By rotating the motors, the joints are driven to rotate an angle via the linkages, i.e., the drive chain. The motors are seen to rotate the same angles with the commands generated by the walking gaits; it is hoped that the angles at which the joints rotate should be the same as the angles at which the motors rotate.



However, during the period of the preliminary testing of the robot walking, two unfavorable walking phenomena of AIRO could be observed: (1) AIRO was observed to be unable to lift his legs into the air and then touch the ground alternately; (2) A relatively large upper body vibration could be observed; the upper body vibrated with different magnitudes in different directions, despite the symmetrical design of the two legs.



As mentioned above, we firstly examined the feedback data of the motors, and confirmed that the output trajectories of the motors matched well with those produced by the gait planning, proving that the output speed and torque of the motor were adequate.



After a thorough test of the robot walking, it was found out that the knee pitch motion trajectory deviated from the trajectory generated by the walking gaits, leading to the two unfavorable walking phenomena described above.



The reason behind these phenomena lies in the stiffness of the leg’s drive chain. To be specific, as shown in Figure 3a, the knee pitch motion was driven via a linkage between the hip pitch motor and the knee joint, where a parallelogram was formed between the output of the motor and the knee pitch joint. As shown in Figure 3b, the red lines denote the initial position of linkages. If the parallelogram was a rigid body, the rotation angle of the knee pitch motion would be the same as the output of the motor, as shown by the black lines, which can be expressed as φ1 = φ2. However, due to the elastic deflection of the linkages, the rotation angle of the knee pitch motion could not catch up with the output of the motor, as shown by the blue lines, which meant that φ2 was no longer equal to φ1.



In addition to this, for the biped robot’s walking, some parts would be driven by the knee pitch motion, as shown in Figure 3a for the shank. If those parts were rigid bodies, they would be driven by the same rotation angle by the knee pitch motion, as shown by the black line in Figure 3b, which can be expressed as φ2 = φ3. However, these parts would also undergo elastic deformation, leading to a different value of φ3 to that of φ2, as shown by the blue lines.



Hence, judging from the analysis above, by not measuring and feeding back the actual trajectory of the joint during walking, the actual rotation angle of the parts driven by the knee pitch motion φ3 would deviate from the angle φ1 generated by gait planning, which would inevitably lead to a negative influence on the locomotion behavior of the robot. Manufacturing and assembly errors lead to differences in the stiffness of the drive chain in the two legs, which, in turn, caused the upper body of AIRO to vibrate in different directions at different degrees.



A further discussion on the relations between the angles of φ1, φ2 and φ3 needs to be addressed to provide guidance for optimizing the structure of the leg and to improve the walking performance.




3. Mathematical Modelling for the Knee Motion


3.1. Spring-Mass Models for the Knee Motion


As analyzed above, the deviation of the angles of φ1, φ2 and φ3 n was mainly caused by the elastic deflection of the leg structure. From a mechanical point of view, the deviation caused by elastic deformation can be considered as an open kinematic chain composed of rigid bodies and springs, as shown in Figure 4. Therefore, the angles of φ1, φ2 and φ3 could be represented using the mass-spring model; the dynamic model for the rigid bodies’ rotation angle could be expressed as Equation (1).


   [       I 1     0   0     0     I 2     0     0   0     I 3       ]   [        φ ¨  1          φ ¨  2          φ ¨  3       ]  +  [       k 1      −  k 1     0      −  k 1       k 1  +  k 2      −  k 2       0    −  k 2       k 2       ]   [       φ 1         φ 2         φ 3       ]  =  [       T 1       0       T 3       ]   



(1)







The term T1 denotes the motor’s output torque acting on the proximal end of the linkages for driving the knee pitch motion; the term T3 denotes the torque for driving the parts of the robot via the knee pitch motion.



The terms φ1 denotes the rotation angle of the motor, which is also the rotation angle of the proximal end of the linkages; the term φ2 denotes the rotation angle of the knee joint, which is also the rotation angle of the distal end of the linkages; the term φ3 denotes the rotation angle of the parts driven by the knee pitch motion.



The term I1 denotes the moment of inertia of the knee pitch motor, the first rigid body; the term I2 denotes the moment of inertia of the linkages, the second rigid body; the term I3 denotes the moment of inertia of the parts driven by the knee pitch motion, the third rigid body.



The term k1 denotes the stiffness of the linkages, the first spring; the term k2 denotes the stiffness of the parts driven by the knee pitch motion, the second spring.



