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A pneumatic-muscle actuator (PMA) is made of a unique material with fibers wrapped inside
and metal fittings attached at each end. Because of reversible physical deformation, a PMA can
produce linear motion during contraction and muscle expansion. We use a PMA and motors’
hybrid drivers to implement a low-cost and safe robot manipulator with six degrees of freedom
(6-DOF). Safety is achieved by applying a novel proxy-based sliding mode controller (NPSMC)
and a linear extended state observer (LESO) on each joint of the 6-DOF robot manipulator. The
NPSMC can compensate the six joints of the 6-DOF robot manipulator reaching Lyapunov
stability, and we prove that their pathing errors converge to a neighborhood of zero. An
experiment on all joints is conducted to verify the trajectory pathing precision and system safety
for the 6-DOF robot manipulator. The experimental results show that under NPSMC
compensation and the LESO estimate, the 6-DOF robot manipulator using the hybrid drivers
satisfies both the pathing performance demands and safety control.

1. Introduction

In order to boost production efficiency and cut costs, a growing number of robot manipulators
have been applied to production lines. Most robot manipulators on the market are driven by
motors featuring high stiffness. High stiffness causes the robot arm to be unable to comply with
the contact object when it encounters it, resulting in an unsafe impact force and poor flexibility;
the better the flexibility, the better it can contact objects and avoid damage to the arm.
Consequently, in recent years, some scholars have begun to study the development of lightweight,
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low-energy-use, and low-cost robot manipulators with high flexibility and a simple structure,
which can avoid the damage caused by loss of control in the case of breaking wires or the
malfunction of sensors. The flexibility of a robot manipulator can be boosted in a passive or
active manner. In the former case, high flexibility is achieved via flexible materials. A remote
compliance center (RCC) made of six springs was the earliest flexible mechanism to be
developed.() In recent years, pneumatic muscles have been a research target; compared with
traditional actuators, they have the merits of high flexibility, high carrying capacity, high power
ratio, and a light weight. With an eye to safety, Ohta et al.® designed a pneumatic-muscle robot
manipulator with seven degrees of freedom (DOF), resorting to passive flexibility to alleviate
the arm’s impact upon contact with the environment. However, a momentary high-speed
movement of the robot manipulator cannot be avoided in the case of a large position error. It
turns out that passive flexibility is only applicable to special conditions and cannot prevent a
robotic manipulator’s unsafe impact when there is a large position error. Therefore, some
scholars have proposed active flexibility from the perspective of control. Hogan and others,3-5)
for instance, proposed impedance control, with the impedance parameters of a system adjusted
to change its flexibility, thereby making the robot manipulator compliant with the environment.
As a result, even in the case of a large error, the robot manipulator can remain flexible via
feedback gain, although this entails more significant noise signals. Ho et al.®) used artificial
neural training via an inverse dynamic model to realize flexible control. Given the high cost of a
multi-axial robot manipulator, they installed a force sensor only at the terminal position, leaving
out singular points. Japanese scholars Kikuuwe and coworkers”-®) presented proxy-based sliding
mode control (PSMC) that realizes the same level of accuracy as proportional-derivative-integral
control as long as the actuator is not saturated, but produces a smooth, overdamping resuming
motion from large positional errors after the saturation of the actuator. In addition, chattering of
the sliding mode control was presented using a continuous function and approximate
discontinuous sign function. Upon contact with the environment, the system employed a
saturation phenomenon to make the robot manipulator compliant with objects in contact. After
the external resistance was eliminated, the system could carry out dynamic recovery with
overdamping motion. Subsequently, Van Damme et al.®) applied PSMC in a pneumatic-muscle
actuator (PMA) for a two-axial robot manipulator, attaining good safety control. Candir(19) then
proposed a disturbance estimator for estimating the external disturbance to a system and
increasing the robustness and precision of PSMC, attaining a good pathing effect. The only
deficiency of PSMC is its incomplete stability theory. Kikuuwe(') proposed a proof for PSMC
stability via a non-smooth Lyapunov method. However, it is only applicable to one-dimensional
space and cannot prove the stability of machines in operation. Ding et al.1?) presented a system
model of a model proxy-based sliding mode controller (MPSMC), proving its stability with
Lyapunov theory. An experiment showed that an MPSMC could ensure PSMC safety but is
inconvenient in application owing to the need for the system model’s actual parameters. In this
study, we propose a linear extended state observer (LESO) based on MPSMC control theory
capable of estimating the total disturbance (unknown parameters and internal and external
disturbances) to overcome the difficulty of modeling. Early on, Han®) presented a nonlinear
extended state observer (NLESO) and estimated the system’s total disturbance. However, it is
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not easy to adjust the NLESO parameters. Therefore, Gao and coworkers!4~17) proposed a
LESO, and at the same time proposed the meaning and adjustment method of the parameters in
the LESO, which simplifies the control algorithm and is widely used in various fields. We took
advantage of the merits of a PMA, namely its light weight, high power ratio, and large output
force, in designing a 6-DOF serial robotic manipulator driven by the combination of a flexible
pneumatic muscle and a motor, which is coupled with a new MPSMC and LESO, thus boosting
the robustness, compliance ability, and safety of the system. In the case of a significant position
error, it ensures the robot manipulator’s dynamic recovery to the expected trajectory via
overdamping motion. Under normal conditions, the system can achieve target pathing based on
error. Double mechanisms can be installed in the robot manipulator’s hardware and software to
enhance its safety and flexibility.

