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Abstract: 2-DoF Rotational mechanism is increasingly utilized in a large range of industrial applications. However,
the structures of most of the existing mechanisms are very complex, which is a significant challenge for building
them, due to the tight tolerance and assembly difficulties. In this paper, a class of 2-DoF tendon driven parallel
kinematics mechanisms (TDPKM) are introduced, which can be structured with low manufacturing and assembly
difficulties and is able to actively adjust the system stiffness. Since the unique class of mechanisms is developed,
the kinematic model is established to derive the stiffness model, which considers the tendon, structural and
central joint stiffness. Finally, a set of experiments of the deviation measurement under different payloads within
the workspace are implemented and compared with the theoretical calculations presented in this paper. The
overall deviation error between the experimental test and theoretical calculation are between 0.9% and 4.7% in
the whole workspace.
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1 Introduction

In recent years, 2 Degree-of-Freedom (DoF) rotational manipulators are increasingly utilized in the field of
remote operation [1], robot joint [2] and rapid positioning [3], due to the light weight and high strength of the
structures [4,5]. However, one of the challenges for 2-DoF rational manipulator is the complexity of those systems
structure. Hence, simplifying the structure to decrease the manufacturing difficulties (e.g. most of the designs
need the joint axes coincide at one point, thus, tight tolerances are required) is a key research topic for this class
of manipulator. In this paper, in order to simply the structure and reduce the manufacturing difficulties, a class of
2-DoF parallel mechanisms with central support are proposed, which are driven by tendons/cables positioned
around the central support. Compared with rigid limb parallel manipulator, the stiffness of the tendon-driven
manipulators can be adjusted, since the tendon stiffness can be varied by the actuation force.

However, as the tendon/cable can be stretched by the actuation force along its axis, the position accuracy of
the end-effector can be affected. Hence, the stiffness matrix of the system needs to be studied, so the stretch of
tendons can be analyzed and included in the positional control to improve the kinematics. Regarding cable-driven
manipulator stiffness modelling, Yuan [6] established the dynamic stiffness model of the cable-driven parallel
platform using the static sagging cable model with the consideration of cable mass to establish the stiffness model.
In Zhang's paper [7], more cables were adopted to improve the performances of the manipulator, and the
parameters were optimized based on the stiffness characteristics. Then, Yeo [8] designed a new cable-driven
mechanism that can change the stiffness by the internal located torsional springs, which was then used in a planar
cable-driven manipulator to research the stiffness variation within the workspace. Abdolshah [9] researched a
kind of planar cable-driven robot with the three blocks moving along the rails located on triangular sides, and then



the optimization algorithm was implemented basing on the stiffness performance indexes to find the optimal
parameters. Yigit [10] designed a cable-driven parallel-series hybrid mechanism to analyses the stiffness variation
with the rotation of the joint, which has the similar structure with our prototype.

In terms of mechanical structure, up to now, most of the cable driven manipulators employ multiple cable for
maneuvering the moving platform without a central support [11,12], enabling them a large workspace and high
motion dexterity. However, the tension of the cable, in most of time, is depended on the external loads of the
suspension based manipulators, which means that the internal force of the cable in the manipulator is related to
the external effectors that cannot be actively adjusted by the actuators [13]. Further, the tension is directly related
with the stiffness of the cable [14]. Hence, the stability and accuracy deteriorate when the manipulator gets close
to the edge of the workspace or singular position since the force distribution in the cables is losing the isotropy
[15]. As the tension of the cables is difficult to actively adjust in the suspension-based manipulators, the stability
and accuracy are becoming difficult to be controlled accurately among the workspace [16,17,18]. In contrast,
there are some researches on cable driven parallel manipulators with central support introduced in the recent
years for multiple DOF operations. For example, a force-closure analysis of n-DoF cable driven manipulators with
central support was developed for calculating the relation between number of cables and DOF [19]. Further, Yang
[20] and Behzadipour [21] proposed some designs of cable-driven based manipulators with a central support for
multiple DOF operations (i.e. 3-DoF). However, the research focus is on the kinematic analysis without considering
the cable elongations affect to the positional accuracy.

In this paper, a new concept and structure design of a class of TDPKMs is proposed firstly, which adopts a
central joint to increase the accuracy and stability among the workspace. After briefly introducing the kinematics,
the new stiffness model of the class of TDPKMs, which considers the tendon elongation, structural stiffness and
joint stiffness, is established to get the stiffness matrix of the whole system, which can be utilized to design a
tendon tension algorithm for adjusting the stiffness performance of TDPKM. Further, a tensile experiment is
implemented to test the stiffness characteristic of the tendon for the following stiffness validation, followed by a
set of experiments for testing the position deflection of the TDPKM to validate the theatrical calculation
developed in this paper.

