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Abstract—In this study, a 3 degree-of-freedom bionic waist
joint was developed with coupled tendon-driven mechanism.
This bionic waist joint can not only ensure the safety of the
human-robot interface, but also increase the load capacity
without increasing the weight. The coupled tendon-driven
mechanism enables the motion of each joint to be driven by at
least two motors together, and enables a maximum torque of 3
times the maximum motor output torque at each joint. The
bionic waist joint has similar kinematic characteristics to a
human waist, including degrees of freedom (DOF) and range of
motion (ROM). The problem of coexistence of coupling and
decoupling in the same rotating joint was solved with a novel
mechanism that can promote further versatility of the coupled
tendon-driven mechanism. The basic movements and
characteristics of the waist was validated in the experiment.

1. INTRODUCTION

Humanoid robots have been attracting attention in recent
years due to the high demand for robots that can interact with
people. In Japan, the population of elderly people aged 65
years or older was 26.6% of the total population in 2015 [1].
In the United States, there is an estimated incidence of
tetraplegia or paraplegia of 230 000 persons a year [2]. The
replacement of upper limb functions is expected to
dramatically improve the quality of life (QOF) of patients. In
order to mimic the movements of the human body and to
realize complex tasks that can be performed by humans,
multi-degree-of-freedom (multi-DOF) joints are necessary.

Power transmission via wires (tendons) has been used in
robotic hands [3], and robotic arms [4]. Compared to other
transmission devices, the wires are lighter, do not require a lot
of space, and offer more flexibility in positioning the motor.
In addition, the physical properties of the wire are useful in
mimicking the inherent compliance and dynamics
characteristics. The flexibility of the tendon improves the
safety of the robot in its physical interaction with humans [5].

There are currently two types of robot torso parts: the first
is a rigid type with no degree-of-freedom (DOF), and the
second is a torso with 2- or 3-DOF movable waist joints. The
WABIAN-2 LL robot [6] has a 2-DOF waist and a 2-DOF
trunk, and the trunk is designed to rotate in combination with
the 2-DOF waist. The waist of the LIMS2-AMBIDEX robot
[7] have three DOFs and can lift a load of up to 23 kg due to
an additional gravity compensation mechanism in the waist
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joint. The iCub robot [8] was designed with a 3-DOF
tendon-driven differential waist joint. The addition of the
waist joint tends to increase the complexity of the robot
structure, but it also improves the robot's range of motion
(ROM) and increase interactivity with human.

In this study, we proposed a coupled tendon-driven
mechanism to develop a compact and high-power bionic
waist joint. There are at least two motors working
simultaneously during the movement of each joint due to the
coupled structure. In addition, the coexistence of coupled and
decoupled in the same rotational joint is clarified and solved
with a novel mechanism, which leads to further versatility of
the coupled tendon-driven mechanism.

Section II analyzes the 3-motor 3-degree-of-freedom
(3M3D) coupled tendon-driven mechanism, along with the
corresponding torque formula and rotation angle formula, and
the appropriate structure is selected for the bionic waist joint
in this study. Section III describes the detail design of the
bionic waist joint, while presenting a wire adjustment
mechanism used for joint decoupling. Section I'V presents the
validation experiment of the bionic waist joint. And the final
section shows the conclusion and discusses the future work.

II. 3M3D CoOUPLED TENDON-DRIVEN JOINT MODULE
A. 3M3D Coupled Tendon-Driven Mechanism

In a general uncoupled tendon-driven mechanism, when a
single joint is rotating, there is only one motor in working
state and the other motors are in standby, which is a waste of
resources for the whole mechanism. If we can realize the
coupled tendon-driven in which one joint driven by multiple
motors together, a larger joint torque is available by
reasonably allocating the motor resources. Li et al. [9]
proposed four possible 3-motor 3-DOF (3M3D) coupled
tendon-driven mechanisms (a. full routing structure, b.
1-skipped routing structure, c. 2-skipped routing structure,
and d. 3-skipped routing structure).
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Figure 1. The full routing structure of 3M3D mechanism.