2. System Structure

We designed a 6-DOF serial robot manipulator equipped with a PM A, having the features of
light weight, low cost, easy assembly, high power ratio, and good compliance ability, as shown in
Fig. 1. The robot manipulator consists of three sections, namely, a shoulder (SH), elbow (E), and
wrist (W), each capable of rotating freely via a pair of axes counteracting and pulling against
each other, where y,—y5 represent the measurement angles and Y and Z are the turning directions
of each axis. The experimental machine consists of a PMA single-axis system, a joint system,
and a control system, whose structures and major components are introduced briefly in the
following. The PMA single-axis system mainly consists of a pair of PMAs, a couple of
proportional pressure-regulating valve modules, a rotary encoder, a circuit, and an air channel,
as shown in Fig. 2. The PMA single-axis system employs compressed air as the motive force and
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Fig. 1. (Color online) Photograph of 6-DOF robotic manipulator with hybrid drive.
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Fig. 2. (Color online) PMA single-axis system.

an embedded control system featuring a self-developed LabVIEW control program, an A/O
interface for adjusting the pressure output of the pressure-regulating valve to control the
outstretch and drawback of the robot manipulator, and a D/I interface to receive the feedback
angle of the rotary encoder. The robotic-arm joint consists of a shoulder, elbow, and wrist; each
joint comprises at least one pair of antagonistic PMAs. The shoulder is equipped with a pair of
FESTO PMAs (model MAS-20-600-N-AA-MC-0-BR-G). A wire rope is used to manipulate the
upper rotary device, which results in 1-DOF back and forth motion, as shown in Figs. 3(a) and
3(b). The elbow and wrist are equipped with two pairs of FESTO PMAs (model MAS-20-300-N-
AA-MC-0-BR-G). Wire ropes are used to drive the rotating turntable and the wire rope platform
to achieve 2-DOF rotation and swing motion, with jigs employed to fix the muscles, solving the
problem of mutual interference by the two pairs of PMAs during counteracting and pulling, as
shown in Figs. 4(a) and 4(b). An NI Compact RIO forms the core of the control system, which
employs an A/O interface card, A/l interface card, and an encoder, with LabVIEW visual
programming for the retrieval, conversion, and decoding of 1/O signals, enabling real-time
control of the multijoint robot manipulator.

