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A new torso structure for a humanoid robot has been proposed. The structural characteristics
and functions of human torso have been considered to gain inspirations for design purposes. The
proposed torso structure consists of six revolute units divided into two basic categories con-
nected in a serial chain mechanism. The proposed torso structure shows more advantages
compared to traditional humanoid robots in terms of high degrees of freedom (DOFs), high
stiffness, self-locking capabilities, as well as easy-to-control features. Bionic optimization design
based on objective function method has been implemented on structural design for better
motion performances. A 3D model has been elaborated and simulated in SolidWorks and
ADAMS environments for structural design and kinematic simulation purposes, respectively.
Simulation results show that the new bionic torso structure is able to well imitate movements of
human torso.

Keywords: Humanoid robot; human spine; torso structure; mechanism design; bionic optimi-
zation.
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1. Introduction

Humanoid robots are robots with their body shapes built to resemble the human
body. Therefore, they can adapt to human living environment, make use of tools and
get along with people with affinity for their appearance and size. Generally, single leg
and single arm are designed with six degrees of freedom (DOFs) to achieve various
movements in three-dimensional space. Nevertheless, spine structure has not been
effectively incorporated into the design of humanoid robotic torso. More than 90% of
proposed humanoid torsos are greatly simplified as waist joints with 1-3 DOF's, very
few with four DOFs.

The torso of ASIMO! which is on behalf of the most advanced technology in
humanoid robots only has a rotary joint (Roll) in transverse plane; KHR** and
HUBO®” series built at KAIST have a rotational DOF(Yaw) in waist. HRP®™® series
developed at AIST set up two DOFs (Pitch-Yaw) in waist; iCub’ of IIT has three
DOFs (Roll-Pitch-Yaw) in torso; WABIAN-2'? developed at Waseda University has
four DOFs (Roll-Yaw-Pitch-Yaw) in waist and torso; Myon'' of Humboldt Uni-
versity adopted a rotary joint (Roll) in waist. In addition, BHR-2'? built in the
Beijing Institute of Technology has been designed with a box-like shape torso of zero
DOF; IRP-1'? developed by Hefei Institutes of Physical Science has two DOFs
(Pitch-Yaw) in torso.

Some researchers attempted to design torso structures for humanoid robots with
inspirations of human torso. Or has done some research on WBD-2'* with highly
anthropomorphic torso structure by using six servos connected in series in Takanishi
Laboratory. WBD-2 aimed to express emotions by using body languages. However,
torso structure with six servos connected in series simply did not achieve various
excellent properties of spine but better flexibility. Holland team in University of
Essex developed CRONOS'® with imitation of human skeletal structure, and
ECCEROBOT! based on CRONOS was developed by Sussex University, Technical
University of Munich and University of Zurich. This robot has an anthropomorphic
design from appearance to internal structure. However, intrinsic movement patterns
and control methods to achieve various motions still are urgent problems to solve.
Musculoskeletal flexible-spine humanoid robots named as Kotaro,'” Kojiro'® and
Kenshiro'” built at JSK laboratory of Tokyo University with high redundancy have
five ball joints connected in series in waist to simulate spine and adopt a large
number of artificial muscles, which achieved bending and some delicate movements
successfully. But it is very difficult to control robots to achieve stable walking and
collaborative actions involved in the whole body, and its stiffness is low since there is
no evidence shown that it can stand without external force. Some cable-driven tor-
sos2’?! have same disadvantages.

Torso design for humanoid robots mentioned above have already achieved certain
results. The main disadvantages include the following aspects: firstly, oversimplified
bionic spine mechanisms are failure to achieve various properties of human spine;
secondly, torso structures with highly anthropomorphic spine and muscle groups are
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difficult to achieve the goal of effective control. The purpose and contribution of this
paper can be recognized as solving these urgent disadvantages. In this paper, the
performances of human torso in mechanism and motion patterns have been inves-
tigated, and a new torso structure for a humanoid robot has been proposed based on
general six revolute (6R) serial mechanism. Bionic optimization design based on
physiological parameters of human torso has been carried out to demonstrate the
practical feasible operation performances of the proposed torso structure. A 3D
model has been elaborated in SolidWorks environment and simulation results are
reported to present the characteristics of torso structure.