2 A new class of 2-DoF Tendon-driven manipulator

The disadvantage of the current 2-DoF rotational PKMs is that revolute joints are widely used in constituting
the links for actuating the rotation of the end-effector, and these revolute joints causes the difficulties in
manufacturing and assembling, as well as the accuracy control, since high tolerance is required to make the joint
axes pass the same joint to allow the rotation of the end effector. For example, a 2-rotaional-DoF parallel
manipulator (Omni-Wrist 1) using the revolute joints was proposed and all the joint axes collides at the same
point (Figure 1 (a)) [22], rendering the manipulator jam during the operation and deformation of the links and
joints if there is any manufacturing errors. Then, another pointing manipulator composed of 12 rotational joints to
achieve the 2-DoF rotations around the virtual point (Agile Wrist manipulator) was developed, which also requires
all the joint axes pointing to the same point (Figure 1 (b)) [23]. Further, a spherical parallel manipulator (2-DoF
SPM) is developed which is composed of 9 revolute joints to realize the spherical motion around the virtual point,
but the workspace is asymmetric which limits the range of its applications (Figure 1 (c))[24]. A 3-DoF spherical
parallel robot for the ankle-foot neuro-rehabilitation using 12 revolute joints (Figure 1 (d)) was introduced, which
employs a similar work principle with Agile Wrist manipulator [25]. It can be found that, most of the rotational
parallel kinematics manipulators with large work volume requires all the revolute joint axes collide at the same
point, significantly increasing the manufacturing difficulties and costs.



Figure 1. Examples of 2-DoF manipulators: a) the Omni-Wrist Il pointing device [22]; b) spherical parallel manipulator (Agile Wrist
manipulator) [23]; c) 2-DoF spherical parallel manipulator (2-DoF SPM) [24]; d) ankle-foot neuro-rehabilitation robot(CNR-ITIA) [25].

To address these challenges, in this paper, a new class of 2-DoF tendon-driven manipulators with central
supports (rigid or compliant joints) and three/more tendons are proposed, which can be utilized as high-speed
rotational platform, robotic joint and positional mechanism (

Figure 2). More importantly, the proposed designs have the advantage of simple structure and relatedly low

tolerance requirements, which enables low-cost manufacturing and assembly and the stiffness can be adjusted by
varying the cable stiffness.
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Figure 2. A class of 2-DoF tendon-driven manipulators with central supports in various configurations and details of selected solutions:

a) spherical joint based central support; b) rigid universal joint based central support; c) compliant pivot based central support; d)



detail structure description of elastic-rod compliant universal joint; e) the detail structure description of notch compliant universal
joint; f) detail structure description of leaf spring compliant universal joint; g) the elastic-rod compliant universal joint base central

support; h) notch compliant universal joint based central support; i) leaf spring compliant joint based support.

Specifically, the manipulator can be structured by the following configurations:

1. Rigid spherical joint or universal joint: Figure 2 (a) and (b) present the rigid spherical joint and universal
joint based central support of the 2-DoF manipulator respectively where the tendons can be cables/ elastic rods.
At least three tendons need to be used to drive the rotation of these 2-DoF tendon-driven manipulators, which
can be equally spaced around the central support for the better stiffness performance. The design can be utilized
for walking robot joints/rotational platform where is not supposed to be applied with high torque on the third
DOF rotation direction.

2. Compliant pivot joint: Figure 2 (c) describes the compliant shaft joint based central support of the 2-DoF
manipulator for light-weight duty applications (a twisting angle can be generated along the normal direction of
the upper platform, if a large torque is applied). A compliant pivot is used to connect the upper and lower
platform together to simplify the structure and decrease the cost at the same time. Several elastic materials can
be used as the central support (e.g. super-elastic Nitinol, nylon and carbon fiber).

3. Compliant universal joint: Figure 2 (d), (e) and (f) are the compliant universal joint based central support
for the 2-DoF manipulators. The elastic rods, notches and leaf springs are used to provide corresponding rotation
motion (note that an appropriate stiffness should be considered for the three compliant joints), also minimizing
the twisting along the normal direction of the upper platform and taking larger load by the parallel joints structure.
Figure 2 (g), (h) and (i) are the structure description of the 2-DoF manipulators using the elastic rods, notches and
leaf springs joints respectively.

3 Kinematic and stiffness models

Since a class of new tendon-driven mechanisms is proposed, the kinematic and stiffness model, as well as the
force model on the end-effector, are needed to be developed, which can be utilized for analyzing the position
deflection at the end-effector when external forces is applied. Further, the stiffness and force models established
in this paper can be utilized in any 2-DoF tendon-driven parallel kinematics mechanism with a central based
support to analyses the stiffness variation and position deviation for the configurations proposed in this paper.

3.1 Kinematic model

The kinematic analysis, as a necessary step before the stiffness analysis of the class of the manipulators, is
briefly introduced to establish the relation between the input parameters (i.e. lengths of the tendons) and the
output parameters (i.e. the orientation of the upper platform). Figure 3 illustrates the kinematic model of the
TDPKM, in which two configurations are plotted, one is the initial configuration (i.e. the TDPKM is vertical
downward), and the other one is a configuration with some degree of rotation. In order to establish the kinematic
calculations of the TDPKM, two coordinate systems are defined in this paper and they are expressed as follows:

The manipulator coordinate system {O} is located at the upper plate, which is used for defining the position
parameters of all the key points. The origin of the coordinate system is located at intersection point of joint axis
and upper plate. The positive X direction is defined from the origin point to the base point B1. The positive Z
direction is defined as upward vertical with the upper plate, the positive Y is defined using the right-hand rule.