3. Mathematical Model

To build the system’s mathematical model, we first analyzed the mathematical model of the
PMA before deriving a mathematical model of the shoulder, elbow, and wrist using a kinematic
model (because of the similar derivation process, only the mathematical model of the shoulder is
derived here). Given the elasticity, ductility, flexibility, toughness, and hysteresis of the PMA,
we constructed a PMA static mathematical model as follows:(1®)

F=m(e)(Py+AP)+h(e), (1)

in which m(a) = kll - k218 + k31 exp(,us), h(&‘) = k12 - k228 + k32 exp(,ua) where kil and ki2 are
equation coefficients (i = 1, 2), F'is the muscle output force, ¢ is the muscle contraction rate, yu is
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(@ (b)
Fig. 3. (Color online) Shoulder joint of 6-DOF robotic manipulator. (a) Side view and (b) top view.

@ (®)

Fig. 4. (Color online) Elbow joint of 6-DOF robotic manipulator. (a) Side view and (b) oblique view.

the nonlinear attenuation coefficient of the contraction rate ¢, P is the prepressing force, and AP
is the pressure variation volume. The PMA mathematical model in Eq. (1) is used to derive the
joint’s mathematical model; all joints use pairwise antagonism to drive rotation. The
mathematical model of the shoulder is derived as follows:

JsyOsy = (Fs;, — Fsp)rsy — (M + Ej gL, sinbgy +dgy . )

The state variable is defined as [x;,x,]= [HSYﬁSY ], and the equation of back-and-forth motion of
the shoulder is

_ Gty —Caglysiny  Mrgy APy + dsy 3)
Jsy Jsy Jsy

X

Nn=x
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in which C3 = (MSPO + Hs), C4 :[M+ (m/2)], MS = m(SSL) + m(SSR), and HS = h(ESL) + h(gSR)‘ The
above derivation procedure was also employed for the other joints.

4. Kinematic Analysis

Kinematic analysis is the foundation of path planning. Here, the variables of various axes of
the manipulators are either converted into the terminal positions of the manipulators or used to
plan the path of the terminal manipulator before joint variables are inversely derived. Therefore,
kinematic analysis enables the robot manipulator to reach the target position with a smooth and
safe path. The purpose of deriving the kinematic models is to determine the kinematic relations
between the end-effector and the actuator motion of the robot and achieve trajectory tracking
control. The correctness of the kinematic models is verified through the following steps. (i) Plan
the desired spatial end-effector trajectory. (ii) Calculate the desired PMA trajectory by inverse
kinematics using the data outputted from i. (iii) Calculate the position of the end-effector by
forward kinematics using the information outputted from ii. (iv) Compare the calculated end-
effector trajectory with the desired trajectory. The procedures are shown in Fig. 5. The kinematic
analysis in both the forward and inverse directions and the workspace for the 6-DOF serial robot
manipulator are described in the following.

4.1 Forward kinematics

The position of the shoulder rotary device is set as the origin of the world coordinates, and the
parameters are established in Denavit-Hartenberg (D—H) parameters, as shown in Fig. 6, in
accordance with the length of the connecting rod and a homogeneous transformation matrix, as
shown in Table 1. The following is the D—H homogeneous transformation matrix:

i. Planned End-Effector Path

s

Desired position P :[xm,yw,:w]

!

ii. Inverse kinematics

Angle of each axis &,_;

A 4

iii. Forward kinematics

Calculated position P, =[p,.p,.p.]"

A A

iv. Numerical comparison [«

Fig. 5. Flow of kinematic verification.
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Table 1
D-H parameters.
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Fig. 6.  (Color online) D—H coordinate frames of the
robotic manipulator.
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Here, ¢ = cos(#), s = sin(#)), and i = 1, ..., 6. After substituting the variables in the homogeneous
transformation matrix with the coordinates of the connecting rod and the D—H coordinates, the
position of the end of the arm relative to the homogeneous matrix of the shoulder is found to be

the following:
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The equation of forward kinematics is

Dy = =018y —dy8) +d4 (10383 — ¢15,¢3)
Py =dyc; +dy(cy8153 = ¢3815,) — a,815,

D, =—dy(cyc3 +5553) — a0y

©)

©6)

To derive the workspace of the robot manipulator, shown in Figs. 7(a) and 7(b), Eq. (6) is

apphed Pfk = [ﬁxaﬁyaﬁz]T
and the rotation angles of various joints.

are substituted with the size of the robot manipulator’s mechanism
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Fig. 7. (Color online) Workspace of robotic manipulator. (a) Isometric view and (b) top view.

