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Abstract: Soft robot arms possess such characteristics as light weight, simple structure and good adaptability to the
environment, among others. On the other hand, robust control of soft robot arms presents many difficulties. Based
on these reasons, this paper presents a novel design and modelling of a fuzzy active disturbance rejection control
(FADRC) controller for a soft PAM arm. The soft arm comprises three contractile and one extensor PAMs, which
can vary its stiffness independently of its position in space. Force analysis for the soft arm is conducted, and stiffness
model of the arm is established based on the relational model of contractile and extensor PAM. The accuracy of
stiffness model for the soft arm was verified through experiments. Associated to this, a controller based on the fuzzy
adaptive theory and ADRC, FADRC, has been designed to control the arm. The fuzzy adaptive theory is used to
adjust the parameters of the ADRC, the control algorithm has the ability to control stiffness and position of the soft
arm. In this paper, FADRC was further verified through comparative experiments on the soft arm. This paper
reinforces the hypothesis that FADRC control, as an algorithm, indeed possesses good robustness and adaptive
abilities.
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Introduction

The rapid development of robot technology, entails that rigid robots enjoy a very wide range of applications.
Conventional robots essentially mimic mammals, which possesses rigid linkst*. Due to the limited degrees of
freedom (DOF) and main component materials of rigid robot, they also suffer from some disadvantages such as
high cost, heavy weight and poor compatibility with unstructured environments. Soft robots enjoy low cost, light
weight, softness, simple structure among other advantages. Soft and compliant robots are particularly apt for
unstructured environments due to their flexibility, versatility and claims to safety.

In general, actuation strategies for soft robots are chosen in order not to interfere with the compliance of their
body. For example, the actuation can be achieved pneumatically or with cables and thin shape memory alloy wires(?l.
For instance, OctArm[! and continuum manipulators!!! are examples of pneumatic soft arms. The design principle
of the OctArm is bioinspired. It imitates hydrostatic skeletons such as the elephant trunk and the octopus tentacles.
These impressive animal structures are completely boneless, but nevertheless can produce bending, contraction, and
elongation movements [, This kind of robot possesses the advantage of light weight, flexibility and increased claims
to safety compared to conventional robots. Chen, developed one section of a pneumatic continuum robot (Clobot)!]
that is made of silicone rubber. It can bend 120° under 0.2mbar. Another pneumatic and continuum arm, the Bionic
Handling Assistant (BHA) [©], was designed by the Festo Company. . Although the resultant soft robots are
lightweight and flexible, their bodies still retain much rigidity, which is used to maintain their shapes. Hence their
stiffness does not change with change in position and load.

However, lightweight, high flexibility and variable stiffness still remain the most valid solutions for increasing
safety when considering physical human-robot cooperation!’]. Based on further research results , a variable stiffness
structure was able to switch between resisting components and comply to external forces!®l. In this way, the robot
would be compliant when the task required it. This is essential for safe human-robot interactions, though the soft
robot would again become stiff for purposes of precise positioning. The first variable stiffness method is the active
stiffness control, and an example of this approach is LWRIIIP®!. The other variable stiffness method for robot is usting
variable stiffness/impedance actuators, and an example of this approach is the work of Toniettil'l. In reference ['!]
and [, they use variable stiffness actuator, and can change the stiffness of the robot without changing the position.
These robots can behave in a soft manner these robots could be seen as ‘soft’ robots. However, the variable stiffness
actuators robots are made with rigid parts and thus intrinsically different from the robot in ['?) and 3], which can be
physically soft. The materials of ['? and ['3], robots allow a soft physical structure, and this robot can be named soft
robot [, Normally, the actuator can form the whole soft robot. This can be achieved by filling selected items with
air or water. The authors of [13- 15 16lchose to fill selected items with different solid particles to realize variable
stiffness. In reference ['> 18], the authors used hydraulics to attain variable stiffness operations. However, high bulk
modulus fluids have a disadvantage. These will increase the weight of the structure considerably. This becomes a
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problem unless high-bulk modulus fluids are used in underwater soft robots ['°). To avoid excessive weight, this
paper proposes a variable stiffness soft arm driven by PAMs. A PAM is a two layered system consisting of an inner
elastomeric bladder surrounded by an external woven braided shell. The wind angle of the braided shell, ¢, is of
critical importance. If ¢ > 54°44°, then the PAM is an expanding muscle and the muscle elongates when it is
pressurized. But if ¢ < 54°44°, then the PAM is a contractor musclel® 2 and the muscle contracts when pressurized.
Soft robots made of PAMs comply with the requirements for an intrinsically safer physical human—robot interaction.
Michael B. Pritts, and et al. have also developed a continuum robot driven by contractile and one extensor PAMs,
but the stiffness of the arm can not be varied independently from their end-effector position in spacel?'l. Koichi
Suzumori, and et al. also have develop a continuum robot driven by contractile and one extensor PAMs, however
the structure of arm is one contractile PAM at the center of the arm and the five extensor PAMs are equidistant from
the center of the arm, under the same size, normally the output force of contractile PAM is larger extensor PAM, so
the structure will limit the output force of the arm(??,