It is worth noting that the parts driven by the knee pitch motion refer to a dynamically varying structure. As presented in Figure 5, during the biped locomotion, the leg switched between the swing phase and the stance phase periodically. It was assumed that there was no double-stance phase, namely, when one leg touched the ground, the other leg would leave the ground at the same moment. It was also assumed that there was no slippage in the stance phase. When the leg switched from one phase to the other, the parts driven by the knee pitch motion would also be different. To be specific, with respect to the swing leg, the knee pitch motion drove the shank forward in the air, which was characterized by a relatively higher moving speed and a low load inertial. With respect to the standing leg, the knee pitch motion must support the robot itself and must drive it forward, which was characterized by a relatively lower moving speed and a high load inertial.




3.2. Determination of Parameters


As stated above, the term φ1 denotes the rotation angle of the knee pitch motor, consistent with that from the gait planning. For evaluating the difference between the terms φ1, φ2 and φ3, other parameters in Equation (1) need to be determined first.



The terms I1 and I2 can be calculated using the definition of the moment of inertia. As concerns the term I3, it varies as the robot’s topology varies. Hence, term I3 needs to be estimated via the dynamic modelling of the robot. As presented in Figure 5, the dynamic model for the biped robot can be expressed as Equation (2).


  M ⋅  q ¨  + C ⋅  q ˙  + G = B ⋅ u  



(2)




where M denotes the joint-space inertia matrix relating to the joint angular accelerations    q ¨   . C denotes the Coriolis matrix relating to the joint angular velocities   q ˙  . G denotes the gravity matrix.



Noting that the term    q ¨    is a vector composed of the angular accelerations of all joints, Equation (2) can be re-written as Equation (3).


    ∑  i = 1  n    (   (    ∑  j = 1  n   M  (  j , i  )     )  ⋅   q ¨  i   )    + C ⋅  q ˙  + G = B ⋅ u  



(3)







Hence, for the knee pitch motion qk, Equation (3) can be further written as Equation (4).


   (    ∑  j = 1  n   M  (  j , k  )     )  ⋅   q ¨  k  = B ⋅ u − C ⋅  q ˙  − G −   ∑  i = 1  k    (   (    ∑  j = 1  n   M  (  j , i  )     )  ⋅   q ¨  i   )    −   ∑  i = k + 1  n    (   (    ∑  j = 1  n   M  (  j , i  )     )  ⋅   q ¨  i   )     



(4)







Judging for Equations (1) and (4), for knee pitch motion qk, the term I3 can be evaluated as Equation (5).


   I 3  =  (    ∑  j = 1  n   M  (  j , k  )     )   



(5)







The term T3 can be obtained from Equation (4) as well, as shown in Equation (6).


   T 3  = B ⋅ u − C ⋅  q ˙  − G −   ∑  i = 1  k    (   (    ∑  j = 1  n   M  (  j , i  )     )  ⋅   q ¨  i   )    −   ∑  i = k + 1  n    (   (    ∑  j = 1  n   M  (  j , i  )     )  ⋅   q ¨  i   )     



(6)







The term k1 represents the stiffness of the linkages, which can be defined as the ratio of the torque acting on the linkages to the related deformation of the linkages. The deformation can be determined using ANSYS Workbench. As shown in Figure 6a, the linkages were composed of an output ring connected to the motor’s output, a connector connected to the knee pitch joint, and two linkage bars for transmission, all of which were made of 7075 aluminum. The length of the linkages was 200 mm; the width was 20 mm; the thickness was 5 mm. The two ends of the linkages were glued tightly to the output ring and the connector, respectively. The transmission ratio was 1 for the output ring; the connector had the same diameter (2r).



For evaluating the deformation with respect to a certain torque, a fixed constraint was applied to the connector and a 20 Nm torque τ was applied to the output ring. As shown in Figure 6b, deformation Δy in the y axis direction could be obtained and the stiffness parameter k1 of the linkages can be calculated as Equation (7).


   k 1  =  τ    Δ y  / r    =   τ ⋅ r   Δ y    



(7)







It is worth noting that k1 varied as the output ring rotated, since the pressure angle between the output ring and the linkage bar varied. According to the gait planning, the range of the knee pitch motion was 40°, and the rotation range of the linkages lied between 10° and 50°. As shown in Figure 7a, the deformation of φ = 50° was approximately twice that of φ = 10°, indicating that the stiffness of φ = 10° was approximately twice that of φ = 50°. Considering the design and installation of the linkages, two types of the output ring’s installation could be realized: type a for rotation from 10° to 50° (k1) and type b for rotation from 50° to 10° (k1′). Figure 7b depicts the stiffness of the linkages regarding the two different installation types (k1 and k1′); the stiffness data evaluated by ANSYS could be further interpolated using polynomial curves.