2. Analysis of Human Torso

The unique structure of human spine is the result of long-term evolution. Humanoid
robots are inspired by structure and motion capabilities of human body for better
adaptability in human social environments.?? Therefore, it is necessary to investigate
characteristics for humanoid robotic design.

The vertebral column begins at the support of the skull and ends with an insert
into the hip joint. Thirty bones in series constitute the vertebral column: cervical
(C1-C7), thoracic (T1-T12), lumbar (L1-L5), sacrum (S1-S5) and coccyx.”
It protects the spinal cord and provides a firm support for torso, head and upper limbs.

As shown in Fig. 1, the spine of an adult features four sagittal curves, namely they
are cervical, thoracic, lumbar and sacral curves. The curvature angles of cervical,
thoracic, lumbar curves reach to o (21.9°),3(30.9°),~ (31.4°), respectively.?* Cur-
vature is an important physiological functionality of spine, it is qualified for the role
of keeping the mass center of torso close to the longitudinal axis so that human can
maintain balance because of its relative positions between adjacent vertebrae. Torsos
with curvatures provide more than 10 times of strength and resilience compared with
straight vertebral column.

Various motions of human body can be summarized as complex combinations of
three typical motions including flexion (or extension), lateral bending and rotation.
Flexion and extension occur in the sagittal plane around the frontal axis. Lateral
bending occurs in the frontal plane around the sagittal axis. Rotation occurs in the
transverse plane around the vertical axis. Though motion degrees between adjacent
vertebrae are different, the entire spine with 30 vertebras in series shows larger
workspace. The amplitudes of these movements are shown in Fig. 2.

From the microscopic point of view, three motion patterns between adjacent
vertebrae also can be reflected. As shown in Fig. 3, specific motions are achieved via
alignment of the facet joints and the attaching spine muscle, which subsequently
generate force to move corresponding vertebrae and accomplish predetermined
motions.?” Stability of torso also mainly depends on muscles and ligaments. For
example, when shaking your head in disagreement, the rotation of the head con-
trolled by the atlantoaxial joint between C1 and C2 can be realized.
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Fig. 1. Human spine structure.
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Fig. 2. Typical human body movements and the corresponding amplitudes. Spinal flexibility is consid-
erable for these movements and larger workspace.
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(a) Lateral bending (b) Extension

(c) Rotation

Fig. 3. Typical motion patterns in microscopic form, the line of pull represents the erector spinae muscles
determine actions and stability of spine.

It is summarized that three representative torso design requirements for hu-
manoid robots from the analysis of structural and motion characteristics of human
torso: firstly, high flexibility. Complex motions of spine in 3D space depend on
multiple DOFs of the serial system; secondly, large workspace. Human body can
achieve large workspace in collaboration with spine; thirdly, stability and stiffness.
Human body withstands considerable force while moving, physiological curvature
helps body reduce concentrated force and keep the body stable. In terms of mech-
anism design, it requires a certain rigidity to withstand forces acting on it. In
addition, a relatively simple control method to achieve above requirements is worth
considering.

3. A New Torso Structure for a Humanoid Robot

In Fig. 4, a new torso structure for a humanoid robot is illustrated in a 3D model that
has been elaborated in SolidWorks environment. R1 connects to the pelvis platform,
and R6 connects to the head of a humanoid robot.

The proposed torso structure consists of six units marked as R1-R6 from the
bottom to the top, which are connected together in series. Six units can be divided
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Fig. 4. A 3D model of a humanoid robotic torso.

into two basic models as shown in Fig. 5. Internal components are substantially same
including harmonic reducer, motor, output flange sleeve, input flange cover, actuator
and encoder. The difference is the angle between output flange sleeve and input
flange cover, it decides the location of rotation axes and subsequently decides motion
results. R1 and R6 are in the form of Module 1, the rest are in the form of Module 2.

