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According to the parallelmechanism theory, this paper proposes a novel intelligent robotic spine brace for the treatment of scoliosis.
Nevertheless, this type of parallel mechanism has the following disadvantages: strong dynamic coupling in task space or joint
space, adverse effect of system’s gravity, and lower response frequency in roll and pitch orientations, which seriously affect the
performance of the system. In order to solve those boring problems, this paper presents a novel active force control structure,modal
space dynamic feed-forward (MSDF) force control strategy. Besides, this paper expresses the intelligent robotic brace systemmodel
including the dynamic and kinematic models and the electric actuator model with Kane strategy. The stability of the intelligent
systemwith the novel control strategy is proved. In order to evaluate the performance of the presentedMSDF force controlmethod,
this paper builds the parallel mechanism experimental platform. It can be seen from experimental results that the proposed motion
control method solves these boring problems well.

1. Instruction

Scoliosis is a three-dimensional (3D) abnormal curvature of
the spine [1]. However, current braces are mainly used to treat
the lateral curvature of the spine, which are little effective
for the anterior and posterior curvature of the spine [2–5].
Besides, since corrective forces are applied on human spine
passively using current braces, it is difficult to control the
forces accurately, which brings difficulties in the treatment of
the scoliosis. A new intelligent parallel manipulator system is
designed in this paper for exerting 3D active corrective forces
on the spine of patients [6]. A spatial multi-degree of free-
dom (multi-DOF) parallel robotic manipulator actuated by
electrical actuators is used as the robotic brace in this paper,
since this parallel structure has high precision, high reliability,
and high power weight radio and offers 3D active corrective
forces [7–9]. However, this type of parallel mechanism has
the following disadvantages, strong dynamic coupling in
task space or joint space, adverse effect of system’s gravity
and lower response frequency in roll and pitch orientations,

which seriously affect the performance of the system. Because
of the above boring problems of the parallel mechanism, it
is difficult to improve the performance of the system just
with the typical proportion-integral-derivative (PID) control
method in traditional physical space [10–12]. Fortunately, the
dynamic feed-forward control strategy in modal space can
solve these problems excellently.

A lot of studies have reported this parallel mechanism
widely [13–16], and this structure was used in many areas
practically [17, 18]. For solving those inherent properties, a
lot of control methods have been presented for parallel struc-
ture [19–21]. Those control strategies were all presented in
traditional physical space, joint space, or task space [22–25].
Without taking into account the system dynamics and system
kinematics, a series control strategy with the disturbance
observer for parallel mechanism was designed in joint space
[26].This study increases the anti-interference characteristics
of the system, which improves the performance of the system.
However, they ignored the influence of the gravity term,
which is important for the system. Yang et al. developed
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a proportion-derivative (PD) control strategy with gravity
compensation for the hydraulic 6-DOF parallel manipulator
to solve the problem of the device’s gravity, which improve
the track tracking performance well [27]. However, they did
not consider coupling problem of the parallel mechanism in
all six directions, which infected tracking precision serious.
Based on the observer, a backstepping control algorithm for
forward kinematics solver is studied taking into account the
actuator’s friction [28]. In order to improve the performance
of the system, the friction of the actuator is considered in
this literature. Nevertheless, the gravity of the system was
also ignored in this study, which had bad effects on the
parallel system. In previous literatures only the problem of
tracking motion trajectories using a variety of basic and
advanced control methods is considered. However, it is
critical formost parallel robotic applications to detect contact
force between robot and environment, for example, assembly
robots, grinding robots, surgery robots, and rehabilitation
robots which involve extensive contact with environment.
The development of force control strategy for parallel robotic
manipulators is later than that of motion control. Noshadi et
al. presented an active force control strategy combined with
the classical PID controller for a 3-RRR (revolute-revolute-
revolute) 3-DOF planar parallel robotic manipulator [29].
Bera et al. proposed a virtual foundations force control in
parallel roboticmanipulator using bond graphmodeling [30].
Lopes et al. reported a method to obtain high performance
of active force control by combing a robotic controlled
impedance device (RCID)with a commercial industrial robot
[31]. Goertzen et al. proposed a new application of a velocity-
based force control method used for robotic biomechanical
testing [32]. Wen et al. presented a fuzzy identification strat-
egy for achieving the system model of the multi-DOF spatial
redundantly actuated parallel robot [33]. Since those inherent
shortcomings of the parallel mechanism, the performance of
parallel robotic manipulator cannot be achieved satisfactorily
using the above-mentioned force control strategies in joint
space andwork space. For solving those inherent properties, a
decoupling motion control method is studied in modal space
[34, 35]. Nevertheless, this control structure is designed just
for motion control of parallel robotic manipulator. Yang et al.
proposed a novel modal space decouple control method for
force trajectory tracking, which solved the dynamic coupling
in force field [36]. However, this novel control structure is
developed based on the classical PID control strategy, which
decoupled the dynamic coupling, but neglected gravity term
of the robot system.Thus, the current force control strategies
for the parallel mechanism are all controlled in joint space
or workspace which could not solve the dynamic coupling
problem of the parallel manipulator. Besides, most current
control methods ignored the gravity term of the device which
is critical for achieving high-precision corrective forces. This
paper develops a novel force control strategy, which solves
those boring inherent properties of the parallel system.