In this class of TDPKMs, the rotation of the upper platform is from the central joint (i.e. rigid and compliant
joint). The joint coordinate system {A} is located at the center of the joint, and this coordinate system is used for



defining the motion of the TDPKM. In the original condition, {A} is parallel with the coordinate system {O}.
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Figure 3. Kinematic and static model of the TDPKM

The 2-DoF TDPKM proposed in this paper can adopt different kinds of central supports for different
applications, however, due to their respective motion characteristics of different center supports, the methods in
establishing the kinematic models should be different. For the concepts employing a spherical joint, Figure 2 (a),
and compliant pivot, Figure 2(c), the tilt and torsion angles can be utilized for the motion definition [26]. In
contract, for the rest of the manipulators (Figure 2), the conventional methods (e.g. DH method) in defining the
rotations of joints should be adopted.

In this paper, the method based on the tilt and torsion angle is used to establish the kinematic model for the
following stiffness analysis [26]. The detail processes can be divided into two steps: the first step is to define the
tilt axis; the second step is to define the rotation angle around the tilt axis. In a more conventionally way, the tile
angle, o, and torsion angle, 6, are adopted to define the motion of the 2-DoF manipulator when the initial

posture is specified (Figure 3). The transformation matrix, R, can be established.

k.k,versd+cod  kkyversd—k,so kk,yversd+k s
R=|kk,yversd+k,so kkyversd+cd kk,versd+Kk,so (1)
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Where, s8 = sinf, c = cos0, versd = 1 — cos6. 8 is the rotation angle around the tilt axis. k,, ky, and

k, are the three components of the tilt axis, n, which can be expresses as:
T
n=[k,  k, k] (2)

The closed loop vector of one tendon in the TDPKM can be used to establish the kinematic equation, and the

vector of the tendon can be expressed as follows:
l =R(t+r)+d-b, (3)

Where,

l; is the position vector of the leg in manipulator coordinate system {O}

t is the position vector of the center point of lower plate in joint coordinate system {A}

T; is the position vector of the tendon fixed point in lower plate in coordinate system of {A}



b; is the position vector of the tendon fixed point in upper plate in the coordinate system of {O}

The length of the i-th tendon can be expressed as:
L= (4)

After calculated the rotation matrix R of the TDPKM, all the parameters in key points can be calculated
when the rotation motion is specified in the coordinate system {O}. Then the workspace can be calculated and
plotted to ascertain the working range of the TDPKM, as well as the basic parameters for the stiffness modeling
can be achieved. The length of the three tendons can also be calculated, which will be used for the following
experimental configurations.

For the stiffness analysis, the configuration of manipulator is specified firstly by giving the parameters of, n,
and, 6, and then the stiffness model was established in the following section by using the kinematic parameters
obtained in this section (i.e. fixing points in upper and lower platform, vector and length of driving cables and

rotation matrix of manipulator).
3.2 Stiffness model

The stiffness model presented in this section can be utilized to calculate the stiffness of the TDPKM at any
specific configuration. One novelty for the stiffness model is that three components (i.e. tendon stiffness,
structural stiffness (i.e. determined by the configuration of the mechanism) and central support stiffness) are
considered for calculating the stiffness of the whole system; another novelty is that the tension of the tendons can
be controlled actively by employing a central support (compared to the cable driven manipulators without a
central support), which enable the system for different tasks with different stiffness (e.g. low stiffness in human
collaborative operation, enabling safer environments; large stiffness in high positional accuracy applications
without any human working with the robot); while in most of the rigid limb based 2-DOF manipulators, the
stiffness of the limbs is constant, rendering the system stiffness cannot be actively adjusted.

When it comes to the stiffness analysis of the TDPKM, there are two main factors actively affecting the
stiffness of the whole system. One is the stiffness of the tendon (Figure 6), which is relevant with the tension
(affected by the load at the end-effector). The last factor is the structural configuration of the TDPKM. As the
length of tendons, as well as the Jacobian matrix, changes under different system configurations, the stiffness of
the whole system varies as a result.

According to the literature, there are several criteria for evaluating the mechanism stiffness, including the
trace of the stiffness matrix [27], the eigenvalues of the stiffness matrix [28], the determinant of the stiffness
matrix [29] and the position deviation evaluation under external dead weights. In this paper, the position
deviation caused by payload applied at the manipulator tip was chosen as the criteria, which was also utilized to
validate the stiffness analysis, to evaluate the stiffness of the TDPKM (by comparing the difference between the
theoretical calculation and experimental results) under different system configurations.

Figure 4 presents the static sketch of the TDPKM, in which the same two coordinate systems (leg coordinate
system {O} and spherical joint coordinate system {A}) are defined for the static analysis. An external force F is
imposed at the end of the TDPKM, which will produce the equivalent force F; and M, in the manipulator
coordinate system {O} and the three tendons will provide the corresponding pulling forces to balance the external
force. Note that the six attaching points (B;, B, and Bj fixed with the ground and S;, S, and S; fixed with
the motors) are regarded as fully connected with infinitely stiffness to establish the stiffness model in this paper,
but in reality, the connection stiffness of the cable with the ground/motors is not infinitely stiffness, which can be
further researched as an aspect to analyze the connection stiffness of the attaching points on the system stiffness

variation.
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Figure 4. Schematic of the static configuration of TDPKM

Thus, the static equation of the TDPKM can be expressed as Eq.(5) by establishing the force and moment
balance equation on point A. (the validation of Eq.(5) can be found in the appendix).

