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Summary: This paper presents the development of the waist mechanism for humanoid robots. The research was conducted within the project which is developing a humanoid robot Marko that represents assistive technology in physical therapy for children with cerebral palsy. There are two basic ways for realization of the robot trunk. The first is based on multi-joint viscoelastic structures that have variable flexibility and the second one is based on low backlash mechanisms with one joint that has high stiffness. Based on the kinematic-dynamic requirements a dynamic model of the robot upper body is formed. Dynamic simulation for several positions of the robot was performed and the driving torques of the waist mechanism are determined. Realized waist has 1 DOF and enables movements in the direction of flexion-extension 90°. It consists of a gear mechanism with bevel and helical gears. It has a high carrying capacity and reliability, high efficiency and low backlash that provide high positioning accuracy and repeatability of movements.
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1. INTRODUCTION
One of the expectations of modern society is the use of humanoid robots and their active participation in the immediate human environment that is dynamic and unstructured. Therefore these robots must be absolutely safe for the humans and objects surrounding them. The human body is musculoskeletal and viscoelastic structure that has variable flexibility and approximately 350 degrees of freedom – DOFs. However, most humanoids that are developed have rigid torso and consequently their mobility is limited and unnatural. Thanks to its flexible spine, humanoids can absorb shocks and mechanical impacts and therefore are safer in physical contacts with humans or objects. Besides, the robots which have only 1 DOF in the trunk require 26.5% less energy when walking than the robots with rigid trunk [1]. 

This paper presents the development of waist mechanism for humanoid robots. The research was conducted within the project which is developing humanoid robot Marko that represents assistive technology in physical therapy for children with cerebral palsy – Fig. 1a. The conventional medical treatment involves exercises that are monotonous and exhausting for children, wherefore children lose interest for the work. Since the success of therapy depends directly on the time that child spent exercising, it is necessary to find a way to further motivate the child. The aim of the project is to offer the children a partner – robot, with which it will be more interesting for them to exercise and who will be able to demonstrate an exercise that the child can not perform. 
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	Fig. 1 Photograph of humanoid robot Marko (a) and its kinematic structure (b)


Fig. 1b presents kinematic structure of the robot which has a head with 11 DOFs, neck with 2 DOFs, two arms with 14 DOFs, two hands which should have 10 DOFs, waist with 1 DOF and two legs with 8 DOFs, which makes the total 46 DOFs. Besides, there are 3 DOFs eyebrows, which is 2 DOFs for the roll axis and 1 DOF for the yaw axis – lifting both eyebrows, 4 DOFs eyeballs, which is 2 DOFs for the yaw axis and 2 DOFs for the pitch axis, and 4 DOFs eyelids for the pitch axis – blinking upper and lower eyelids.

1.1 HUMAN SPINE 

The spine is a multi-joint structure which is formed by irregular bones that are placed on top of one another. Movements of the spinal column are enabled by intervertebral joints and intervertebral discs that are placed between two adjacent vertebrae. Due to the flexible structure of the discs, it is possible to perform locomotor activities of spinal column and better amortization. Large number of muscles and ligaments are involved in the movements of the spine. The spinal column provides stability and body posture in an upright position, enables movements of the head, neck and trunk, retains and transmits loads from the upper limbs to the pelvis, and reduces and absorbs impacts and shocks. Therefore, the spine must be strong, stable and sufficiently movable. Movements between individual vertebrae are very small range, but the mobility of the spine in whole is large, because it represents the sum of a large number of small movements that are performed in 23 joint. 
The movements of the spinal column are flexion/extension – bending forward/ backward (Fig. 2a), lateral flexion – side bending (Fig. 2b) and torsion – rotation (Fig. 2c). Mobility of the lumbar part of the spine for the movements of flexion is approximately 40°, and for the movements of the extension is approximately 30°. Lateral flexion movements are approximately ±25°, while the movements of rotation are approximately ±10° [2].
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	Fig. 2. The human spine movements: (a) flexion/extension, (b) left/right side bending – lateral flexion and (c) left/right torsion – rotation
	