The main contribution of this article is to design a
new control structure, modal space dynamic feed-forward
(MSDF) active force control for parallel robotic manipulators
which can eliminate the bad effects of those inherit properties
such as dynamic coupling, low response frequency, and
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Figure 1: Structure of the novel brace.

gravity term in six directions. In comparison to those control
structures in traditional physical space, the proposed control
strategy improves performances of parallel mechanism effec-
tively.

2. System Model

The intelligent robotic system consists of two Stewart plat-
forms in series. As can be seen in Figure 1, this intelligent
system is drivenwith twelve actuators and there is a kinematic
chain of universal prismatic spherical (UPS) in each leg. Since
the upper platform has the same structure with the lower
platform, this paper just describes the system model of the
lower platform.

2.1. Dynamics Model. When using the rigid body modeling
theory and establishing the dynamic model of the parallel
robotic manipulator system, there are the following assump-
tions: (1) the moving platform and fixed platform are both
rigid bodies. (2) The piston rod and cylinder are both rigid
bodies. (3)Hinges and other connectors are all rigid connec-
tors with negligible masses. According to above assumptions,
the system consists of 13 rigid bodies including 6 piston rods,
6 cylinders, and one moving platform, respectively. Based
on the Newton’s second law and angular momentum theory,
inertia force and inertia moment of the system are expressed
as

𝐹𝑝 = 𝑚𝑝 ̈𝑡 (1)

𝑀𝑝 = 𝐼𝑝𝜔̇𝐿 + 𝜔𝐿 × 𝐼𝑝𝜔𝐿 (2)

in which 𝐹𝑝 is the inertia force. 𝑀𝑝 is the inertia moment
and 𝑚𝑝 means the mass of the motion upper platform. 𝑡 is
the linear vector of the body framework relative to the fixed
framework.𝜔𝐿 is the upper platform’s angular velocity vector
in fixed framework. 𝐼𝑝 means the inertia tensor in inertial
framework and can be expressed as

𝐼𝑝 = 𝑅𝐼𝑝𝑝𝑅𝑇 (3)
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in which 𝐼𝑝𝑝 means inertia tensor in body framework. 𝑅
denotes the transformation matrix from the body framework
to the inertia framework and 𝑅𝑇 is the transpose of 𝑅.

Based on (1) and (2), the generalized inertia force of
motion platform is expressed as

𝐹𝑝
∗ = −𝑀𝑝𝑞̈ − 𝐶𝑝𝑞̇
= (𝑚𝑝𝐼 0

0 𝐼𝑝)[
̈𝑡
𝜔̇𝐿
] − (03×3 0

03×3 𝜔̃𝐿𝐼𝑝)[
̇𝑡
𝜔𝐿
] (4)

in which 𝜔̃𝐿 means the angular velocity’s skew symmetric
matrix in inertia framework. 𝑞̇ 𝑞̈ are the generalized velocity
and acceleration in the inertia framework.𝐶𝑝 is the damping
coefficient of the system.

In the same way, according to the angular momentum
theorem and Newton’s second law, inertia moment force and
moment of piston rod is described as

𝐹𝑟V𝑖 = 𝑚𝑎𝑣̇𝑎𝑐𝑖 (5)

𝑀𝑟𝑤𝑖 = 𝐼𝑎𝑖𝜔̇𝑙𝑖 + 𝜔𝑙𝑖 × 𝐼𝑎𝑖𝜔𝑙𝑖 (6)

where 𝐹𝑟V𝑖, 𝑀𝑟𝑤𝑖 are inertia force and inertia moment of
piston rod. 𝑚𝑎 means the mass of piston rod. 𝑣𝑎𝑐𝑖 denotes
piston rod’s centroid velocity. 𝜔𝑙𝑖 means the leg’s angular
velocity. 𝐼𝑎𝑖 denotes the piston rod’s inertia tensor.

The leg’s angular velocity and the piston rod’s centroid
velocity are expressed with the motion platform’s generalized
velocity.

𝑣𝑎𝑐𝑖 = 𝐽𝑎𝑐𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞𝑞̇ (7)

𝜔𝑙𝑖 = 𝐽𝑤𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞𝑞̇ (8)

where 𝐽𝑎𝑐𝑖,𝑎𝑖 means the Jacobi matrix from the velocity
of upper hinge point to the piston rod’s centroid velocity.
𝐽𝑎𝑖,𝑞 denotes the Jacobi matrix from the motion platform’s
generalized velocity to the velocity of upper hinge point. 𝐽𝑤𝑖,𝑎𝑖
is the Jacobi matrix from the velocity of upper hinge point to
the leg’s angular velocity.