The term k2 represents the stiffness of the parts driven by the knee pitch motion, which can be taken as a cantilever beam and evaluated using ANSYS Workbench. Two different types of cantilever beams are accounted for, depending on the stance phase or the swing phase. Regarding the stance phase, the cantilever beam is formed by the thigh between the hip pitch joint and the knee pitch joint. Regarding the swing phase, the cantilever beam was formed by the shank between the knee pitch joint and the ankle pitch joint. Figure 8 shows the cantilever beam formed by the thigh for the stance phase. For the ANSYS evaluation, a fixed constraint was applied to the knee pitch joint, and a force of 100 N in the pitch direction, which is of the same order of magnitude as the weight of the leg (8 kg), was applied to the other end of the cantilever beam. Displacement in the pitch direction Δx could be obtained and the stiffness parameter k2 related to the leg structure could be evaluated in the same way as Equation (7).




3.3. Numerical Solution of the Mathematical Model


In Equation (1), the term φ1 is given by the gaiting planning, which is expressed in a sine curve, as shown in Equation (8). The terms I1, I2 and k2 were evaluated in the last subsection; the term k1 is a polynomial equation defined by φ1 judging from Figure 7; the terms I3 and T3 are equations defined by φ3 judging from Equations (5) and (6). Hence, Equation (1) is a set of 2nd order ordinary differential equations composed of three equations with three unknown parameters φ2, φ3 and T1, which can be numerically solved using the 4th order Runge–Kutta method, converging to 1 × 10−6.


   φ 1  = -  a x  cos  (  2 π f t  )  +  a x   



(8)




where f denotes the step frequency; ax denotes amplitude of the sine curve, which is also half of the range of φ1.





4. Simulation Results on the Stiffness


4.1. Performance of the Stance and Swing Phase


For comparison of the values of φ1, φ2 and φ3, the installation type a for the linkages was adopted (k1). The evaluated stiffness for the leg structure (thigh or shank) k2 was approximately 10,000 Nm/rad. The amplitude of the sine curve ax in Equation (8) was 20° and the step frequency f was 2.0 Hz.



Figure 9 depicts the comparison of the values of φ1, φ2 and φ3 for the stance phase. As shown in Figure 9a, the curve of φ1 (the blue solid line) was a sine curve ranging from 0 to 40°; the curves of φ2 and φ3 were sine-like curves whose maximum and minimum values exhibited a wave-like envelope (red dashed line). The value of φ2 (red solid line) ranged from −0.7° to 41.2°; the value of φ3 (black solid line) ranged from −2.0° to 42.8°. The wave envelop suggests that the joint’s motion range changed with each step, which, in turn, induced vibration of the robot. A roughly 5% error in magnitude was induced by the elastic deformation of the linkages and a roughly 7% error in magnitude was induced by the elastic deformation of the parts driven by knee pitch motion.



As shown in Figure 9b, the phase error between the three lines could be observed, especially the difference between the red line and the blue line. The maximum value of the red line could be observed sometimes in front of the red line and sometimes behind the red line. This is believed to do a greater harm since it is more difficult to reduce the error in phase than to reduce the error in amplitude.



An FFT of φ1, φ2 and φ3 is depicted in Figure 10 in order to better understand the errors induced by the elastic deformation. Figure 10a depicts the FFT for the stance phase. As observed, there was only one peak at 2.0 Hz in the blue line since φ1 is a sine curve with the frequency of 2.0 Hz. As for the red line and the black line, greater amplitudes can be observed at 2.0 Hz, suggesting a greater peak-to-peak value of φ2 and φ3, which corresponds to the errors in magnitude, as depicted in Figure 9a. Additionally, peaks could be seen at roughly 8.2 Hz for the red line and the black line, where the amplitude for the blue line was zero. It corresponded to the wave envelope and the errors in phase as depicted in Figure 9b.



Figure 10b depicts the FFT for the swing phase. As observed, the peaks of the three lines at 2.0 Hz were very close, suggesting that there was no obvious wave envelops for φ2 and φ3. Apart from that, no significant values could be observed, besides 2.0 Hz, suggesting that there were no obvious errors in phases for φ2 and φ3. Hence, this suggests that the stiffness for the swing phase was large enough and that the errors induced by the elastic deformation could be neglected.




4.2. Influence of the Stiffness for Stance Phase


In order to give guidance for optimizing the drive chain, further discussion is needed regarding the effect of stiffness in the stance phase. As discussed above, the error was induced by the elastic deformation of the linkage and the thigh structure between the knee pitch joint and the hip pitch joint. To reduce the elastic deformation, some mechanical components need to be bigger in size or strength (for example, using structural steel instead of aluminum), which would inevitably lead to a bigger size and a heavier weight of the leg; this is also detrimental to the biped robot. To solve this dilemma, different combinations of k1 and k2 were analyzed to find a good combination of k1 and k2.