3
z f+f +F=0
I31 (5)
dexfi+M =0
i=1
Where,
f: is the driving force in i-th tendon
fs is the supporting shaft force (between point A and point C)
F, is the external force vector in the manipulator coordinate system {O}
M, is the external moment vector in the manipulator coordinate system {O}
e; isthe position vector from the center of spherical joint to the i-th tendon fixed point.
As the supporting shaft force, f, is passing through point A, the moment component produced by the
supporting shaft force can be regarded as zero. In addition. Thus, Eq.(5) can be further expressed as matrix form:

JTf=w (6)

Where, W is the wrench on the TDPKM and can be expressed as: W = [-F; — M;|T. f is the driving force
matrix constituted by the three tendons and force in supporting shaft. J is the Jacobian matrix of the TDPKM,

and it can be expressed as:

n n

n
1 2 3
JT: Sj| (7)
e, xn e, xn, e;xn, 0
Where, n;, n, and n; are the unit vectors of tendons 1, 2 and 3 respectively; n, is the unit vector on
center support; e;, e, and e; are the position vectors from center of spherical joint to the three tendon
attaching points S;, S, and S; respectively (Figure 4).

Then the stiffness matrix of the TDPKM, K, can be achieved by taking the derivatives of the wrench, W,



with respect to the motion vector of manipulator.

Kzﬁz\]TﬂJri(JT)f:KﬁK2 (8)
oS oS oS

Where, S is the motion vector of the general parallel manipulator, which can be expressed as S =
[dT ¥T]7(d is the translational vector and ¥ is the rotational vector of system). K; is the stiffness matrix
produced by the elongation of the tendons, which is denoted as the tendon stiffness. K, is the stiffness matrix
produced by the structure of the TDPKM, which is denoted as the structural stiffness.

For the tendon stiffness, the expression can be organized as follows:

K1=JTQ=JTﬁa—lzJTdiag(kl,kz,ks)J (9)
0S ol dS
Where, [ is the vector constituted by the length of three tendons. k,, k, and ks are the stiffness of the
three tendons. The tendon stiffness with the relationship of tendon length will be tested later in this paper (Figure
6).
For the structural stiffness, which is related with the TDPKM configuration. The process in simplifying the
expression is complicated comparing with the tendon stiffness, which is shown as follows:

P o n n n n,
Ky=—(3") f=—| * ? ’ f (10)
oS oS|exn e,xn, exn; 0
In Eq.(10), the expression can be further expanded as:
on o an;
n, a5 od 0
oMo 0S - v (i1=1,2,3) (11)
0S| e xn O€, on, 08, on, 0k on,
—Ixn+e x—-| | —ixn+ex— —Lxn+ex—-
oS 0S| |ad od oy oy

As the TDPKM can only realize the rotational movement around the spherical joint, which means that the
componential parts relating to the translation vector, d, should be zero matrix. In addition, the rotational vector,
1, in TDPKM can be expressed as 1 = [0 6] (@ is the torsion angle and ¢ is the tilt angle as shown in Figure 4).

Then Eq.(11) can be further simplified as:

0 ?
n.
9 - v (i=1,2,3) (12)
0S| e xn O€, on,
0 —-xn+e,x—-
oy oy

It can be seen from the structure of the stiffness matrix in Eq.(12) that the top right part is the displacement
induced by the rotation of the moving platform. In whole motion of the TDPKM, only the rotational motion can be
realized around the spherical joints, while the translational motion is restricted. Thus, the top right part of the

stiffness matrix (3—::) in Eq.(12) is zero, which is derived from the following part (as shown in Eq.(13) to Eq.(16)).

When the moving platform rotates around the spherical joints with an increment v, the related displacement

caused by the rotational increment can be expressed as dd = de; = d; X e;, then

oe; Oy x €,

Lx N =
oy oy

><ni=(l><ei)><ni=ni><(ei><I)=[ni ><][ei x] (13)

And,
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As a result, the structural stiffness matrix can be written as:
0 0
K,= 3 (15)

Where, n; X and e; X are the skew-symmetric matrix of the n; and e; respectively. The skew-symmetric

matrix expression of m; is shown as Eq.(16) and the skew-symmetric matrix expression of e; is defined as the

same way.
0 _niz r-]iy
[ni X] =| N, 0 -n, (16)
-n, N, 0

Further, as there is a support located at the center of the TDPKM, where the deformation will be caused in
the center support when the external load is imposed on. The stiffness of the center support can be expressed as
[30]:

1T
K3 =J support Ksupport‘J support (17)

Where, Jsupport is the Jacobian matrix relating from the velocity of the moving platform to the center shaft
velocity. As the moving platform is connected to the central shaft, the Jacobian matrix, Jsupport, can be defined
as the identity matrix. The central support stiffness, Ky, ppore, includes the stiffness of shaft and the joint (Figure
4), which is composed of three components in diagonal matrix (i.e. the rotational stiffness in two orthogonal axes
and longitudinal stiffness respectively). Hence, for the spherical joint and universal joint based central supports
(i.e. Figure 2 (a) and (b)), the stiffness matrix of the central support can be established as Eq.(18):