Based on (5), (6), (7), and (8), the piston rod’s generalized
inertia force in fixed framework is gotten

𝐹
∗
𝑟𝑖 = 𝐽𝑇𝑎𝑖,𝑞𝐽𝑇𝑎𝑐𝑖,𝑎𝑖𝐹𝑟V𝑖 + 𝐽𝑇𝑎𝑖,𝑞𝐽𝑇𝑤𝑖,𝑎𝑖𝑀𝑟𝑤𝑖
= 𝐽𝑇𝑎𝑖,𝑞 (𝐽𝑇𝑎𝑐𝑖,𝑎𝑖𝑚𝑎𝐽𝑎𝑐𝑖,𝑎𝑖 + 𝐽𝑇𝑤𝑖,𝑎𝑖𝐼𝑎𝑖𝐽𝑤𝑖,𝑎𝑖) 𝐽𝑎𝑖,𝑞𝑞̈
+ {𝐽𝑇𝑎𝑖,𝑞 [𝐽

𝑇
𝑎𝑐𝑖,𝑎𝑖𝑚𝑎𝑑 (𝐽𝑎𝑐𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞)𝑑𝑡 ]

+ 𝐽𝑇𝑎𝑖,𝑞𝐽𝑇𝑤𝑖,𝑎𝑖 [𝐼𝑎𝑖𝑑 (𝐽𝑤𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞)𝑑𝑡 + 𝐽𝑤𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞𝑞̇

× 𝐼𝑎𝑖𝐽𝑤𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞]} 𝑞̇

(9)

where 𝐹∗𝑟𝑖 is the generalized inertia force of piston rod in
the inertial coordinate framework. 𝐽𝑇𝑎𝑐𝑖,𝑎𝑖, 𝐽

𝑇
𝑎𝑖,𝑞, 𝐽
𝑇
𝑤𝑖,𝑎𝑖 are the

transpose of matrix 𝐽𝑎𝑐𝑖,𝑎𝑖, 𝐽𝑎𝑖,𝑞, 𝐽𝑤𝑖,𝑎𝑖.

In the same way, the cylinder’s generalized force in fixed
framework is expressed as

𝐹∗𝑐𝑖 = 𝐽𝑇𝑎𝑖,𝑞𝐽𝑇𝑏𝑐𝑖,𝑎𝑖𝐹𝑐V𝑖 + 𝐽𝑇𝑎𝑖,𝑞𝐽𝑇𝑤𝑖,𝑎𝑖𝑀𝑐𝑤𝑖
= 𝐽𝑇𝑎𝑖,𝑞 (𝐽𝑇𝑏𝑐𝑖,𝑎𝑖𝑚𝑏𝐽𝑏𝑐𝑖,𝑎𝑖 + 𝐽𝑇𝑤𝑖,𝑎𝑖𝐼𝑏𝑖𝐽𝑤𝑖,𝑎𝑖) 𝐽𝑎𝑖,𝑞𝑞̈
+ {𝐽𝑇𝑎𝑖,𝑞 [𝐽

𝑇
𝑏𝑐𝑖,𝑎𝑖𝑚𝑏𝑑 (𝐽𝑏𝑐𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞)𝑑𝑡 ]

+ 𝐽𝑇𝑎𝑖,𝑞𝐽𝑇𝑤𝑖,𝑎𝑖 [𝐼𝑏𝑖𝑑 (𝐽𝑤𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞)𝑑𝑡 + 𝐽𝑤𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞𝑞̇

× 𝐼𝑏𝑖𝐽𝑤𝑖,𝑎𝑖𝐽𝑎𝑖,𝑞]} 𝑞̇

(10)

where 𝐹∗𝑐𝑖 is the generalized inertia force of the cylinder. 𝑚𝑏
is the cylinder’s mass. 𝐼𝑏𝑖 is the cylinder’s inertia tensor. 𝐽𝑏𝑐𝑖,𝑎𝑖
means the Jacobi matrix from the velocity of upper hinge
point to the cylinder’s centroid velocity. 𝐽𝑇𝑏𝑐𝑖,𝑎𝑖 is the transpose
of matrix. 𝐹𝑐V𝑖,𝑀𝑐𝑤𝑖 are inertia force and inertia moment of
the cylinder.

According to Kane approach and based on (4), (9), and
(10), the dynamic model of the intelligent robotic system is
described as

𝜏 − 𝐹𝑐 + 𝐹𝑝∗ + 6∑
𝑖=1

𝐹
∗
𝑟𝑖 + 6∑
𝑖=1

𝐹
∗
𝑐𝑖 +𝐺∗ = 0 (11)

in which𝐹𝑐means the contact force.𝐺∗ is the device’s gravity.
𝜏 denotes the generalized force and is expressed as

𝜏 = 𝐽𝑇𝑙𝑞𝐹𝑎 (12)

in which 𝐽𝑇𝑙𝑞 denotes the Jacobi matrix from the generalized
velocity to the leg’s velocity. 𝐹𝑎 means the net output force of
the actuator.