4.2 Inverse kinematics

For pathing control of the robot manipulator, it is necessary to determine the path of the
rotating angles of various joints based on the terminal manipulators’ planned path via inverse
kinematics. The following equation is derived from Eq. (6) and is used to determine the positions
of the terminal manipulators:

Py —ayC15y —dys) +dy (16353 = €155¢3)
P=|py, |=| dyo; +dy(cy555 —¢355,) —ar8,5; |- (7)
P —dy(cy¢3 +5583) — a6y

Based on the known positions during the movement of the terminal manipulators
at P, = [Xonds Vond» Zendl'» the squares of the matrix elements in Eq. (7) are added to derive the
following equation:

02 2 2, 52 2 2 2
of " =a) +2a,dycOs+dy +dy =Xpy” F Vona” t Zend” - ®)

Based on Egs. (7) and (8), the angle of the third joint is set at

02 2 42 2
r-—as —d5; —d; —2a,d
6 2 2 4 2 42 . (9)

Dayd, - r* +a3 +di +d;

65 =2arctan| +

Then 65 is substituted for p, to obtain

6, =2arctan| Zend + 8 + das . (10)
“Zopd — Ay + 2d4S3 + d4
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Finally, 6, and 65 are substituted for p, to obtain

6, = 2arctan+ Xend = 4253 = dy5)¢3 + a5, (1)
“Xeond — d4C2S3 - d4S2C3 + aySy — 2d2

The Euler method is used to simplify the solution to

4 nr h2 n3
2 o
2T=(?T%T 3T2Rot24 (=90 )) el = my m . (12)

31 3 133

If 95 :/: OO, then 84 = arctan[}”23/S95, }"13/S95] and 96 = arctan[r32/S95, _}"31/.5'95]. If 95 = 00, then
0, = 0° and 04 = arctan(—ry,, 7). If 85 = 180°, then 6, = 0° and 04 = arctan(r;,, —7;). Equations
(8)—(12) are the inverse kinematic equations.

5. Controller Design

To avoid an excessive impact force in the case of a significant error, a controller was
developed to ensure flexibility and safety. The controller enables the system to make a dynamic
recovery via overdamping when problems such as sensor malfunction and pathing disruption
occur. In the normal state, the controller can also adjust control signals for target pathing in
accordance with the error.

5.1 Novel proxy-based sliding mode control
A LESO was designed to estimate the total disturbance of the system, with the status defined

as x = [xl,xz,x3]T = [Hq,éq,F ]T , in which 6, is the actual rotation angle, éq is the actual rotation
speed, and £ is the total disturbance. Therefore, Eq. (2) can be rearranged as

X =X
562 = X3 + bou(t) 5 (13)

in which n(?) is the time derivative of x5 and b, is a constant. The following LESO estimation
system based on Eq. (13) is constructed:(1)

)Aﬁ =%~ (% —x)
Xy =3 = Bo (X —x)) +byu(?), (14)

X3 =—p (3%1 —-x)
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in which [)?1,922,563]T = [éq,éq,ﬁ ]T is the observation system value of the observer and f; is the
adjustable gain of the observer (i = 1, 2, 3). The following is the dynamic equation of the
estimation error:

il :)21 _xl :fz _ﬁlila
X =X =X =X - BoX, 15)

X3 =X3—X3 =35 —n(0).