Module 1 is designed for better connections with the head and the pelvis platform,
which will make humanoid robots keep stability during movements; The design
principle of Module 2 is seeking for achieving the desired operation performances of
bending angles with fewer units, so angle between output flange sleeve and input
flange cover is the double of Module 1’s. Harmonic reducer is used to connect ad-
jacent units, and this kind of method is good for the compact and rigidity of torso
structure.

Structural characteristic is analyzed from the perspective of DOF's configuration.
Figure 6(a) shows the general 6R serial mechanism with irregular configuration of
DOFs. Industrial 6R serial robots usually have the spherical joint with three joint
axes intersecting at one point in order to solve analytical solution of inverse
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(a} Module 1 (b} Module 2 (c) A connecting portion

Fig. 5. Components of the proposed torso structure: 1: Harmonic reducer; 2: Input flange cover; 3: Motor
and encoder; 4: Output flange sleeve; 5: Drive motor.

kinematics,?® and most joint axes are in orthogonal relationship. For the proposed
torso structure of humanoid robot, these joint axes are not orthogonal, and angles
() between adjacent joint axes presenting with regular alternative distribution are
not equal to 0, 7/2 or 7 as shown in Fig. 6(c). Particularly, no spherical joint exists in
the proposed torso. In a vertical position, axes of six joints are in the same plane.
Bionic performance is fully considered for adopting this design. For example, the
proposed torso structure presents a continuous curvature during bending motion
compared to traditional robots with only consideration of the appropriate posture of
head, the movements are unnatural.

Typical unit of general 6R serial mechanism is composed of joint and link, and link
rotates around the joint. For humanoid robots, space for torso part is limited. The

(a) General 6R serial mechanism

Fig. 6. 6R serial mechanism.
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(c) Configuration of DOFs of the torso structure

Fig. 6. (Continued)

proposed torso structure for humanoid robot only retains the rotary joint and omits
the link, which means that kinematic length (a) is equal to 0. When ¢ =0 and
a # 0,7/2 or , it has special property of having no kinematic length for a link. The
benefit of this design is that the structural volume is greatly reduced, and the
compact and rigidity properties of torso structure are better.

The relative motion is called spherical when the intersecting joints are revolute.
It can be easily seen from the sketch in Fig. 7, all points on link 3 move so that, relative
to link 1, and they lie on concentric spheres centered at 0, the intersection point of the
axes. Also, considering the single case, the relative positions of link 3 are limited to
those which can be reached by pure rotation about axes through point 0. For the
proposed torso structure, trajectories of a point in unit R6 are circles with different
diameters by pure rotation about corresponding axes shown in Fig. 8, and they are
located on two intersecting planes due to the location distributions of rotation axes.

However, coupling of six rotation axes determines actual movements of torso
together. According to characteristics of the proposed torso structure, workspace
analysis based on Monte Carlo method”” of this mechanism can show geometric

e

Fig. 7. A sketch of relative rotations.
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Fig. 8. Terminal trajectories under the circumstances of independent rotation of joints.

characteristics of the workspace boundary surface. Monte Carlo method has no
limits to joint types (revolute or prismatic joints) and ranges of joint variables 6;.
It is assumed that §; = O™ + (9™ — #"") x Rand(). Values of all joints can yield
individually in their rotation ranges by using a uniform pseudo-random number
Rand(). Once the variation ranges are known, the workspace can be calculated.
Algorithm is summarized as follows:

(1) Compute the location of point P = [p,, p,, p,]” in forward kinematic.
(2) W= Q. The workspace is initialized as an empty set.

(3) for A =1 to 100,000 do.

(4) Randomly sample 6; = 1" 4 (918 — gy x Rand() in [, 7).

(5) Compute the position of point P in global coordinate system.

(a) a—y-z space (b) y—2 plane

Fig. 9. Workspace of the proposed torso structure.
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Fig. 9. (Continued)

(6) Plot the point P in three-dimensional coordinate system, add P to W.
(7) end for.

As can be seen from four perspectives in Fig. 9, geometric characteristic of the
proposed torso structure’s workspace is part of a sphere, it demonstrated that the
proposed torso structure has the ability to achieve various motion patterns including
rotation, bending and flexion, extension in 3D space.