Base on (11), the standard formula of the system model in
task space is written as

𝑀 (𝑞) 𝑞̈ +𝑁(𝑞, 𝑞̇) 𝑞̇ +𝐺 (𝑞) + 𝐹𝑐 = 𝜏 (13)

in which 𝑀 is the system’s mass matrix. 𝑁 means the
centrifugal term.𝐺denotes the device’s gravity term. 𝑞means
the motion platform’s generalized pose.

In addition (13) is rewritten in joint space

𝑀𝑙 (𝑙) ̈𝑙 + 𝐶𝑙 (𝑙, ̇𝑙) ̇𝑙 +𝐺𝑙 (𝑙) + 𝐹𝑐𝑙 = 𝐹𝑎 (14)
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Figure 2: Active force control strategy in traditional physical space.

in which𝑀𝑙means massmatrix.𝐶𝑙 denotes centrifugal force.
𝐺𝑙 shows the gravity term. With the Jacobi matrix 𝐽𝑙𝑞, the
work space and the joint space are connected as follows:

̇𝑙 = 𝐽𝑙𝑞𝑞̇
𝑀𝑙 = 𝐽−𝑇𝑙𝑞 𝑀𝐽−1𝑙𝑞
𝐶𝑙 = 𝐽−𝑇𝑙𝑞 (𝑀𝐽̇−1𝑙𝑞 +𝑁𝐽−1𝑙𝑞 )
𝐹𝑐𝑙 = 𝐽−𝑇𝑙𝑞 𝐹𝑐
𝐺𝑙 = 𝐽−𝑇𝑙𝑞 𝐺

(15)

In joint space, the system’smassmatrix is a real symmetric
and positive definite matrix [37].

2.2. Kinematics Model. Current studies have developed the
kinematics of parallel mechanism widely [38, 39]. Hence,
this paper just describes the kinematics briefly. According
to Figure 1, the inverse kinematics is described with the
geometric approach

𝑙𝑖 = √𝑙𝑖𝑇𝑙𝑖 = √(𝑡 + 𝑅𝑎𝑝𝑖 − 𝑏𝑖)𝑇 (𝑡 + 𝑅𝑎𝑝𝑖 − 𝑏𝑖) (16)

in which 𝑙𝑖 means the actuator’ length. 𝑎𝑝𝑖 is the upper joint
point’s radius vector in body framework. 𝑏𝑖 is the lower joint
point’s radius vector in inertia framework.

The upper platform’s position can be achieved from the
analysis of the forward kinematic using the given leg’s length.
In this section, the upper platform’s position is obtained with
the Newton-Raphson iterative algorithm. This algorithm’s
iterative sequence is described as

𝑞𝑗+1 = 𝑞𝑗 + 𝐽𝑙𝑞−1 (𝑙𝑚 − 𝑙𝑗) (17)

where 𝑙𝑚 means the measured limb position.

2.3. Actuator Dynamics. The parallel robotic manipulator is
driven by 12 miniature electrical actuators. In this paper, the
friction of the actuator is ignored.Thus, the force equilibrium
equation can be described as

𝐹𝑝 = 𝐹𝑎 (18)

Inwhich𝐹𝑝means the actuator’s output force.𝐹𝑎 ismeasured
by the force sensor.

Based on themotor output force principle and parameters
of the motor, the actuator’s output force 𝐹𝑝 is expressed as

𝐹𝑝 = 𝑘𝑡𝐼𝑡 (19)

in which 𝑘𝑡 means the motor’s force coefficient. 𝐼𝑡 denotes
the equivalent current resulted from the current loop and this
equivalent current can be expressed as

𝐼𝑡 = 1𝜏0𝑠 + 1𝑈 (20)

in which 𝜏0 means the time constant of the current loop and
𝑈 denotes the input of the current loop that is described as

𝑈𝑖 = 𝑈𝑟𝑖 − 𝑘𝑒 ̇𝑙𝑖 (21)

in which 𝑘𝑒 shows the equivalent electromotive force (EMF)
coefficient. 𝑈𝑟𝑖 means the ith motor’s control voltage.

3. Control Design

3.1. Active Force Control Strategy in Traditional Physical Space.
The traditional physical control space consists of workspace
and joint space. Since it is difficult to measure poses of end-
effector, joint space control strategy (JSCS) is widely used
in engineering. Therefore, this paper just presents the JSCS
control method in traditional physical space in Figure 2.

In Figure 2, 𝜏𝑑 is the desired force of the system in task
space and 𝑉 is the control law in traditional joint space.