Assumption. The boundary condition n(f) > H holds, where H > 0 is known.
Equation (15) can be expressed as follows:

X =A%+ Dn(t), (16)
A 10

in which ¥=[% % %]’, A4=|-f, 0 1| and D=[0 0 —I]T. Therefore, there exists a
-5 0 0

positive definite symmetric matrix P such that

AP+ PA=-0Q (17)

for any given positive definite real symmetric matrix Q. The following Lyapunov function is
chosen:

Equation (18) is then differentiated with respect to time:

Vyeso =X P+ X" Px | (19)

Finally, we rearrange the equation and derive the following inequality using Young’s inequality:

; (Ain (@) — H)
Vigso S————2V) poo + H| P

2
P) ’

(20)

max(

in which 4,,;,(0Q) is the minimum characteristic value of matrix Q and /,,,,(P) is the maximum
characteristic value of matrix P. According to Eq. (20), when H ||P||2 has a boundary and
(Ain(@) — H) > 0, with the suitable adjustment of £, 5, and S5, V; g0 <0. Therefore, with the
gradual stabilization of x(¢), the estimated state in Eq. (15) will converge gradually to the actual

value.
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We propose a novel proxy-based sliding mode controller (NPSMC) scheme that can produce
slow, overdamped resuming motion after actuator-force saturation without sacrificing accurate,
responsive tracking capability during normal operations. A physical interpretation of the scheme
is illustrated in Fig. 8. The concept of an NPSMC is to add a proxy object between the actual
controlled object and the expected position. The sliding mode controller controls the proxy and it
tracks the expected position. Furthermore, the proxy links the real controlled object with a
virtual coupling, which can be regarded as a PID controller of a spring system; this enables the
actual controlled object to track the proxy object via the PID controller. Finally, we define
[Bd,éd] as the expected angle and expected angular velocity, with [Qp,ép] as the angle and
angular velocity of the proxy-based virtual object, respectively. To obtain a stable extended
PSMC for the nonlinear system in Eq. (3), we design the following novel sliding manifolds:

széd_ép"'ﬂH(ed_Hp), (21)
sg=04—0,+ 140, -0,), (22)

where Ay is a positive integer. Furthermore, we also design a virtual coupling force 7y, and
sliding mode controller 7y, as

1 N ~ . A . A ..
T reon =b—[—F+Kp(9p ~0,)+K (8, 6,)+ 24 (6, —9q)+9d}, 23)
0

TNsme = VN SgIl(Sp) - Kp (Hp - éq) + Jpéd + Jpﬂ'H (gd - ap) - Kd (Hp - éq) * TNcou » (24)

where the total disturbance F is designed with the LESO and 1, is a positive real number, while
K, and K are the proportional and differential gains, respectively. Note that the proposed virtual
coupling force 7y, is not a pure Pl-type controller. Some terms based on known dynamics are
added for the convenience of theoretical analysis. A similar consideration is taken in the design

virtual coupling

> expected
proxy SMc position

controlled
object

Fig. 8.  (Color online) Physical interpretation of NPSMC.
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of the sliding mode controller. J,, is the rotational inertia of the virtual object and 7y, and 7y,
are active forces imposed on the proxy virtual object. The virtual object has hypothetical inertia
of J, = 0. Hence, the following equation of motion was obtained on the basis of Newton’s second
law of motion:

JPép = TNsme ~ UNcou » (25)
which can be expressed as
. }/ .
0,+Sy = K—]:sgn[ed + A (0, -0,) ], 26)

where Sy = [Kp(6, —éq)—Kdéq VK,. The sgn(-) and sat(-) have equivalent variations,”) with

sgn(’) replaced by sat() in Eq. (26) to solve the problem of high-frequency chattering. Then Eq.
(26) can be rewritten as

. 0, + 2,6, -0,)+S
6, +Sy =N sat| < 1(6a=6,)+ 5 | 27)
K,y TN
Ky

Using Eq. (23) to describe the controller for the controlled object, we substitute Eq. (27) for Eq.
(23) then rearrange to derive the control law. We definea=6,-6,,e=6, -0,.