Figure 11 depicts the FFT analysis of φ3 for different combinations of k1 and k2 in the frequency domain above 2.0 Hz. It can be observed that with the increase of k1 and k2, the frequency where peaks occur are getting bigger, and the amplitudes of the peaks are getting lower. This suggests that the changes in the wave shaping is smaller as the stiffness increases, indicating smaller induced errors. Additionally, the decrease rate of the amplitude becomes slower as k1 and k2 increase, suggesting that a good combination of k1 and k2 could be found considering the dilemma between the executed accuracy and the size and weight of the leg.



Figure 12 depicts the errors induced by k1 and k2 and the total error regarding different combinations of k1 and k2. As k1 and k2 increased, the total error decreased, first rapidly and then slower and slower. At the combination of 2k1 and 4k2, a good compromise could be reached between the execution accuracy and the size and weight of the leg.




4.3. Influence of the Legs’ Asymmetry


To reduce robot manufacturing costs and make assembling easier, at the start, AIRO’s legs were mainly machined with 8 to 9 levels of accuracy and the fitting method was gap fit. Due to these manufacturing errors, the two legs of the biped robots were not completely symmetrical. This was particularly evident in reducing the stiffness of the drive chain, because the fit gap directly led to clearance errors in the driving process, which greatly reduced the stiffness of the drive chain. Figure 13 depicts the values of φ3 with respect to different stiffness during the stance phase. If the right leg had the same stiffness as the left leg, it behaved the same as the left leg (black and red lines). However, when the right leg had a smaller stiffness than the left leg, it performed trajectories that exhibited smaller amplitudes and different wave shapes, although the gait planning for both legs were perfectly symmetrical (the black line and the blue line).



As described in Section 2, the difference in the executed execut×ion of the two legs induced by the stiffness would lead to the upper body vibrating in different directions with different degrees. Figure 13b depicts the FFT analysis of the pitch motion of the robot’s body, involving symmetrical or asymmetrical legs. Under the circumstance of symmetrical legs, the peak value occurred at 2.0 Hz, which coincided with the step frequency. However, under the circumstance of asymmetrical legs, a peak value could be observed at 1.0 Hz, which was believed to be caused by the differences in the executed trajectories of the two legs. This demonstrates that greater vibrations of the body would occur if the two legs are not symmetrical. Therefore, manufacturing tolerances should be paid attention during the design and manufacturing process to increase the symmetry of the legs, in particular those that would influence the stiffness of the leg’s drive chain. Noting this, currently, AIRO’s leg drive chains are manufactured to a class 6–7 accuracy and are fitted with either an overfill fit or with Loctite glue.





5. Experiments


Some experiments were conducted using the biped robot AIRO for validating the influence of the stiffness of the leg’s drive chain. Two types of linkages were manufactured with different stiffness, as shown in Figure 14. The black linkages are those used during the preliminary tests and have lower stiffness, while the white linkages are optimized ones with greater stiffness. As shown in Figure 15, using the white linkages, AIRO could alternately lift his legs and touch the ground, successfully achieving omnidirectional walking.



The pitch data of the IMU installed at the hip of the robot was used to analyze the influence of the stiffness of the leg’s drive chain, since no encoders were added specifically to measure the execution trajectories of the knee pitch motion. The IMU of AIRO was Xsens MTI-630, which could provide the pitch angle data for analyzing the locomotion dynamics of the robot. Three different cases were analyzed, as depicted in Figure 16: (1) both are black linkages; (2) both are white linkages; (3) one is black; the other is white. During the experiment, the gaiting planning for both legs were completely symmetrical with a step frequency of 2.0 Hz; the rest of the robot was kept constant. The difference in the IMU’s pitch angle data could be taken as caused by the linkages.



As depicted in Figure 16, for cases of both black and both white, peaks could be observed around 2.0 Hz, 6.0 Hz and 10.0 Hz. The peaks were larger for white at 2.0 Hz, the same for both cases at 6.0 Hz, and larger for black at 10.0 Hz. As analysis in Section 4, the peak at 2.0 Hz indicates the peak-to-peak value, while the high frequencies (here 6.0 Hz and 10.0 Hz) indicate the wave envelope as well as the phase error. This indicates that, for the same gait command, the white linkage obtained a relatively larger peak-to-peak value, a relatively smaller wave envelope, and a smaller phase error, suggesting a better execution of the planned trajectory. The black linkage had a smaller peak-to-peak value, smaller wave envelope, and phase error, suggesting a poorer execution of the planned trajectory.