Because the typical PID control approach is applied
extensively in engineering, a classical P control strategy is
used as the force controller.

𝑉 = 𝑘𝑝𝑒 = 𝑘𝑝 (𝐹𝑎𝑑 − 𝐹𝑎) (22)

in which 𝑘𝑝 means the P control gain and is tuned in
experimental process. 𝐹𝑎𝑑 is the desired force of the actuator.

3.2. Active Force Control Strategy in Modal Space. Because of
the strong dynamic coupling of parallel robotic manipulator
in joint space and task space, it is impossible to control
multiple input and multiple output (MIMO) dynamic system
independently. In order to decouple the dynamic coupling
system and improve the system performance, modal space
decoupling technique is used in this paper. Each channel
control parameters are tuned in experimental process inde-
pendently in modal space [36]. As shown in Figure 3, the
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MIMO system is controlled in modal space where each
channel is controlled independently.

In Figure 3,Φmeans the modal translation matrix. Φ𝑇 is
the transpose of matrix Φ. 𝐹̂𝑎𝑑 denotes the reference modal
driven force. 𝐹̂𝑎means the measured feedback force from the
load cell. 𝑉̂ denotes the modal input voltage. 𝑉 is the parallel
mechanism’s control input and 𝐹𝑎 is the feedback force of the
intelligent manipulator. The output of the modal controller is
𝑉̂ and 𝐹̂𝑎 is the modal feedback force.

Each force channel is controlled in modal space indepen-
dently [36]. For revealing the property, the modal control law
adopts the typical P control method

𝑉̂ = 𝐾̂𝑝𝑒̂ =
[[[[[[
[

𝑘̂1
𝑘̂2

d

𝑘̂6

]]]]]]
]

[[[[[[[
[

𝐹𝑎𝑑1 − 𝐹𝑎1
𝐹𝑎𝑑2 − 𝐹𝑎2...
𝐹𝑎𝑑6 − 𝐹𝑎6

]]]]]]]
]

(23)

in which 𝑘̂𝑖 denotes the 𝑖𝑡ℎ P control gain. 𝑒̂means the modal
control error, 𝑒̂ = 𝐹̂𝑎𝑑 − 𝐹̂𝑎
3.3. Dynamics Feed-Forward Active Force Control Strategy in
Modal Space. For improving performances of the parallel
mechanism, the MSDF active force control strategy is pre-
sented in this paper. MSDF control strategy is constructed

by adding a dynamic feed-forward to the modal space PID
(MSPID) control method. MSDF control strategy can greatly
improve the dynamic trajectory tracking performance of
the parallel robotic manipulator without affecting the robust
stability of MSPID control. The principle of MSDF is shown
in Figure 4.

In Figure 4, 𝑘V means the feed-forward gain of velocity.𝑘𝐹 denotes the dynamic feed-forward gain. 𝐹𝐿 is the com-
pensation force of the system. 𝐹̂𝐿 is the modal compensation
force. 𝑙̂

𝑑
is the velocity error of actuator in modal space. ̇̂𝑙 is

the modal velocity of actuator.
According to the feed-forward strategy, this paper pro-

posed the modal control law without destroying MSPID
system stability.

𝑉̂ = 𝑘V̂𝑙𝑑 + 𝑘𝐹𝐹̂𝐿 (24)

𝑙̂
𝑑 = ̇̂
𝑙 + 𝐾̂𝑝𝑒̂ = ̇̂

𝑙 + 𝐾̂𝑝 (𝐹̂𝑎𝑑 − 𝐹̂𝑎) (25)

𝐹̂𝐿 = Φ𝑇 (𝐺𝑙 +𝑀𝑙 ̈𝑙) (26)

Equation (26) is expressed as

𝐹̂𝐿 = 𝐺̂𝑙 + 𝑀̂𝑙 ̈̂𝑙 (27)

in which 𝑀̂𝑙 is the mass matrix modal space, 𝑀̂𝑙 =
diag{𝑀̂𝑙1 ⋅ ⋅ ⋅ 𝑀̂𝑙6}. 𝐺̂𝑙 means the gravity term in modal
space, 𝐺̂𝑙 = [𝐺𝑙1 ⋅ ⋅ ⋅ 𝐺𝑙6].
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According to the Laplace transformation, (24), (25), and
(27) are described as

𝑉̂ = 𝑘V 𝑙̂𝑑 (𝑠) + 𝑘𝐹𝐹̂𝐿 (𝑠) (28)

𝑙̂
𝑑 = 𝑠𝑙 + 𝐾̂𝑝 (𝐹̂𝑎𝑑 − 𝐹̂𝑎) (29)

𝐹̂𝐿 = 𝐺̂𝑙 + 𝑠2𝑀̂𝑙𝑙 (30)