1 e a 1
TNPSMC = Age+0, —F+yNsat(7/N (deq _(Kd’lH _Kp)a)ﬂ (28)
0

In accordance with Ref. 9, the PSMC control output zypgc can be directly replaced with
APnpsyic, because the joint output torque that is driven by pneumatic muscles is associated with
the pressure difference of a pair of PMAs. Since the NPSMC is based on a PSMC, the NPSMC
can also be replaced with APypgsc, resulting in the following:

[ . !
APypsyic e Apyé+0;—F+yy Sat[E(deq (Kot _Kp)a)ﬂ. (29)
0

5.2 Stability analysis

To analyze the stability of the NPSMC, we first define the system estimation status as
[X, %, ,)%3]T =16,.0,.F 1"; with x, =[s,,s,,0, — ] as the system’s balance point. Then we select
the following Lyapunov functions:(2?)
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V=n+r,, 30)
1 1
N=Td s+ 75 31
1 A
V, = E(Kp + Ky )0, - %)) (32)

The Lyapunov function of Eq. (30) can be satisfied with

V>0, x,#0,
V=0, x,=0. (33)
Differentiating both sides of Eq. (31) with respect to time gives
M= ,8,8, +5,5,- (34)
Equations (21)—(23) and (25) are substituted into Eq. (34) to obtain
Vi=5,0J,6; 7,0, +J , 4,6, —0,)]+5,[6; — %3+ A4 (6, — 5]
= 5,81+ 5,10 =% = %5 + 24y (0 = %)
PP q . (35)
== |sp| = K, (0, =206, = $2) = Ky Ay (0, =51)(0, = 32) = K , 2y (6, = %1)" =K 4 (6, = 3,)",
Similarly to above, we obtain
Vo=(K, + Kydy X0, =50, = %2).
U T (36)
=K,(0,—x)(0, - x,)+ K, 4,0, -3)(0, —X,).
Using Egs. (35) and (36), we obtain the differential of the Lyapunov function as follows:
VoV 47,
G7)

A H A N\2
=—7/N‘sp‘—Kp/1H(9p ~5)? K, (6,-%)" <0,

As shown from Egs. (31) and (32), V> 0, while V' < 0. According to the stability criterion, the
system is consistently stable at the equilibrium point x, =[s p>Sq:0p — x,]1=0. Figure 9 shows the
flow of the control scheme of the system. Figure 10 shows the overall control block of the 6-DOF
robot manipulator. The 6-DOF robot manipulator is implemented by using distributed control,
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X,
d19,+ *
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x, LESO |«
Fig. 9. Control scheme of NPSMC for the PM As.
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Inverse Kinematics
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Planned End-Effector Trajectory

Pneumatic muscle actuator serial robot

Fig. 10. Overall control scheme of robotic manipulator.

meaning that forces from other joints are considered as external disturbances when designing
the LESO-NPSMC for joints. In Fig. 10, X} is the reference coordinate, g, is the desired angle, g;
(=1, ..,5) are the desired displacements, Au; (i = 1, ..., 5) are the variations of the control force,
and y,, and y; (i = 1, ..., 6) are the system outputs.

6. Experimental Results

The NPSMC strategy was experimentally tested using the 6-DOF robot manipulator shown
in Fig. 1, which was controlled through a cRI0-9040 system that is embedded in the control loop
to achieve real-time control. It receives all measurement data via interface cards and sends an
input voltage command to proportional pressure regulating valves. The interface cards include
an NI-9411 digital I/O converter, an NI-9264 analog output interface card, and an NI-9203
analog input interface card. An industrial PC provides a LabVIEW integrated development
environment (IDE) for developers and downloads programs into the cRIO-9040 system. In this
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paper, each joint of the 6-DOF robot manipulator is treated as an independent system. Moreover,
the effects of one system on another are considered as uncertainties in the controller design. To
overcome the uncertainties and external load forces, an NPSMC strategy is used for each joint.
All parameters of the controllers are designed by experts and tuned by trial and error. The
sampling interval of the controllers was 7 = 0.001 s. The PID gains were chosen by trial and
error to realize as accurate and stiff angle control as possible. This trial-and-error gain tuning
was performed in the same manner as that for the PID control because the NPSMC is equivalent
to the traditional PID control when the actuators are not saturated.