Ksuppon:RTdiag ( Kjoint_x Kjoint_y ]/<]/Kjoint_z + Lshaft/EA)) R (18)

Where, Kjyint x and Kjoins x are the rotational stiffness of joint in two orthogonal axes; Kjyin: , is the
longitudinal stiffness of joint; E is the elastic modulus of the central shaft. A is the cross-sectional area of the
central shaft. Lo, is the length of the central shaft. When the compliant shaft-based central support (Figure 2

(c)) is considered, the stiffness matrix of central support can be expressed as:

Koppor =R diag (E1/2L ., El/2L,.. EA/L,q)R (19)

support

Where, I is the moment of inertia. In Eq.(20), EI/2Lgpqf; is the rotational stiffness of compliant shaft, and

EA/Lghqgt is the compression stiffness of compliant shaft (Figure 4).

Then the whole stiffness of TDPKM K can be expressed as:
1

K=| [K+K, T 4K (20)

Where, K;, K, and K; are the tendon stiffness, structural stiffness and central support stiffness

respectively. K; and K, are the stiffness matrixes, which are solved from taking the derivation of the wrench,

W, with respect to the motion vector of manipulator (as shown in Eq.(8)). While the central stiffness, K3, is

serially connected with the tendon stiffness, K;, and structural stiffness, K,. Based on the Hooke Law for the
springs connection, the Eq.(20) can be achieved [30].



After calculating all the three-component stiffness, the stiffness of the whole system can be calculated within
the workspace. Then the theoretical derivation of the stiffness model presented in the previous will be validated
with the experimental results in the following sections.

4 Stiffness model validation

The stiffness model of the class of TDPKMs has been established with the consideration of three-component
stiffness (tendon stiffness, structural stiffness and central support stiffness respectively) in previous section. After
that, a set of simulations and physical experiments were conducted for validating the stiffness model developed in
this paper.

4.1. Test rig design

In order to physically validate the stiffness model, a case study is presented. A spherical joint tendon driven
manipulator was built, since it has high stiffness (compared with compliant joint tendon driven mechanism) and
good reliability (compared with universal joint and compliant shaft), which allows to hang a large range of dead
weight at the tip for validating the stiffness analysis. The structure design and the prototype of the TDPKM are
shown as Figure 5. The mechanism can be utilized as robot joint [31] and positioning system. Specifically, by
combining a group of this manipulators, a walking robot can be formed with its upper platform fixed to the robot
body [32]; while, by fixing the lower platform, a 2-DoF positioning system can be structured.

Structure design Prototype

Upper platform g
- T.‘ Spherical joint

. o

Central support
Lower platform

Cable
Slider
Guide shaft

Driving
mechanism

End point

a b
Figure 5. a) Schematic design and b) prototype of the TDPKM. Note: the upper platform is fixed while the lower platform is free to
move, which can be utilized as robot joints. In addition, the dead weight can be hanged at the end-point to provide the external

force.
As shown in Figure 5, a spherical joint, connecting the upper platform to lower plate, is driven by three

even-distributed cables to provide accurate rotational motion (0.8 mm diameter and 100 mm length). Three
identical driving mechanisms constituted by motor (Maxon 443981), screw and slider are used to provide the

10



linear motion of the tendons (one end of the tendon is connected to the driving mechanism and the other end is
attached to the upper platform), then the rotational motion of the upper platform around the spherical joint can
be realized by adjusting the lengths of the three tendons.

4.2 External force model establishment

The stiffness model has been established in the previous section, and it was used in this section to analyze
the stiffness variation for the TDPKM among the workspace. Three steps are involved for the stiffness model
validation: Firstly, the external forces are calculated and transferred to the manipulator coordinate system {O} as
the generalized force, F, and moment, M, as the external forces; then, the stiffness model established in the
previous section is used to analyze the stiffness and the corresponding deviations in any specific positions; at last,
the experiment is implemented with the same configuration as theoretical calculation to test the deviations at the
end-effector, and the results were compared with the theoretical calculations.

Providing a constant dead weight is imposed at the end of the TDPKM, it produces the external force (F and
M) in the manipulator coordinate system, and then the three tendons can produce the pulling forces to balance
the external force. As the TDPKM can only rotate around the spherical joint, it is chosen as the balance point for
establishing the static equation.

The generalized force F, and moment M, at the spherical joint under the external force can be expressed
as (Figure 3):

: . (21)
LF,cosé@sino +LF, sing

—LF, sin@d-LF, cosdcosc
LF, cos@coso —LF, cosfsina

M

Where, F,, F, and F, are the three components of the force. L is the length from the center of the
spherical joint to the end (dead weight point), and it can be expressed as L = Ljins + Lieg, 6 and o are the
torsion and tilt angles of the TDPKM (Figure 3).

As the lower parts (i.e. motors and center shaft) of the TDPKM are also subject to the gravity, which will
cause the external force in the manipulator coordinate system {O}. Then, the whole generalized force (include the
force and moment), W, can be expressed as:

W =W, +W,, (22)

Where, W, is the generalized force caused by the external force. W, is the generalized force caused by the
dead weight of the lower parts of TDPKM.