Combing (29) and (30) with (28), the modal force control law
is achieved

𝑉̂ (𝑠) = 𝑘V𝐾̂𝑝 [(𝑘𝐹𝐾̂−1𝑝 𝑀̂𝑙𝑠2 + 𝐾̂−1𝑝 𝑠) 𝑙̂ + (𝐹̂𝑎𝑑 − 𝐹̂𝑎)]
+ 𝑘𝐹𝐺̂𝑙

(31)

Equation (31) is expressed as

𝑉̂𝑖 (𝑠) = 𝑘V𝑘̂𝑝𝑖 [(𝑘𝐹𝑀̂𝑙𝑖𝑘̂𝑝𝑖 𝑠 +
1̂
𝑘𝑝𝑖)

̇̂𝑙𝑖 + (𝐹𝑎𝑑𝑖 − 𝐹𝑎𝑖)]
+ 𝑘𝐹𝐺𝑙𝑖

(32)

As shown in (32), according to the MSPID control
method, the MSDF control law of each channel consists
of a gravity compensation term and a velocity feedback
differentiation loop independently. The controller design
and parameters adjustment of MSDF are carried out in
each channel independently. According to the performance
of each modal channel, the designed controller makes the
performance of each channel optimal in modal space, thus
achieving the best overall control performance of the parallel
robotic manipulator system.

4. Stability Analysis

Stability shows the critical property of the parallel mecha-
nism. Since the dynamic feed-forward control strategy does
not destroy the whole system stability, this paper just derives
the MSPID system stability.

According to (19), (20), and (21), it can be obtained

𝑘󸀠𝑡 (𝑈𝑟 − 𝑘𝑒 ̇𝑙) = 𝐹𝑝 (33)

where 𝑘󸀠𝑡 = 𝑘𝑡(1/(𝜏0𝑠 + 1))
Based on Laplace transformation, (34) is described as

𝑠𝑙 = 1𝑘𝑒 (𝑈𝑟 −
1𝑘󸀠𝑡𝐹𝑝) (34)

Based on (14) and (18), EQ (35) is obtained

𝑀𝑙 (𝑙) ̈𝑙 + 𝐶𝑙 (𝑙, ̇𝑙) ̇𝑙 +𝐺𝑙 (𝑙) + 𝐹𝑐𝑙 = 𝐹𝑝 (35)

Since the parallel robotic spine brace works in low speed
area, the centrifugal term 𝐶𝑙 is so small that can be ignored
[36]. Thus, (35) is expressed as

𝑀𝑙 (𝑙) ̈𝑙 + 𝐺𝑙 (𝑙) + 𝐹𝑐𝑙 = 𝐹𝑝 (36)

Based on Laplace transformation, (37) is obtained

𝑠2𝑀𝑙 (𝑙) 𝑙 = 𝐹𝑝 − (𝐺𝑙 (𝑙) + 𝐹𝑐𝑙) (37)

Combine (34) with (37)

𝑠𝑀𝑙 (𝑙)𝑈𝑟 = (𝑘𝑒𝐼 + 1𝑘󸀠𝑡 𝑠𝑀𝑙 (𝑙))𝐹𝑝 − 𝑘𝑒 (𝐺𝑙 (𝑙) + 𝐹𝑐𝑙) (38)

Based on the transformational relation from the joint
space to the modal space, it can be obtained

𝑀𝑙 = Φ𝑀̂𝑙Φ𝑇 (39)

Combine (39) with (38)

Φ (𝑠𝑀̂𝑙)Φ𝑇𝑈𝑟 = Φ(𝑘𝑒𝐼 + 1𝑘󸀠𝑡 𝑠𝑀̂𝑙)Φ
𝑇
𝐹𝑝

− 𝑘𝑒 (𝐺𝑙 (𝑙) + 𝐹𝑐𝑙)
(40)

where

𝑈̂𝑟 = Φ𝑇𝑈𝑟,
𝐹̂𝑝 = Φ𝑇𝐹𝑝 (41)

in which 𝑈̂𝑟 is themodal motor voltage. 𝐹̂𝑝 is the output force
of actuator in modal space.

Based on (40) and (41), (42) is described as

(𝑠𝑀̂𝑙) 𝑈̂𝑟 = (𝑘𝑒𝐼 + 1𝑘󸀠𝑡 𝑠𝑀̂𝑙) 𝐹̂𝑝 − 𝑘𝑒Φ
𝑇 (𝐺𝑙 (𝑙) + 𝐹𝑐𝑙) (42)

According to (18) and (42), the transfer function from 𝑈̂𝑟
to 𝐹̂𝑎 can be obtained

𝑘𝑡𝑀̂𝑙𝑖𝑠𝜏0𝑀̂𝑙𝑖𝑠2 +𝑀𝑙𝑖𝑠 + 𝑘𝑡𝑘𝑒 𝑈̂𝑟𝑖 = 𝐹𝑎𝑖 (43)