The full routing structure is shown in Fig.1. Here, 73,; (j
represents the wire path where the motor j is located, j =1, 2,
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3) and r;; (i represents the joint i, i = 1,2,3) are the radius
of the pulleys. Here, the total torque on the joint is the sum of
the torques transmitted by the three motors. And, the total
rotation angle of the motor is the sum of the rotation angles of
the 3 joints. Therefore, the relationship between the torque
and the rotation angle between the motors and the joints can
be described in the form of a matrix as:

T1 T11/Tm1 T12/Tm2 713/Tm3 1[Tm1
[Tzl = [r21/rm1 722/ Tma2 _7'23/7'm3l T2 (1)

T31/Tm1i  —T32/Tmz  —T33/Tm3d LT3

Om1 T1/Tm1 T21/Tm1 31/Tm1 1[01]
Hmz] = [rlz/rmz T22/Tm2  —T32/Tmz2||02|- 2

T13/Tms  —T23/Tm3z  —T33/Tm3d LO3]

Here, a matrix J is introduced for convenience, as shown in
Eq. (3). J is a 3x3 matrix called motor-joint routing matrix
that describes the wire routing structure between the motors
and the joints.

T11/Tm1 T12/Tm2 T13/Tm3
J=1m1/Tm1  To2/Tm2  —T23/Tms|. 3)
T31/Tm1 —T32/Tmz  —733/Tms3

Then the torque formula and the rotation angle formula can
be simply described as:

T = T “4)

Om; =176, (5)

Then when separately driving joint 1 alone, the torque of
the remaining two joints should be 0, and the torque formula
can be described as (Assuming the maximum torque of the
motor is Ty, and the radii of all pulleys are equal):

1 1 17¢
Tnj = ]_1T1 = [1 1 _1] T; (6)
-1 -1
Tt 0.5 o T, 0. 511
2 s ST
Tm3 05 —0 5 0. 5’[1

Eq. (7) shows that when separately drive joint 1, 7, = 73 =
0, Tymax) = 2T » then Ty =Tp3 =Ty, Tn =0
Similarly, when separately driving joint 2 and joint 3
respectively, the maximum torque of joint 2 and joint 3 is
Ta(max) = 2Tm and T3(max) = 2Tm-

B. Selection of Wire Routing Structure for Waist Joint

Li et al. [9] analyzed the maximum torque of the four
routing structure and the results showed that when the number
of joint pulleys is reduced, it essentially does not affect the

maximum joint torque of separating driving single joint alone,

but conversely, reducing the number of joint couplings
simplifies the coupling structure. Therefore, a 3-skipped
routing structure was adopted for the bionic waist joint in this
study, and the specific coupling routing structure is shown in
Fig.2.
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Figure 2. Wire routing and motor location diagram of 3M3D waist joint.

Here, the radius of the joint pulley is twice that of the motor
pulley. Therefore, the torque formula and rotation angle
formula can be described as:

T 1 0 2 _Tml_

[Tzl = [—2 2 0] T2 ()
0 =2 211Tysl

Om1 1 -2 017[61]

[emzl = [0 2 =2116;]. )

Om3 2 0 21165l

However, there is an unavoidable problem with the
3-skipped routing structure. As shown in the Fig.3, when the
three joints are in the position on the figure, for separately
driving joint 1, there should be no torque on joint 2 and joint 3.
Therefore, how to decouple the tendons from motor 3 to joint
1 at joint 2 is the key problem for realizing 3-skipped routing
structure.

F Joint 3

Figure 3. The wire routing structure of the 17,3 — 133 — 13-
[TI. STRUCTURAL DESIGN
A. Overall Design

Tm3—

Tm2

-
z Yawr / \
Joln T13
X Y Mopo
Pitch” Roll Ll

[
Figure 4. Design of 3M3D coupled tendon-driven waist joint mechanism.
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The bionic waist joint structure is shown in Fig.4. The
3M3D coupled tendon-driven with 3-skipped routing
structure was adopted as drive method. Fig. 5 shows the wire
routing structure of (a) the 13,,; — 134, (b) the 1y, — 19y — 135,
and (c) the ry,,3 — 133 — 133, respectively.
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Figure 5. Wire routing structure.
B.  Wire Adjustment Mechanism

We have previously described that the wire directly
connecting joint 1 and joint 3 generates an unwanted torque
on joint 2, which affects the motion of the structure.
Therefore, decoupling at joint 2 is required. Here, we made
the assumption that if the wire connecting joint 1 and joint 3
always passes through the center of rotation (COR) of joint 2,
then joint 2 no longer generates a rotational torque.

Connect to Joint 3

COR of Joint 2

Idler Pulley1

Connect to Joint 1
Figure 6. Schematic diagram of decoupling mechanism.