Then the generalized force constituted by the weight of lower parts of TDPKM and external dead weight will
be used as the external force in Eq.(10) to calculate the pulling forces in the three tendons, as well as calculate the

stiffness of the tendon using (Figure 6).
4.3 Stiffness model validation of the manipulator

In this part, the stiffness model was validated by a set of simulation and physical experiments. Specifically,
the position deviation of the manipulator, caused by its weight and the payload, was calculated, which is the
position difference between zero (i.e. zero cable elongation) and normal gravity (i.e. normal cable elongation).
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Then, the calculated deviations were compared with the simulation and experimental results for validating the
stiffness model. Further, from the position deviations, it can be found the stiffness modelling is essential to be
considered for the position control of the manipulator.

a. Cable stiffness measurement

Firstly, as the key element for the stiffness model validation, the cable stiffness was measured. Figure 6
presents the tension testing experiment for achieving the stiffness of the tendon under different tensions. The
tensile machine (Figure 6 (a)) was used to measure the pulling forces on the tendon and measure its elongation.
As an example, the parameters of a tendon used in the TDPKM and experiment are as follows: the diameter is 0.6

mm; length is 120 mm; the material is stainless steel [8].
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Figure 6. Example of tension testing experiment and tendon stiffness. a) the tendon is tested in the tensile testing machine; b) the

stiffness and deformation of the tendon (blue line and red line respectively) with the relation of tension.

The stiffness of the tendon under different tensions were calculated and plotted after getting the
deformation under the corresponding pulling forces (Figure 6 (b)). The variation of the tendon stiffness with the
increase of tension is not linear for the whole tensile process, and there is a drop in the initial stage of the stiffness
curve. Because the tendon is not tensioned in the initial stage, so the gauge moves up forwards, but the
disproportional tension force was measured. Once the tendon gets fully tensioned (8N), its stiffness is close to be
linear. In the initial stage of Figure 6 (b), the stiffness is dropping from the initial point from 2.9 e+4 (N/m) to the
bottom (1.5 e+4 (N/m)) under the tension about 8 N, and then the stiffness is jumping up with the increase of
tendon tension. The stiffness curve will be used to calculate the stiffness of the tendons in TDPKM for establishing

the stiffness model.

b. Simulation and physical experiments of the positional deviation

After ascertaining the whole generalized force and moment caused by different dead weights, Eq.(21), the
driving forces in the three tendons can be calculated by using Eq.(6), which was utilized to calculate the stiffness of
the tendon (Figure 6).

The procedures for configuring the TDPKM and ascertaining the stiffness of the tendons are shown as follows:
the lengths of the three tendons in the TDPKM are set as 100 mm in the initial configuration with the end-effector
parallel to the gravity; the stiffness of the tendons is calculated based on its tension (calculated by using Eq.(6)). As

the tendons stretch under the tension, tiny rotation of the manipulator occurs around the spherical joint, and one
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or two tendons get slack, which affects the accuracy of the measurements. In order to avoid the slacks occur in
tendons and increase the stability of TDPKM, the additional tensions are imposed in proportion on the three
tendons.

The TDPKM is configured with the upper platform fixed (denoted as the base spherical joint), and the body
can be driven to realize the rotation around the spherical joint for the following experiments. The parameters of
the TDPKM are shown as Table.1.

Table.1 Parameters of the CDSD for the stiffness analysis

Variables  Variable description Value Unit
b, The coordinate of base spherical joint B in {0} [24,0,0] mm
b, The coordinate of base spherical joint B; in {O} [-12, 20.8, 0] mm
bs The coordinate of base spherical joint B3 in {O} [-12, -20.8, 0] mm
51 The coordinate of lower spherical joint S; in {A} [24, 0, 0] mm
52 The coordinate of lower spherical joint S, in {A} [-12, 20.8, 0] mm
s3 The coordinate of lower spherical joint S5 in {A} [-12, -20.8, 0] mm
Lupper The length of upper spherical joint 6 mm
Ljoint The length of lower spherical joint 29 mm
Lieg The length of the leg 190 mm
Mieg Mass of leg 1 Kg

Pleg Coordinate of the leg centroid in {A} [28,91, 0] mm

The experimental setup is shown as Figure 7, in which a frame box is used to provide the support for the
TDPKM, as well as easy operation for the experiment. The frame is fixed on the vibration isolation table and
adjusted to be levelling before the configuration of TDPKM, then the upper platform of the TDPKM is fixed on the
top plate of the frame box, and different dead weights are hanged at the end of the TDPKM.

Frame TDPKM
Light Light
Marked
point
Weight
Power
Camera

Figure 7. The experimental setup for the stiffness test of TDPKM

At the original position, the TDPKM is vertically downwards to set the corresponding tilt angle (o) and torsion
angle (6) with the pre-tension in the three cables, and then configure the TDPKM as the zero point. The motion
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detection camera (type: MotionPro Y4-S2) was used to measure the deflection of the TDPKM with different dead
weights at the end, which is marked as the point to measure the position with the reference point.

In the experiments for the TDPKM, the tilt angle is set under the following points, and they are 0°, 30°, 60°
and 90°, respectively. At each selected tilt angle, the torsion angle varies from -30° to 30° with the increment 2°.
Table.2 presents the experimental arrangement for the deviation test of the TDPKM.