The proposed torso structure is inspired by human spine, the purpose is to have
good bionic performance with feasible operability. The quantitative bionic char-
acteristics are decided by design parameters. Therefore, these design parameters of
mechanism should be optimized for finding a practical feasible solution.

4. Bionic Optimization of Mechanism Design

The objective function method is widely used in kinematic optimization design of
mechanism. This method is to solve optimization problems containing both equality
and inequality constraints, it contains design variables, constraints and objective
function.?®

4.1. Design variables

The proposed torso structure is constituted by two kinds of basic units. Therefore,
design parameters of these units decide the kinematic performance of torso structure.
Design parameters of Modules 1 and 2 are shown in Fig. 10. d is the diameter of the
output flange sleeve;  is the angle between the output flange sleeve and the input
flange cover; [ is the height of unit from the harmonic reducer to the bottom of
output flange sleeve. These parameters are important in motion characteristics of
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(a) Parameters of Module 1 (b) Parameters of Module 2

Fig. 10. Schematic diagram of structural parameters.

torso structure and selected as design parameters. For the convenience of expression,
T = (:El) Ty, :I;B)T = (‘pv da l)T

4.2. Objective function

Right-bending is a typical motion pattern of human body. Human trunk moves in
frontal plane during the right-bending procedure. But trajectory planning in joint
space during the motion of right-bending procedure shows external displacements in
positive z-axis direction of sagittal plane for the proposed torso structure (the z-axis
is decided by right-hand rule). In Fig. 11, same linear drive function is applied to

120°

150° 180°

Fig. 11. Simulation snapshots of the 3D model operating the right-bending procedure in ADAMS
environment. Rotation angles of each unit are marked below.
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Fig. 12. Displacement of a point in R6 in z-axis.

each joint in ADAMS environment. It is demonstrated that the displacement com-
ponent in the direction of z-axis is increasing from 0 to maximum at first, and then
decreasing to 0 from the transverse plane of view in Fig. 12. It is necessary to reduce
displacement in positive z-axis direction of sagittal plane, so the humanoid robots
can move more naturally. Thus, it became the objective function to optimize the
structure.

To calculate the mathematical expression of the displacement, forward kinematic
of the proposed torso structure is presented. Figure 13(a) shows 3D outline drawing
of torso structure with global coordinate system 1,2 and D-H coordinate z; y; z; —
T Ys 2 Systems. Only y- and z-axes are drawn, z-axis can be determined by right-
hand rule. In Fig. 13(b), oy, 0, 0’, 0" are the midpoint of lines and z), 2, 2, 23 axes
are perpendicular to lines, respectively. It is not difficult to demonstrate that

(a) Three-dimensional view (b) Frontal plane view

Fig. 13. Schematic diagram of configurations of DOFs and D-H coordinate systems.
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Table 1. Parameters of torso
structure of a humanoid robot.

# 0 d a @

ORL 6 L 0 —p
RIR2 6, & 0 2
R2-R3 6, 2, 0 -2
R3R4 6, 2, 0 2
R4R5 65 2, 0 -2
RS-R6 6 L 0 o

RTAMO'O, =RTAMO, O,. So, it can be obtained that:
1
|0'0,| =2|0'S| = 5[933 + (73 — 2my tan ;)| = 23 — 2 tan ;. (1)

In RTASO'O,, £50'0, is equal to z;:

|O'S| T3 — Ty tan
!/
|00, cos Z50'0, 2 cos 1, 2)
In RTANO, O,
1 1
|0001|=§[$3+($3—m2tan:v1)]=$3—§$2tanml. (3)

Some variables can be defined from the geometric relationship mentioned above
to simplify the expressions:

1
l1:|0001|:m3—§m2tan:171, (4.)