However, when joint 2 is rotated, the position of the idler
pulley 2 must be changed in order to meet the above
conditionsm, as shown in Fig.6. The relationship between the
position difference S; and the rotation angle 6 is (the radius

of the idler pulley is r, initial position: ZAOB = «):

5T — BT = T o
B a;H) tan(%)

The change in position of the idler pulley 2 ensures that the
wire always passes through the COR of the joint 2. However,
due to the change in the position of idler pulley 2, the wire
path length between idler pulley 1 and idler pulley 3 changes,
which will inevitably cause joint 1 and joint 3 to also rotate
during the rotation of joint 2. Therefore, we calculated the
relationship between the change in wire path length S, and
the rotation angle 6, and the results are as follows:

51= (10)

tan (

S, =AB’— AB = (OA+ 0B — 0C — 0D + CD)
—(0A+0B"—0C'—0D" +C'D")
2r 2r
= - + Or

a _
@@ )

The adjustment mechanism using cams was developed in
this study. As shown in Fig.7, two cams were designed, where
the function of cam 1 is to change the position of idler pulley
2. The direction of movement of the guide rail 1 is parallel to
the wire 1, which can ensure that the wire 1 always passes the
COR of joint 2. The function of cam 2 is to compensate for
the wire path length between idler pulley 1 and idler pulley 3.
The cam 2 rotates together with the joint 2 to drive the idler
pulley 3 in the movement direction of the guide rail 2, thus
achieving the compensation of the length.

(11)
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Figure 7. Wire adjustment mechanism.
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Figure 8. Profile and structure design of cam 1.
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Figure 1. Profile and structure design of cam 2.

According to Eq. (10) and Eq. (11), we first designed the
cam profile, and for the cam profile we only considered the
part of the joint 2 rotation angle from -90° to 90°, because this
angle segment has fully satisfied our joint 2 rotation angle
maximum range. We completed the structural design of the
two cams separately by means of the cam profile. The specific
structures of cams are shown in the Fig.8 and Fig.9.
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C. Specifications of the Bionic Waist Joint

TABLE 1. SPECIFICATIONS OF THE BIONIC WAIST JOINT

Item Specifications
Size (LxWxH) (mm) 335.5x310x535.5
Degrees of Freedom 3
ROM (deg) -60°~60°(Pitch), -50°~50°(Roll), -90°~90°(Yaw)
No-load speed (rpm) 500(Pitch), 500(Roll), 500(Yaw)
Motor 60AIM25(Motor 1), 57AIM30(Motors 2 and 3)
Wire SUS304, $¢0.7 mm (7x19)

The specifications of the bionic waist joint in this study are
shown in Table I. The ROM of the bionic waist joint nearly
covered the full ROM of a human waist, with the ROM of
pitch, roll, and yaw being -30°~80°, -45°~45°, and -35°~35°
respectively [10].

IV. PERFORMANCE EVALUATION
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Figure 10. Experiment on the rotation angle of joint 1.
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Figure 12. Experiment on the rotation angle of joint 3.

The bionic waist joint adopted a 3M3D coupled
tendon-driven mechanism with a 3-skipped routing structure.
In order to verify the feasibility of this mechanism,

experiments were conducted to verify the effectiveness of the
wire adjustment mechanism. Also, to verify the correctness of
the rotation angle formula of the coupled tendon-driven
mechanism, we tested the relationship between the joint
rotation angle and the motor rotation angle.

This verification experiment is to separately rotate one
joint by a certain angle (45°), then measure the rotation (angle
and direction) of the three motors. The experimental results
are shown in Figs.10~12, which demonstrate the
correspondence between the rotation angle and direction of
the joint and the motor. This result is consistent with the
previously theoretically derived rotation angle formula,
which proves the correctness of the structure, and also shows
that the wire adjustment mechanism produces a role in this
structure and the validity is proven.

V. CONCLUSION

In this paper, 3M3D coupled tendon-driven mechanisms
are analyzed and studied. Through the analysis and
comparison, the 3-skipped routing structure was selected for
the bionic waist joint in this study. Based on the designed
pulley radius and wire routing, the torque formula and
rotation angle formula of this waist joint were derived. In
order to solve the over-coupling problem of the 3-skipped
routing structure, a wire adjustment mechanism was designed
to decouple at joint 2. The designed bionic waist joint has the
same DOF and the approximate joint ROM as human, so it
can well simulate the motion of human waist. Finally, a
rotation angle verification experiment was conducted. It was
found that the mechanism met the design requirements and
could realize the coupled tendon-driven mechanism.
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