Table.2 Experiment variable arrangement

Parameter Tilt angle Swinging Increment Weights
(degree) angle (degree) (degree) (Kg)
Value 30 [-30, 30] 2 0.5,1,2

Further, the position deviation of TDPKM (between the tip positions under zero gravity and normal gravity)
under different dead weight was simulated by ANSYS. A static structural model was used to implement the
simulation, and the 3D model of the manipulator was imported into ANSYS. Then the corresponding material
properties were assigned to the different parts. After that, three springs (emulating the actuating cables) with
different stiffness were assigned between the upper platform and base connections. At last, the supports (fixed
supports on the upper platform and gravity supports on the base) were given to the different parts. After solving

the model, the position deviation at the end-point can be measured (Figure 8).

B: Static Structural
Total Deformation

Type: Total Deformation
Unit: m

Time: 1

2017/11/26 Sunday 9: 56

000321829 Max
0.00238293
0.00254756
0.00211221
0.00147683
0.00164146
0.0012061

—1 7.0732e-4

gl 3.5366e-4
2.6093e-10 Min

Springs

Figure 8. The simulation result using the ANSYS software. Note: here the torsion angle is 20° and the tilt angle is 0°

Finally, the results of the position deviation (between the tip positions under zero gravity and normal gravity)
from calculation, simulation, and physical experiments were utilized for cross checking the stiffness model
developed in this paper. Figure 9 (a) presents the position deviation of the manipulator caused by end load, which
is used as the criteria to evaluate stiffness of the TDPKM between the theoretical calculation and experimental
test, with the change of torsion angle (from -30° to 30°) from the initial angle 0° (the upper and lower platforms
parallel to each other in the initial angle). The solid points were determined from simulation by ANSYS, the solid
lines were calculated by using the theoretical method presented in this paper and the circles are obtained from
the experiments measured by using the motion camera (Figure 7). The different colors (blue, red, pink and black)
for the points and lines represent the different dead weights hanged at the end of the TDPKM (0 Kg, 0.5 Kg, 1 Kg
and 2 Kg respectively).

From Figure 9, it can be seen that the theory calculations can match with the simulation results (average

error 1.5%) and experiment tests (average error 3.4%) at the tested points which validates the theoretical
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calculations presented in this paper. In Figure 9 (a), the maximum deviations are about 2mm, 3.6 mm, 5.3 mm and
8.5 mm with 0 Kg, 0.5 Kg, 1 Kg and 2 Kg dead weights, respectively, which are significantly different with the
zero-gravity position; thus, the stiffness model has to be considered in the control of the manipulator, in order to
increase the positional accuracy. Figure 9 (b) illustrates the error between the theoretical calculations and
experiment tests under different torsion angles and dead weights, and the whole error is within the limit of +0.6
mm (the average errors at the four different dead weights are 3.1%, 3.8%, 2.5% and 4.2% respectively), which
proves the validity of the theoretical calculations presented in this paper. The error in each dead weight is raising
with the increase of the torsion angle (0° torsion angle is regarded as the start and increases to the left (-30°) and
right (30°)).

Zero gravity* Normal gravity Note
Payload 0Kg 0Kg 0.5 Kg 1Kg 2Kg The wgight of the prototype is
- - N N N X 1.5kg, it also generates a part
Simulation of the resultant deviation,
Calculation I E— E— which was considered in the
Experiment o o o o simulation and calculation

*No cable elongation is generated by the weight of the prototype.

Deflection angle=30 (Degree)

T T T T T
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Torsion angle (Degree) ead weight (Kg)
a b

Figure 9. An example of the position deviations of the TDPKM (between zero and normal gravity). a) the position deviations with

different dead weights (tilt angle, 30°). b) the deviations comparison between the experiment result and theoretical calculation

According to the comparisons between the theoretical calculation, simulation and physical experiments, it
proves the stiffness model developed in this paper can be used to analyze the stiffness of the class of the
proposed tendon-driven 2-DoF manipulators. Further, it can be utilized to compensate the position deviation

caused by the end load, so that the positional accuracy of the manipulator can be improved.
4.4 Position deviation of the manipulator among the workspace

Since the theoretical stiffness model has been validated with the experiments and simulation, it was unlisted
to analyze the end effector deviation within the workspace. In previous section, only the deviations of TDPKM at
some points are analyzed with fixed tilt angles, while in this section, the deviation of the TDPKM within the whole
workspace were calculated and plotted to analyses the deviation variation.

Figure 10 presents the position deviation of TDPKM among the whole workspace. The workspace is scattered
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by the two variations in TDPKM (tilt angle, o, and torsion angle, 8), where the tilt angle is ranging from 0° to the
360° and the torsion angle is ranging from 0° to 30°, and then the theoretical method presented in this paper is
used at these scattered points to calculate the corresponding position deviation with 1 Kg dead weight.

