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Abstract

The robotic neck mechanism considered in this pa-
per has as main element a soft link that emulates
a human neck with two DOF (flexion, extension
and lateral bending). The mechanism is based on
a Cable-Driven Parallel Mechanism (CDPM) with
components easy to manufacture in a 3D printer.
Due to the soft link properties and the platform
mechanics, it is important to provide a robust con-
trol system. Two designs, a robust PID controller
and a Fractional Order PI controller (FOPI) are
proposed and compared, the fractional order con-
trol showing an enhanced performance. Both con-
trol approaches are tested in the real prototype,
validating the soft neck feasibility and showing the
robustness of the platform to mass changes at the
neck tip.

Keywords: Soft robotic neck, Cable-Driven Par-
allel Mechanism (CDPM), Fractional order con-
trol, Robust control.

1 Introduction

In the case of humanoid robotics, a robot with soft
links has the following main advantages: a) sim-
plicity of design, favoring an under-actuated archi-
tecture; b) accessibility and adaptability to com-
plex environments; and c) safer interaction with
the human and the environment.

There are several humanoid neck mechanisms de-
veloped by different researchers. They can be di-
vided into two categories: serial necks and paral-
lel necks. The neck in series is very used due to
its easy control, since each DOF is operated in-
dependently. For instance, HRP-4 [1] and Honda
ASIMO-2002 [2] have two DOF (pitch, yaw).

Parallel robot necks are based in general on a par-
allel manipulator, which consists of a mobile plat-
form, a fixed base, several identical active chains
and a passive backbone, if necessary. This type
of mechanism is interesting for the following rea-
sons: the number of actuators is minimal; the
number of sensors necessary for the closed-loop
control of the mechanism is also minimal; when
the actuators are locked, the manipulator remains
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in its position, which is an important safety aspect
for certain applications, such as medical robotics
[3], where they design a micro-robot for intestinal
inspection which uses pneumatic actuators in its
bendable portion.

In this paper we present a soft link to be used
interchangeably in various limbs of the humanoid
robot, like neck and spine, under the constraints
of scalability, controllability of its stiffness and
integration. The first step towards this goal is
the design and performance analysis of a proto-
type of soft link working as a neck, studying its
mathematical model and proposing a control sys-
tem that guarantees the performance robustness
to mass changes at the tip. The proposed soft
neck simulates the structure of the human neck,
where the cables simulate the muscles and tendons
and the flexible link the spinal column. All this in
a configuration of parallel mechanism.

Due to the neck design and its elastic behavior,
the actuators will have different load torques at
every different position, going through a varying
load path for every movement. Therefore, a ro-
bust controller is necessary, and a Fractional Or-
der Control approach is considered and compared
to a robust PID controller design.

The most common Fractional Order Con-
trollers (FOC) are Fractional Proportional Inte-
gral Derivative (PI*D*) ones, used for the first
time by Podlubny [4] and further developed in
works such as [5], [6], or [7].

The usual approach, specially for motion control,
is to use a Fractional Derivative control, leaving
the integrator out. This control scheme has the
advantage of using the position sensor as an inte-
grator, which simplifies the controller, while the
steady state error is still cancelled, making the in-
tegral part unnecessary, as in [8], and later in [9]

r [10]. Our situation is different, since the differ-
ent neck inclinations will mean a variable system
perturbation that needs to be addressed in order
to cancel the stationary error. This will lead to
choose a controller with integral part, as in simi-
lar approaches [11], [12] and [13].

In order to tune the controller, different meth-
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ods are available. Many of them are based on
the numeric solution of nonlinear equations sys-
tems [7][12][10]. Others are based on optimiza-
tion methods, such as Particle Swarm Optimiza-
tion algorithm (PSO) [6][13], Artificial Bee Colony
algorithm (ABC) [14][15], Firefly Algorithm (FA)
[16], or Differential Evolution method (DE) [17].
See [18] for a comparative study of optimization
algorithms applied to FOC.

We will tune the proposed FOC using Monje’s
Method as described in [5]. The PID controller
will be also tuned following this approach, but
modified in order to allow its application to in-
teger order controllers.

The paper is organized as follows. Section II intro-
duces the soft neck proposal and its mathematical
model. Section IIT presents the control problem
and proposes two controllers that grant the ro-
bustness of the system to mass changes at the neck
tip. Section IV discusses the results obtained from
the control of the neck using a PID and a FOC.
Finally, Section V outlines the main conclusions
of the work.