6.1 Set-point control

A set of experiments was performed to show the resuming motion from significant angular
errors, which can be produced when discontinuous desired angles are provided as set-point
control with large external forces. The solid blue line in Fig. 11(a) shows the desired angles that
are discontinuously changed. The formulation is
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Fig. 11. (Color online) Shoulder joint compliance test. (a) Pathing response, (b) control error, (c) angle velocity, and
(d) control voltage.
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where v, 18 the elbow joint angle. The results of the NPSMC and PID control for the elbow
joint are shown in Fig. 11. The results clearly show that the NPSMC effectively removes
overshoots and oscillations produced with PID control and exhibits overdamped, exponential
resuming motion toward the desired angles. The PID control may or may not succeed in
suppressing overshoots and oscillation, and its resultant motion strongly depends on the
controlled objects. In contrast, the NPSMC always produces exponential motion.

6.2 Path-tracking control for end-effector

In this section, an experiment on the proposed NPSMC is implemented with the path-
tracking control of the end-effector. The desired trajectory is shown in Fig. 12. The solid blue
lines in Figs. 13(a), 14(a), and 15(a) show the desired trajectories of the shoulder, elbow, and wrist
joints calculated by the inverse kinematics, respectively. The path-tracking experimental results
of the shoulder, elbow, and wrist joints corresponding to the end-effector’s required trajectory in
Fig. 12 are shown in Figs. 1315, respectively. Figure 16 shows the overall tracking response of
the end-effector’s required trajectory in Fig. 12. The maximum absolute error of the shoulder,
elbow, and wrist joints, the maximum error in the Euclidian spatial distance of the end-effector,
and the mean square error are used for performance evaluation. The error in the Euclidian
spatial distance for the coordinate system is expressed as
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Fig. 12. (Color online) Designed trajectory for path Fig. 13. (Color online) Experimental results of
tracking control experiment. shoulder path-tracking. (a) Pathing response, (b)

system error, (c) system disturbance, and (d) control
voltage.
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Fig. 14. (Color online) Experimental results of elbow

path-tracking.

(a) Pathing response, (b) system error,
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Fig. 16. (Color online) Experimental results of end-effector path-tracking.

€end —effector =

= Zpd
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v +€zp ,

—z,are the errors between the desired end-

effector position (x,, 5, v, 4, 4) and the calculated end-effector position with respect to the angle
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Fig. 17. (Color online) Experimental results of end-effector path-tracking error.

Table 2
Performance of 6-DOF robot manipulator for the pathing trajectory.

. Max. absolute error ~ Mean-square error
Figure

(mm) (mm?)
End-effector Fig. 13 8.6751 6.8802
Shoulder joint Fig. 16 0.3302 0.0194
Elbow joint Fig. 17 0.3082 0.0080
Wrist joint Fig. 18 0.2435 0.0117

of each joint of the 6-DOF robot manipulator obtained by the inverse kinematics. The estimated
position error of the end-effector is calculated from the angle tracking error of the actuated joint,
as shown in Fig. 17. Table 2 indicates the total performance of the 6-DOF robot manipulator for
the pathing trajectory. For the NPSMC, each joint’s maximum absolute error is under 0.34 mm
and the spatial error of the end-effector is under 8.7 mm.

7. Conclusions

The PMA is promising because it is essentially a soft actuator. Unlike motors, the PMA is
driven by compressed air and can provide necessary compliance for robotic manipulators. We
used pneumatic technology and a PMA made of special materials to improve the safety of
6-DOF manipulators. However, because of its nonlinearities, time-varying parameters, and
hysteresis, it is not easy to control accurately. Conventional control strategies, such as sliding
mode control, suffer from the “chattering” problem. Hence, a novel LESO-based NPSMC
strategy is proposed and validated in a real 6-DOF robot manipulator. The stability of the
NPSMC system is proven using the Lyapunov theorem, and the strong conjecture assumed in the
traditional PSMC is then avoided. Finally, the functions and the safety performance of the
NPSMC were verified in an experiment on the manipulator, demonstrating its improved safety
and excellent pathing tracking performance. Further applications of the PMA in a manipulator
system will be explored in future studies.
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