Figure 10 (a) shows the position deviation map of the TDPKM among the workspace, in which the position
deviation is calculated in the scattered point as the color bar value for plotting the workspace. The different colors
in the map means that the position deviations are different, and the values are calibrated by the color bar located
at the right part of the figure. It can be seen from Figure 10 (a) that the position deviation of the TDPKM is
influenced by the torsion angle. With the increase of the torsion angle, the position deviation increases
correspondingly. As the workspace of the TDPKM is a kind of spherical shape, the position deviation map is

distributed in a corresponding spherical shape.
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- c
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Figure 10. The position deviation and counter maps of the TDPKM within the workspace. a) position deviation map of the TDPKM

with the machine sketch. b) contour map of the position deviation in the workspace (1 kg payload)

Figure 10 (b) presents the contour map of the position deviation from the front view of the position deviation
map. The position deviation is lower when the TDPKM is working within the center area of the workspace, while it
deteriorates when the TDPKM is closing to the edge of the workspace. The reason for the increasing position
deviation near the edge of workspace is that the length of driving cables is differing greatly with each other, which
will cause the decreasing of the stiffness in one or two cables, as well as the whole stiffness of TDPKM. Further. It
can also be seen from the shape (the shape is not a standard circle) of the contour map that the position
deviations are varying under different tilt angles, since the structure of TDPKM is changing under different torsion
angles.

The stiffness model presented in this paper is validated in this section by a set of simulation and physical
experiments, and it can be found that, the average error between the theory calculations and experiment tests at
the tested points is 3.4%. Further, the stiffness model was utilized to study the position deviation of the
manipulator within the whole workspace, which supports the development of the deviation compensation

algorithm for the future study.

5. Conclusion

In this paper, a new class of 2-DoF tendon-driven manipulators with a central support are presented, which
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can be structured with low manufacturing cost and assembling difficulties. The central support, which can be
selected from a large range of different pivot joints (i.e. rigid spherical joint or compliant joints), locates at the
center of the TDPKM to connect the upper and lower platform, providing a way to actively adjust the stiffness of
the manipulators by varying the forces among the tendons (e.g. cable and elastic rod).

Since a unique class of TDPKMs are introduced, the kinematic model was developed firstly. Then, the stiffness
model, which considers tendon stiffness, structural stiffness and central support stiffness, is established and
validated by the simulations and experiments separately. It can be found that the deviation (i.e. between the real
positions of the manipulator tip and the ones under zero gravity) calculated by the stiffness model of TDPKM can
match with the simulation and experiment results under different end loads (0 Kg, 0.5 Kg, 1 Kg and 2 Kg
respectively) (Fig.9). The average errors are 1.5% (theoretical results versus simulation) and 3.4% (theoretical
results versus experiment) respectively under different payloads. Further, it can be seen that the deviations are
significant (i.e. 2mm, 3.6 mm, 5.3 mm and 8.5 mm with 0 Kg, 0.5 Kg, 1 Kg and 2 Kg dead weights, respectively);
thus, the stiffness model needs to be considered to increase the positional accuracy of the manipulator in the
future research. After validating the model, it was utilized to investigate the stiffness variation among the whole
workspace (Fig.10). The result shows that the position deviations of TDPKM varies among the different tilt angles
(the maximum discrepancy is up to 1.4%), which indicates that the stiffness is inconstant during the circle
movement (the tilt angle is changing but the torsion angle is constant) of TDPKMs.
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Appendix

In order to validate Eq.(5), a simulation was conducted in UG (Unigraphics NX) to measure the driving forces
along three cables by applying a torque, under two manipulator configurations (i.e. O and A not coincident; O
and A coincident), as shown in Figure 11. And then the simulation results are taken into Eq.(5) for cross checking.

Oand A are
not coincident

Oand A are
coincident

(a) (b)
Figure 11. Manipulator configuration for Eq.(5) validation.a) O and A are not coincident; b) O and A are coincident. Note: the

100 N-m torsion is imposed at the end of manipulator at these two configurations.

The driving forces along three cables and the central support are shown as table 3.

Table.3 Reacting forces in three cables and central support

Forces Forces in cables (N) Forces in the central support (N)

Items Cable 1 Cable 2 Cable 3 F, E, F,
Configuration 1 -2.44 2.44 2.44 -0.7 0 2.38
Configuration 2 -2.64 2.44 2.44 -0.52 0 2.33

For validating Eq.(5), it can be written in the following form:
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e, xn, e, xn, e;xn, O

] is Jacobi matrix; . is a 3X1 force vector.
3x3

The Jacobi matrixes are calculated by using Eg.(23) under the two given manipulator configurations, which are
shown as:

[-0.5084 -0.3981 -0.3981 1 0 O
0 0 0 010
08611 09173 09173 0 0 1

‘Jconfig 1= (24)
- 10 19.0664 -19.0664 0 0 O
-23.7175 8.6193 8.6193 0 0O
0 8.2748 82748 0 0 0
[-0.6522 -0.4597 -0.4597 1 0 O]
0 0 0 010
0.7580 08881 08881 0 0 1

‘Jconﬁg 2= (25)
-~ 10 18.4579 -18.4579 0 0 O
-18.1924 10.6567 10.6567 0 0 O
0 9.5554 -9.5554 0 0 O]

It can be found that from the characteristics of Eq.(23), infinite solutions can be found since the rank of Jacobi
matrix is less than 6 (row 4 are proportional to row 6). Thus, the forces in three cables and the central support can
be taken into the Jacobi matrixes in Eq.(24) and Eq.(25), respectively. Hence, it can be found that these forces can
satisfy the static equation developed in this paper, which proves the correctness of this equation.
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