It is also worth mentioning that the upper body vibrating in different directions with different degrees could, however, still be observed with both white linkages. Moreover, peaks could be observed between 0 and 2.0 Hz, especially at 1.0 Hz. This was mainly due to the asymmetry of the robot’s legs. Although the robot was designed to be symmetrical, due to manufacturing and assembly errors, the structure of the legs was not completely identical, which led to a peak at 1.0 Hz. Under this circumstance, the behavior of the left leg stance was repeated only at the next left leg stance, while the behavior of the right leg stance was repeated only at the next right leg stance. Therefore, the frequency was half of the step frequency, i.e., 1.0 Hz.



This phenomenon was particularly evident in the case of one black and one white. Using one black and one white, the stiffness of the two legs was set asymmetry deliberately. The IMU’s pitch angle data exhibited a larger peak at 1.0 Hz, and many significant peaks at other frequencies between 0 and 2.0 Hz. These experimental results demonstrate that asymmetry in the stiffness, not the upper body vibrating in many different directions with many different degrees, which could also be observed during the robot walking. It suggests that attention should be paid to the tolerances of the leg structure during the design process, in particular, those that would influence of the drive chain. Reducing the manufacturing assembly errors could improve the symmetry of the legs of biped robots, which would in turn lead to an improvement in the locomotion behavior of biped robots, such as walking smoother with lower vibration of the upper body.




6. Conclusions and Future Work


This paper investigates the influence of the stiffness of the leg’s drive chain on the locomotion behavior of the biped robots. A mass-spring model was proposed based on the biped robot AIRO built in Zhejiang Lab, and methods for determination of the parameters in the mass-spring model were introduced, including determining the stiffness parameters using ANSYS Workbench and the inertia parameters through dynamic modelling of the biped robot.



Simulation results suggest that special attention should be paid to the stiffness of the drive train of the leg when designing a biped robot to ensure the walking capability of the robot. If the stiffness is not large enough, the motion of the joint will deviate from the gait planning, especially in the stance phase. In addition, manufacturing tolerances should be paid attention for symmetry of the legs of the biped robots. Asymmetry in stiffness of the legs would lead to greater vibration of the robot’s body. The simulation analysis was validated via experiments conducted on AIRO.



Upon the analysis of the preliminary testing of AIRO, this paper mainly focused on the knee pitch motion and the related stiffness that would influence the knee pitch motion. As is known, the locomotion of the biped robot is a whole-body dynamic problem and the stiffness of all the joints should be accounted for. Future work will be focused on the influence of the stiffness of the whole body based on the whole-body-control strategy of the biped robot to better understand the biped robot’s locomotion behavior.
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Figure 1. Biped robot AIRO built in Zhejiang Lab. 
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Figure 2. Configuration of the biped robot AIRO built in Zhejiang Lab. 
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Figure 3. Leg structure of the biped robot AIRO: (a) Drive chain of the knee pitch motion; (b) Schematic representation of the knee pitch motion. 
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Figure 4. Schematic of the drive chain for the knee pitch motion using a mass-spring model. 
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Figure 5. Structure-varying topology of the biped robot during walking. 
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Figure 6. (a) structure presentation of the linkages; (b) Deformation of the linkages with respect to a certain torque. 
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Figure 7. (a) Two types of installation of the linkages; (b) Stiffness of the linkages regarding different installation types. 
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Figure 8. Stance phase, beam formed by thigh between hip and knee. 
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Figure 9. Stance phase, simulation results of φ1, φ2 and φ3: (a) Values of φ1, φ2 and φ3 for the stance phase; (b) Enlarged view of the rectangular area in (a). 
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Figure 10. FFT of φ1, φ2 and φ3: (a) Stance phase; (b) Swing phase. 
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Figure 11. FFT Analysis of φ3 regarding different stiffness. 
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Figure 12. Induced errors regarding different stiffness. 
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Figure 13. Simulation results regarding the legs’ asymmetry: (a) Values of φ3 of the two legs with different stiffness (stance phase); (b) FFT analysis of the robot’s pitch motion. 
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Figure 14. Two types of linkages with different stiffness for experiments. 
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Figure 15. AIRO’s omnidirectional Walking with white linkages. 






Figure 15. AIRO’s omnidirectional Walking with white linkages.



[image: Actuators 11 00079 g015]







[image: Actuators 11 00079 g016 550] 





Figure 16. FFT of the IMU’s pitch data: (a) 0–5 Hz; (b) 5–15 Hz. 
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