2. STATE OF THE ART
There are two basic groups of robots which can move the trunk independently from the pelvis. The first group has a so-called waist/torso joint with 1-3 DOFs – rigid structures, while the second one have a trunk which is based on the human spine with 3-10 joints – spherical, condylar and rotational, giving a total of 9-30 DOFs – elastic structures.
Waist/torso joint with 1 DOF – movements about the yaw or pitch axis, have HUBO [3], KIBO [4], Geminoid F [5] etc. Waist/torso joint with 2 DOFs – movements about the yaw and pitch axes, have HRP-4 [6], ARMAR-4 [7], EveR-4M [8] etc. Waist/torso joint with 3 DOFs – movements about the yaw, roll and pitch axes, have ROMAN [9], KOBIAN [10], Probo [11] etc. Waist/torso joint most commonly consists of rigid and low backlash mechanisms whose rotation axes intersect in one point – harmonic drive, cable-driven mechanisms, low backlash gears etc. Besides to high reliability and carrying capacity, the advantage of these mechanisms is low backlash that provide high positioning accuracy and repeatability of movements.
Biologically inspired trunk with 3-10 vertebrae and a large number of DOFs – movements about the yaw, roll and pitch axes, have Kenta [12], Kojiro [13], Kengoro [14] etc. Each vertebra has points for attaching tendons which enables independent motion of each joint. Between each two vertebrae there is viscoelastic elements – disc of silicone rubber and tension springs – ligaments. The height of each rubber disc is slightly greater than the distance between adjacent vertebrae wherefore discs generate the pressure on the joints and ligaments tighten them. During spine bending, the elastic elements generate force that opposes gravity and thereby help actuators. The advantage of elastic elements is in achieving a significant force at the time of releasing the accumulated energy.
3. WAIST MECHANISM
Basic requirement for realization is to enable the trunk mobility in the direction of flexion-extension. Besides, the simple and reliable mechanisms are required that have a high carrying capacity, high efficiency and low backlash that provide high positioning accuracy that enables high accuracy and repeatability of movements which is essential for motion control [15].
3.1 FORCES AND TORQUES 

Bending of the trunk should be as natural as possible and therefore it is adopted that the flexion which of 45° does not exceed 1 s, which as a consequence has a certain dynamic effects. For that reason, a dynamic simulation, based on the formed 3D model of the robot upper body, was performed and the driving torques of the waist mechanism are determined – Fig. 3. Depending on the position/movement of the robot arms, three cases are examined: arms along the body during the entire movement of the trunk – Fig. 3a, the arms from vertical to horizontal position – Fig. 3b and arms during entire movement retain a horizontal position – Fig. 3c.  Profile of velocity is such that maximum values are reached in the middle of the movement – cubic polynomial trajectory. Based on the dynamic analysis the maximum torque value for dimensioning of the waist mechanism is 142.3 Nm.
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	Fig. 3  Dynamic simulation –  trunk flexion of 45° with robot arms movements: (a) arms along the body during the entire movement, (b) arms from the vertical to the horizontal position, (c) arms during the entire movement retains the horizontal position and (d)-(e) graphics of the changes of the torque in the waist joint for adequate movement


3.2 MECHANICAL DESIGN
The implemented solution of the waist – Fig. 4 is essentially a gear mechanism which has a 1 DOF and enables movements in the direction of flexion-extension of 90°. It consists of a base plate that is fixed to the mobile platform – the stand of the robot, and of four support plates in which are housed transmission elements – the shafts, the helical and the bevel gears. The thorax support, to which the upper body of the robot is attached, is rigidly connected to the shafts by two support plates. The actuator, connected to the base plate by means of the mounting flange, consists of a brushless DC motor, a planetary gearhead with 3 stages, an absolute encoder and a spring-applied break that allows the robot to maintain a position without the actuator needing a power supply. The driving bevel gear is directly placed on the shaft of the gearhead, while the driven bevel gear is rigidly attached to the driving helical gear. Power transmission and motion from the actuator to the trunk of the robot is performed through the helical and spur bevel gears. It should be noted that within the waist mechanism, hip mechanisms are attached respectively legs that are intended to demonstrate the movement and not for walking. Low backlash during gearing of the bevel gears is achived through either radial or axial displacement of the actuator together with the mouting flange – axial clearance adjustement can be done by inserting shim washers between the mounting flange and base plate or by placing them on the gearhead shaft. Low backlash during gearing of the helical gears is achieved by using support plates manufactured with high precision and preloaded gears – the center distance is with a negative tolerance.
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	Table 1 Waist mechanism confuguration

Flexion-Extension – waist joint

Dunker motor

BG 45x30 SI

Voltage [V]

24

Power [W]

75

Torque [Ncm]

22

Speed [rpm]

3200

Planetary gearhead

PLG 52H

Reduction

126.5

Torque [Ncm]

24

Efficiency [%]

73

Brake E-90R

Torque [Ncm]

100

Encoder Hengstler

ACURO AD36

Counts per turn

213
Total counts

215
Gearing with

helical gears

Reduction

2

Module [mm]

1.5

Helix angle [°]

25

Gearing with

spur bevel gears

Reduction

3.81

Module [mm]

1.5



	Fig. 4 Waist joint – cross section
	


4. CONCLUSION
This paper presents the development of the waist mechanism for humanoid robots. Basic requirement for the realization is to enable trunk movements about the pitch axis. Based on the set requirements an analysis of constructive solutions of the waist/torso mechanisms is performed. The structure of the mechanism with low backlash gears is adopted. Based on the kinematic-dynamic requirements a dynamic model of the robot upper body is formed. Dynamic simulation for several positions of the robot was performed and the driving torques for waist mechanism are determined. Realized waist has 1 DOF and enables movements in the direction of flexion-extension 90°. It consists of a gear mechanism with bevel and helical gears. It has a high carrying capacity and reliability, high efficiency, compact design and low backlash that provide high positioning accuracy that enables high accuracy and repeatability of movements which is essential for motion control.
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