I3 — T tan o;

1 1 1
b =10,0,] :§|0203| :§|0304| :§\O4O5| = [0504| = (5)

2 cos

Homogeneous transformation matrix®’ of positions between joint R; and joint R, ;
(i=1—6) can be obtained with parameters listed in Table 1:

cosf; —sinf;sina; sinf;sinq; a; 1 cosb,
e sinf; cosf;cosq; —cosb;sinq; a;_;sinb; 6
i = : (6)

0 sin o cos o d;
0 0 0 1

Position and orientation relations between x5y, and zyyy2, are the following:

Ny Oz Gy Pg
0T — A AAAAA — |™ % W Py| _ |7 0 ap :
6 1424344 A5 A6 n, o, a, D, 000 10 (7)
0 0 0 1
where n, 0, a represent the orientation and p represents the position.
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Position of point P in the global coordination system g z2p:

e = T[2], (8)

P; and p; represent positions of point P in global coordinate system and local
coordinate system, respectively.

As shown in Fig. 12, displacement in sagittal plane during right-bending motion
procedure reaches the maximum value at the time of third second. At this time, the
joint variables are [0,0, —%,%, %, —I] for 6; — 0. And the value of f(x) = P,(6,, 0,
05,04, 05,06, 21, 25, 13) can be calculated as the objective function to optimize three
design variables:

f(z) = (7cos(z;) cos?(2z,) sin(2z;) — cos(2x; ) sin(21,)) /200 + sin(z;)
x (23 — 1 tan(z;)) — 7sin*(2z;) sin(z;) /200 — cos(2z;) sin(z;)
x (23 — @y tan(zy)) + sin(22y) cos(;) (3 — 23 tan(z;))
+ cos(m; ) (cos?(2x ) sin(2z;) — cos(2zy) sin(2z;)) (23 — 2, tan(z;)/2)
— sin?(2x;) sin(z;) x (23 — 2 tan(z;)/2)
+ cos(2z;) sin(2z;) cos(x; ) (23 — @, tan(x;)). (9)

This is a nonlinear equation with three variables.

4.3. Constraints

From the perspective of bionics, three constraints are set for structural design:

Firstly, the height of humanoid robot can be neither too high nor too short due to
that humanoid robots are built to resemble human body and help people undertake
various tasks in human society. Considering most presented humanoid robots’
height, 1500 mm is chosen for the height of humanoid robot with the proposed torso.
According to physiological data, the length of the torso accounts for 2/5 of the body
height, which is 600 mm. To increase the value space of optimization, the total length
of the proposed torso is between 600 mm and 635 mm. From Fig. 13(b) and Egs. (1)-
(3), it can be obtained that the total length of the proposed torso structure in vertical
position is equal to:

1
2|0y 01| + 4|00y | = 2(:v3 — g% tana:1> +4(x3 — 2y tan ;) = 623 — 51y tan ;.
(10)

Extra 35 mm is set for the connection between head and trunk.
Secondly, the amplitude of bending motion for human is between 30° and 45°.
A point P in unit R6 is chosen to be the measurement point shown in Fig. 14.
Thirdly, the basic geometrical dimensions of vertebral parts obtained from real
values with digitized CT images have proportional relationship between the height
and width as reported in Refs. 30 and 31. So the basic unit of the proposed torso
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Fig. 14. Schematic diagram of constraints during right-bending.

structure adopted the proportional relationship varying from 1 to 1.2 for the length

and the diameter.

It is concluded from the constraints mentioned above in mathematical expression:

s.t.

™
SZ»

T P,
g < arctan|—-

z

0.6 < 623 — 5zp tan z; + 0.035 < 0.635,

1.0<2 <12,

23

—1;,<0 (i=1,2,3).

4.4. Optimization results

There are many optimization algorithms to objective function with inequality con-

straints such as trust region reflective algorithm, active set algorithm and interior

point algorithm.?? Trust region reflective algorithm is for optimization with linear
equality constrains, which is not the suitable one. Interior point algorithm has higher
computational efficiency with fewer iteration steps compared to active set algorithm.
Algorithm is not discussed in detail in this paper, fmincon solver which is very mature
and stable in Matlab environment is used to solve the problem with interior point
algorithm, and the optimization results shown in Table 2 are obtained in 0.067 s.

Table 2. Optimized parameters.

Design parameters © d l

Optimized parameters  8.3° 132.3mm  110.3mm
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Population parameters of the proposed torso structure can be obtained from these
basic parameters: the total length is 600.1 mm, the amplitude of right-bending is
30.0°, and the minimum value of the objective function is 47.8 mm. The goal of bionic
optimization design has been achieved within constraints.