Because of 𝑈̂𝑟𝑖 = 𝑉̂𝑖 (43) is expressed as

𝑘𝑡𝑀̂𝑙𝑖𝑠𝜏0𝑀̂𝑙𝑖𝑠2 +𝑀𝑙𝑖𝑠 + 𝑘𝑡𝑘𝑒 𝑉̂𝑖 = 𝐹𝑎𝑖 (44)

Based on (23) and (44), the open-loop transfer function
of the MSPID system can be obtained

𝐺𝑖 (𝑠) = 𝐹𝑎𝑖𝐹𝑎𝑑𝑖
= (𝑘𝑝𝑖𝑀̂𝑙𝑖/𝑘𝑒) 𝑠
𝑠2/ (𝑘𝑡𝑘𝑒/𝜏0𝑀̂𝑙𝑖) + 2𝜉𝑖𝑠/√𝑘𝑡𝑘𝑒/𝜏0𝑀̂𝑙𝑖 + 1

(45)

in which 𝜉𝑖 means the damping coefficient, 𝜉𝑖 =
1/2√𝑘𝑡𝑘𝑒𝜏0/𝑀̂𝑙𝑖. Equation (45) is described as

𝐺𝑖 (𝑠) = (𝑘𝑝𝑖𝑀̂𝑙𝑖/𝑘𝑒) 𝑠𝑠2/𝜔̂2𝑛𝑖 + 2𝜉𝑖𝑠/𝜔̂𝑛𝑖 + 1 (46)
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Figure 5: Experimental parallel spine brace.

in which 𝜔̂𝑛𝑖 denotes the system’s natural frequency, 𝜔̂𝑛𝑖 =√𝑘𝑡𝑘𝑒/𝜏0𝑀̂𝑙𝑖.
Based on the Bode stability criterion, for guaranteeing

the MSPID system stability, the system control parameters
should satisfy (47).

𝑘𝑝𝑖𝑀𝑙𝑖𝑘𝑒 < 2𝜉𝑖𝜔̂𝑛𝑖 (47)

As shown in (47), in order to guarantee the MSPID
system stability, the modal gain matrix 𝐾̂𝑝 should be chosen
appropriately. Thus, the MSDF system is robustly stable.

5. Experiment

Using the proposedMSDF force controlmethod, some exper-
iments are carried out for evaluating performances of the
intelligent robotic system. Compared with the MSPID force
control algorithm, the MSDF control strategy can achieve
better performances.

5.1. Experiment Setup. For implementing and evaluating
performances of the presented MSDF force control method,
this section builds the parallel intelligent mechanism in
Figure 5.This parallel system has several features: (1) 12 linear
electric cylinders, (2) a real-time controller, and (3) amonitor
computer.The force given signals are provided by themonitor
computer. Besides, the force controller is running in a real-
time controller. Geometric parameters of the brace system are
shown in Table 1 and the sampling time for the experimental
system is set to 20ms.

5.2. Experiment Results. Scoliosis is a 3D deformity. In order
to achieve better orthopedic effect, this paper proposed an
MSDF control structure for the robotic manipulator. For
verifying the performance of the system with this presented

Table 1: Parameters of the experimental parallel intelligent manip-
ulator.

Parameters Values
Ellipse’s long distance of upper joint (mm) 150
Ellipse’s short distance of upper joint (mm) 142
Ellipse’s long distance of lower joint (mm) 170
Ellipse’s long distance of lower joint (mm) 149
Maximal stroke of linear electric cylinder (mm) 50
Initial length of linear electric cylinder (mm) 160
Masses of moving platform and joints (Kg) 0.33

control method, several force signals are given to the robotic
system. The modal space P controllers are tuned to be

𝐾̂𝑝 = diag [16 16 16 16 16 16] (48)

The dynamic feed-forward control parameters 𝑘V and 𝑘𝐹 are
tuned to be

𝑘V = diag [5.5 5.5 5.5 5.5 5.5 5.5]
𝑘𝐹 = diag [1.6 1.6 1.6 1.6 1.6 1.6] (49)

As shown in Figure 6, step signals (surge: 8 N, sway:
8 N, heave: 10 N, roll: 1.5 Nm, pitch: 1.5 Nm, yaw: 1.5
Nm) are given to the robotic system in all six directions to
detect the performance of the system. It can be seen from
Figure 6 that the celerity of MSDF controller is superior
to MSPID controller. In addition, the steady-state error of
MSDF controller is smaller than that of MSPID controller.
The maximal steady-state error is 0.1 N in linear directions
and 0.05 Nm in angular directions with the proposed MSDF
control strategy, 0.5 N in linear directions and 0.1 Nm
in angular directions under the traditional MSPID control
method. Furthermore, the dynamic system with the MSDF
controller responds to desired force signalsmore quickly than
that of the MSPID controller in all six directions.