2 Robotic Neck

The design of this neck is based on the configu-
ration of a parallel robot according to the advan-
tages mentioned in [19]. Fig. 1 shows the dif-
ferent motions that the human neck can perform,
together with the range of movement associated
to each motion. This Figure has been extracted
from [20]. As can be appreciated, the human neck
has three main motions: rotation, flexion and ex-
tension, and lateral bend.

Lateral Bending Vertical Rotation

Extension

Figure 1: Human neck motions.

The constraints for the design of our soft robotic
neck are the following: two Degrees of Freedom
(DOF) with a maximum tilt angle of 40°, under
a criterion of flexibility and inspired by the hu-
man neck structure; it uses a soft link as neck; the
mechanism supports different loads at the neck

tip.
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The CAD design of the neck is shown in Fig. 2,
and its equivalent schematic representation in Fig.
3.

maobile

Figure 2: Prototype functional scheme.

The soft neck shown in Fig. 3(a) consists of: a
fixed base, a moving platform, three flexible ca-
bles with negligible mass and a soft link made of
flexible Thermoplastic Elastomer (TPE) material.
The moving platform is driven by three cables and
the connection points are = (By; Ba; B3); the
other end of each cable connects to a roller driven
by a motor and the cables pass through the fixed
base at points Wl = (A41; Ag; Ag). We will denote
the cable length between A; and B; as L;.

There are two independent parameters: angle 6,
between the fixed base plane and the moving plat-
form plane (tilt angle); and angle 65 between axis
s and axis X (orientation angle). s, and to are
dependent parameters, and once given values to
the independent parameters, s, can be solved.

The homogeneous transformation matrix (1) rep-
resents the projection from frame oxyz to OXY Z.

O ORO’ Po
e )
where P, is the position vector of point o with
respect to the base coordinate frame, P, =
[ socosfy  s,sinf, tg ]T, and °R, (0s,0,) is
the rotational matrix that describes the orienta-
tion of the moving platform using the Euler angles
with orientation ZY Z.

The inverse
lem 1is to

position  kinematics  prob-
calculate the cable lengths

L = [ Ly, Ls, Ls ]Tgiven the desired moving
platform posture z = [ 05 0, ]T

The cable lengths are calculated by:
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Moving
platform

Figure 3: Robot neck diagrams. (a) CDMP
model. (b) Lateral bending of the neck.

L; = HOTO,E —0A,

(1=1,2,3) (2

However, s, and tg cannot be arbitrary numbers.
In this case, s, and ty will be resolved geometri-
cally, considering the flexion of the soft link (see
Fig. 3(b)) as an arc with curvature radius

L,
R= b, 3)

where L, is the length of soft link. Based on tri-
angle geometries, one has

R =5,+ Rcos0, (4)

and equalizing equations (3) and (4), the result is

Ly(1—cosb,)

o= 5
: a 5)
and tg is given by
L,sinf
to 6
5 (6)

whose constants values are given in Table 1.

The implementation is performed varying ¢, from
0° to 40° and 8, from 0° to 360°. The results of the
inverse position kinematics are shown in Fig. 4,
where the cable lengths are located in the z-axis.
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Table 1: PARAMETERS OF SELECTED COM-
PRESSIVE SPRING_> .
L,[m] | |OA;|[m] | |oB;|[m]
0.107 0.05 0.05

As shown in Fig. 4, for large values of 6, the
variation in cable length is also large. This is
because the more the mobile base is tilted, the
greater amount of force required.
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Figure 4: Inverse position kinematics.

3 Control Problem

The control problem, represented in Fig. 5, fo-
cuses on the motors driving the neck tendons. The
platform target positions are defined by their ori-
entation and inclination (65 and 6, respectively).
Solving the inverse kinematics as described in the
previous section, the lengths for each cable are ob-
tained. Due to the transmission mechanism, each
cable length corresponds to a specific motor an-
gular position; therefore, motor position control
is needed to achieve and hold the platform target
positions.

In order to achieve each required motor position
0;, a feedback control loop configuration is used
(output position, velocity actuated). The neck
prototype developed for this purpose is equipped
with encoder position sensors, and each motor re-
ceives velocity commands in rpm. The angular
position 6, measured by the encoder is compared
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to the reference angular position #; resulting from
the application of the inverse kinematics, and the
controller will then be in charge of commanding
the servomotors in velocity.