5. Simulation of Right-Bending Motion

The motion feasibility has been simulated both to get joint ranges for design pur-
poses and to check the motion of torso. For a practical application of a simulation,
the trajectory between two prescribed points can be computed in joint space by using

a quintic polynomial function®-**:

0(t) = cy + 1t + cot? + c5t® + cytt + 517, (12)

where 0(t) is the prescribed trajectory of joint variable as a function of time.

The six unknown constant values can be determined by solving six constraints
equations, which are given by the values of six boundary conditions including angles,
velocities and accelerations at the starting and end positions:

0(ty) =6, 0(tr) =6y,
0(t)) = 6, () = 6y, (13)

b(t) = 6, 6(t;) = by,
. 1.
=10 c1=10, c= 5907

1

¢ = 55 (2007 — 00) — (867 +1200)t; - (36— )7,
!
1 S (1)
= Q_t;} [30(6y — 6;) + (1467 + 166,)t; + (36, —26;)t7],
) o .
& =53 [12(6; — 6p) — 6(6; + 6o)t; — (6o — ) t],
f

where %, and #; are the initial and end time of simulation.
The boundary conditions of the quintic polynomial trajectories are shown below,
time is assumed to vary from Os to 10s in 1000 steps:

00 = é() = .0.0 = [05070707070]7
0;=10,0, -7, 7,7, —7],

éf = .e.f = [07070707070]7 (15)
tg = 0s,
tr = 10s.

Simulations have been carried out to evaluate and to characterize the right-
bending performances of the proposed torso structure in Fig. 15. The simulations
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(a) Joint angles

Acceleration

a(radis2)

48

Timeqs)

(b) Joint velocities

Time(s)

(c) Joint accelerations

Fig. 15.

(d) Displacement in X-Y plane

Computed joint variables for right-bending motion.

show a smooth motion which well imitate the movements of human torso during the

right-bending motion procedure.

The orientation of robots are usually defined by a rotation sequence around -, y-
and z-axes. ¢, 0,1 are used to present three basic rotations around z-axis, y-axis
and z-axis respectively, namely are roll, pitch and yaw. The order of rotations is

defined as

RPY (¢, 0,v) = Rot(z, »)Rot(y, §)Rot(z, 1)

coch  copsbsy — spcy

copsbcy + spsyp 0

- spcl  spshsh+ copch  spsbep — cops 0 (16
| —s cOsp clcy 0|’ )
0 0 1

where s is for sin 6, and cf is for cos § and so on. Generally, it is called Roll-Pitch-

Yaw method.
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Fig. 16. Computed orientation angles for a simulated operation of right-bending motion.

The changes of orientation angles of the proposed torso structure are shown in
Fig. 16. The torso rotates 80.21° around its roll axis and nearly 0° around its pitch
and yaw axes. Since the stable orientation of the proposed torso, the head of hu-
manoid robot can well imitate the right-bending motion with human-like motion
characteristics. It is noted that the proposed torso structure is very well designed as
the torso structure for humanoid robots.

For the proposed torso structure, right-bending motion is representative in three
typical movement patterns due to the brilliant property of symmetry. Take the
flexion movement in sagittal plane as an example, rotate unit R1 counter-clockwise
for 90° and rotate the head in R6 clockwise for 90° from the top of view at first, the
robot stays still during the process. After that, the trajectory planning of right-
bending motion in joint space mentioned above can be applied to achieve flexion
movement in sagittal plane.

6. Conclusion

A new torso structure for humanoid robots has been proposed based on general six
revolute serial mechanism. The proposed system with six DOF's shows high stiffness,
high DOFs, self-locking capabilities as well as easy-to-control features with anthro-
pomorphic characteristics. Bionic optimization design based on objective function
method has been implemented for better motion performances. A 3D model has been
elaborated and simulated in SolidWorks and ADAMS environments respectively to
check practical motion feasibility. Simulations of right-bending motion in Matlab
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environment show that the proposed torso structure can well imitate motions of
human torso with feasible operation performances for humanoid robots.
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