As shown in (50a), (50b), (50c), (50d), (50e), and (50f) the
reference special force signals are exerted on the robotic spine
brace system respectively. Responses to the desired special
force signals are shown in Figures 7 and 8 depicting the
dynamic errors of the robotic system.

𝐹𝑥 = 3 sin (0.377𝑡) + 4 sin (0.314𝑡) + 5 sin (0.253𝑡) (50a)

𝐹𝑦 = 4 sin (0.314𝑡) + 3 sin (0.188𝑡) + 5 sin (0.253𝑡) (50b)

𝐹𝑧 = 2 sin (0.314𝑡) + 3 sin (0.188𝑡) + 5 sin (0.253𝑡) (50c)

𝑀𝑥 = 0.8 sin (0.440𝑡) + 1.0 sin (0.377𝑡)
+ 1.2 sin (0.314𝑡) (50d)

𝑀𝑦 = 0.8 sin (0.377𝑡) + 1.0 sin (0.314𝑡)
+ 1.2 sin (0.440𝑡) (50e)

𝑀𝑧 = 0.8 sin (0.377𝑡) + 1.0 sin (0.314𝑡)
+ 1.2 sin (0.440𝑡) (50f)
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Figure 6: Responses to the desired step force signals with MSPID and MSDF controllers.
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Figure 8: Dynamic tracking errors of parallel robotic manipulator with MSPID and MSDF controllers.

As shown in Figures 7 and 8, the dynamic response
performance of the proposed MSDF controller in time
domain is much better than that of MSPID controller in
all directions. In comparison to the typical MSPID control
method, the attenuation amplitude reduces 21% at least and

the lag phase is 47% at least with the presented MSDF
force control strategy. Thus, the designed MSDF force
control strategy can improve the control performance and
dynamic tracking accuracy of the parallel robotic manipula-
tor.
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Figure 9: Responses to the combined force commands with MSPID and MSDF controllers.

However, the above experiments are all single-DOF.
Thus, the combine force signals are desired for evaluating
the performance of the robotic brace system. The desired
force signals are applied on the parallel manipulator in EQ
(51a), (51b), (51d), and (51e) and the responses are shown in
Figure 9.

𝐹𝑥 = 10 cos (0.377𝑡) (51a)

𝐹𝑦 = 10 sin (0.377𝑡) (51b)

𝑀𝑥 = 2.0 sin (0.314𝑡) (51d)

𝑀𝑦 = 1.0 cos (0.314𝑡) (51e)

As can be seen from Figure 9, the robotic brace responds
to the desired combined force signals much better under the
MSDF control strategy than that of MSPID control strategy.
MSDF controller has smaller track errors than the MSPID
controller.

As can be deduced from Figures 6–9, the single freedom
dynamic tracking performance of the robotic brace system
with the presented MSDF controller is superior to that with
the MSPID controller and the composite dynamic trajectory
tracking performance is also better than the MSPID control
strategy. MSDF controller not only solves the dynamic cou-
pling in traditional psychical space but compensates the grav-
ity of the system. Besides, the steady-state error of the system
with MSDF control method is also smaller than that of the
MSPID control strategy. Thus, MSDF control can track the
desired dynamic trajectory more quickly and accurately and
applying high-precision 3D corrective forces on human spine.

6. Conclusion

This paper investigates modal space dynamic feed-forward
control structure for parallel robotic manipulator, to over-
come those boring problems. The system models are devel-
oped, including the dynamicmodel of the robotic spine brace,
the actuator’s dynamic model, and the forward kinematics

and inverse kinematics models of the system. Besides, the
stability of the MSDF control strategy is analyzed and the
novel controller reveals excellent robustness. Based on the
typical PID force control method, those boring problems of
parallel robotic manipulator greatly affect performances of
the intelligent system in traditional physical space. For those
boring problems, the MSDF active force control strategy
is designed based on the dynamic feed-forward control
algorithm and the modal decoupling approach. In order to
verify performances of the parallel mechanism, experimental
given signals are applied on the intelligent system with the
proposed MSDF force control method. According to those
experimental results, the MSDF force control algorithm can
track the desired force dynamic trajectory more quickly and
accurately, and apply high-precision 3D corrective forces on
human spine. Compared with MSPID control method, the
proposed MSDF control strategy presents excellent perfor-
mance for the robotic spine brace. The system is stable and
the state-errors of the system because of the boring problems
tend to zero asymptotically.

Althoughperformance of the system is excellent using the
novel MSDF control strategy, there are some improvements
needed to be done for this robotic spine brace in the
future. Currently, this control strategy ignores disturbers
from system nonlinearity, modeling errors, and other exter-
nal interferences. In the future, an antidisturbance observer
strategy should be developed to improve the performance
and robustness of this robotic brace system. Furthermore,
the current control method does not consider the model of
human spine which is important for the control system.Thus,
one of the next steps is building the three-dimensional model
of human spine.
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