The motor model obtained from the experimen-
tal identification process using velocity input and
position output, results in:

Gloy = 489 Fene -
54.89 +s5 s’
E Inverse 1| Winch i e | Cascaded | -_9)
kinematics mechanics ! control _>

em

Position

encoder

Figure 5: Structure and interfaces of the soft neck
control scheme

where ke, = 6 is a known gain introduced by the
encoder.

The time and frequency responses of the motor
model are shown in Fig.6. Note that phase mar-
gin ¢,, = 83.8deg at the gain crossover frequency
we = 5.965rad/s.
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Figure 6: Bode diagram (left) and feedback unit
step response (right) for the motor model.

In order to tune the controllers, phase margin ¢,,
and gain crossover frequency w,. specifications will
be used. Having an integrator in the plant, it is
common practice to avoid the integrator in the
controller, leading to a proportional derivative ap-
proach; but in this case, because of the elastic
nature of the system, the tendons will need dif-
ferent forces at the different positions, resulting
in a variable motor torque needed for the differ-
ent neck inclinations, making it necessary to use
an integral controller for stationary error cancel-
lation. In addition, the neck will accept different
payloads attached to the tip, which adds uncer-
tainties to the model and asks for a robust control
system.

According to this, the control specifications to
be met have been selected according to Monje’s
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Method [5], which considers the following con-
straints:

e Phase margin ¢,, and gain crossover fre-
quency we

e Robustness to mass changes on the tip at a
nominal crossover frequency w,

e Robustness to model uncertainties

From the basic definitions of phase margin ¢,, and
gain crossover frequency w, [21], the following two
equations are obtained:

0=arg[G (jwe) C (jwe)] + T — dm  (8)

0= ‘G(]Wc) C(]“c)' -1 (9)

In order to achieve control robustness, another
specification is normally considered. First stated
by Hendrik Bode, and later in works such as [12],
[22], [5], [10], open loop flat phase specification is
another common constraint in controller design,
as demonstrated in [23]. In our system, the model
gain is affected by the payloads of the device, as
proved in [24]. Therefore, meeting this specifica-
tion will make the system robust to changes in the
payload configuration. The formulation for this
constraint is shown in the following equation (see

[5]):

(d(arg (C(ﬂ;z;)G(jwcg))))w_wcg =0. (10)

In order to validate the platform and compare the
results, two controllers will be designed: a robust
PID controller and a Fractional Order Propor-
tional Integral (FOPI) controller, both based on
the fulfillment of the control specifications previ-
ously defined. In the next sections, the design of
these controllers will be detailed.

3.1 PID Control

The PID controller formula can be stated as fol-
lows:

1
Cls) = ky + ki, + kas (11)

with k,, k; and kg the proportional, integral and
derivative gains, respectively.

The open loop system is given by:
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 kpt kit +kas Kepe

T
1+ 57595 §

C(s)G(s)

(12)

To find the values of k,, k; and kq that meet the
specifications, equations (8), (9) and (10) need
to be solved. Using Scilab fsolve function, and
considering w. = 20rad/s and ¢,, = 45deg, the
resulting controller parameters are k, = 3.216,
k; = 29.967 and k; = 0.0000061. The Bode dia-
gram of the open loop system with this controller
and the step response are shown in Fig. 7, where it
is clearly seen that the specifications are fulfilled.

The specifications of w. and ¢, have been set to
those given values in order for the system to have
a fast response (related to the value of w.) and a
certain overshoot (related to the value of ¢,,). The
higher the gain crossover frequency, the higher the
system speed; the lower the phase margin, the
higher the overshoot. With ¢,, = 45deg we can
guarantee a certain overshoot (underdamped sys-
tem, as shown in Fig. 7) and the robustness to
mass changes can be more appropriately studied.
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Figure 7: Bode diagram (left) and step response
(right) for the PID control system

3.2 Fractional Order Control
Here we propose a FOC described by (13):

C(s) = kp + kqgs® (13)

where k, is the proportional gain, k, is the frac-
tional gain, and « is the fractional order. Accord-
ing to the sign of «, the resulting controller can
have a fractional order derivative component (pos-
itive «) or an fractional order integral component
(negative «).

Having three parameters available, the specifica-
tions can be fulfilled, granting the system robust-
ness to gain changes. The open loop system is
modeled by the following equation:

kot has® ene
1+ 5598 S

C(s)G(s)

(14)

Again, solving the nonlinear equations system us-
ing Scilab fsolve function, we can find the values
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of kp, k, and o that meet the specifications stated
in equations (8), (9) and (10). Considering the
same w, = 20rad/s and ¢, = 45deg performance
specifications, the resulting controller parameters
are k, = 2.99, k, = 22.744 and o = —0.9. Hav-
ing a negative fractional order, the resulting con-
troller is a Fractional Order Proportional Integra-
tor (FOPI).

The Bode diagram of the open loop system with
this controller and its closed loop step response
are shown in Fig. 8. A flat phase slope at the
required gain crossover frequency can be seen in
the figure, which also shows that the phase margin
requirement is met.

Another asset of the FOPI is the following. The
phase margin tends to ¢,, = 0deg for varying
gains in the case of the PID control system, as
can be seen in the Bode diagram of Fig. 7, which
affects the stability of the system very negatively.
However, the fractional order a of the integrator
in the case of the FOPI, when «jl (our particu-
lar case), guarantees that the controller’s phase is
¢, > —90deg, since the contribution in phase of
the FO integrator is —a-90deg *90 deg. This fact
enhances the system stability for varying gains,
since the phase margin will never reach zero value.
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Figure 8: Bode diagram (left) and step response
(right) for the FOPI control system

4 Experimental results

The experiments were designed to test both con-
trollers robustness and performance. In that
sense, different masses were attached to the neck
tip, which, together with the different neck in-
clinations, introduces actuators gain variations in
the system and makes this case study very suit-
able to study controllers robustness to model un-
certainties. The different masses attached to the
upper platform were m = (0g, 200g, 400g, 600g,
800g, 1000g), and the neck experiments were car-
ried out with the PID and FOPI control systems.

The results from the experiments show that both
systems present good robustness and performance,
as illustrated in Fig. 9. However, it is clear that
the PID control strategy presents bigger overshoot
variations for the different masses than the FOPI
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control approach. Besides, the stability is worse
in general terms in the case of the integer order
controller, which shows that the introduction of
the fractional order « in the controller improves
system stability.
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Figure 9: Step responses of the two proposed con-
trollers, PID (top) and FOPI (bottom), for differ-
ent masses located at the tip. Step inputs of 50deg
and —100deg.

As can be observed in Fig. 10, the system sta-
bility is very poor for the PID controller in the
reverse trajectory, when the neck returns to the
initial position. Under this condition, the neck
elastic action combined with the mass inertia re-
duces the motor load torque to a value close to
zero, increasing the system gain and consequently
the crossover frequency. Due to the tiny phase
margin at high frequencies for the PID controller
(see Fig. 7), this fact will decrease system stabil-
ity. In fact, during the experiments with the PID
controller and for certain position references, the
amplitude of oscillation reached a high value that
triggered the driver protections and switched the
system into an error state, reason why the target
position had to be redefined.

This situation is greatly mitigated by the use of
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the fractional order controller because of its effect
on the phase margin. The FOC exponent (0.9 in
our case) makes the controller phase to be ¢, >
—90, which results in an open loop phase margin
om > 0 for whatever gain crossover frequency, as
shown in Fig. 8. This is contrary to what happens
with the integer order controller, where the phase
margin tends to zero as the gain increases, making
the system less stable.

pos [deg]

|
-20 [ | Motor 1 - Playload 0 (kg) WM 1
— — —Target d ‘

-40

PID Controller
Fractional Controller
60 | | I I I

0 1 2 3 4 5 6
time [s]

Figure 10: Comparison of PID and FOPI control
systems for the case of Og payload. Step inputs of
50deg and —100deg.

The performance of the system with both con-
trollers is show in the video at: link.

5 Conclusions

This paper has presented the design of a soft
robotic neck with two DOF providing pitch and
roll movements. The movement constraint is a
maximum inclination of 40°. The electromechan-
ical design of the prototype have been addressed,
which uses a coil compression spring to simulate
the cervical vertebrae and cables that act as mus-
cles. The mathematical model of the neck has
been presented, including its inverse kinematics.

Two methods have been applied for the control
of the soft robotic neck: a standard PID control
approach and a Fractional Order PI (FOPI) one.
The results validate both controllers for their use
in the soft neck platform; however, due to the neck
inherent varying gain property, the FOPI control
system presents a better performance, showing a
more enhanced robustness and stability for the en-
tire actuation range when compared with the PID
control alternative.
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