PAMs possesses very strong nonlinearity, which is not convenient for control. Active disturbance rejection
control (ADRC) is proposed by Han!?®l, and possesses properties of active disturbance rejection which estimate
disturbance and compensation in real time. Furthermore an ADRC controller does not need an accurate model
system, and possesses the properties of active disturbance rejection, which refers to the function of estimating
disturbance and compensation in real timel?® 24l ADRC has been employed in the domain of nonlinear control
system of robot driven by PAMs, such as a PAM mechanism to achieve angle tracking precisely under varying load
conditions!®l, positioning control of the one-DOF manipulator driven by pneumatic artificial muscles(?®!, and
trajectory tracking and decoupling for a two-joint system driven by PAMs[?7]. However, too many parameters of
ADRC need to be adjusted, which is not convenient to use. In the reference 1281, 2% and 3%, - a fuzzy adaptive theory
is used to adjust the parameters of ADRC, which achieved a good result. Thus Fuzzy adaptive theory is employed
to adjust the parameters of ADRC in the paper.

In this paper, a novel soft arm made of one expansive PAM and three contractile PAMs, described in B! and
that uses the principle of decoupled variable stiffness and positioning is utilised. Due to the ability to vary its stiffness,
when the arm comes across a disturbance force, it will increase stiffness. This will decrease deformation and increase
its control accuracy and robustness. If a human collides with the arm, the arm can decrease its stiffness and become
softer and safer for the human. Both its stiffness model and kinematics model have been established based on the
working theory of the arm. In this paper, the FADRC controller is proposed to take advantage of its adaptive
properties as described within the fuzzy adaptive theory. Verification of the design controller was completed in
experiments based on the variable stiffness of the soft arm. The experimental results demonstrated better accuracy
and stability than would be obtained from testing results with the traditional PID controller.

The paper is structured as follows: in the first section, the structure and working principle of the arm are
introduced. In the second and third sections, the kinematics model and the stiffness model of the arm are established,
respectively. In the following sections, FADRC is proposed, and position and stiffness of the arm are controlled
through this controller. General conclusions relating to the paper are formulated in Section seven.

1 Description of variable stiffness soft arm
1.1 Design concept

The novel variable stiffness soft arm utilised in this paper comprises the design of four PAMs. These are
denoted as one central extensor PAM and three contractile PAMs. The extensor muscle sits at the center of the arm.
The three contractile muscles are equidistant from the center of the arm, (35mm away). These are placed at 120°
from each other. All actuators are secured to 150mm diameter mounting plates at both ends of the arm. Once
pressurized, contractor actuators contract by about 25% and the extensor almost doubles in length. But within the
same geometric size, the output force of contractor actuators is much higher than extensor PAM. The placement of
contractor actuators on the outside of the arm is to increase the possible payload. The higher the difference in length
between the two kinds of PAMs, the bigger the working range that the arm can achieve. Hence, soft robot arms that
have extensor muscles in their structure are able to reach higher curvatures than those that employ only contractile
muscles. In reference 2, a PAM was designed and mounted in the middle of the arm. However, its motion was
derived from a motor and this lowered the levels of its flexibility, load-carrying capacity and its rigidity. In this
paper the design includes ties that are utilized in order to ensure the actuators remain equidistant apart along the
length of the arm. The ties ensure flexibility and were made of flexible nylon. The nylon ties also ensure that all the
contractile PAMs are always in contact with the extensor PAM. The ties in the manipulator are located approximately
every 25mm along the length of the actuator. The structure of the soft arm is shown in figure 1 and the main structure
size of the arm is shown in table 1.



Contractile PAMs
Fig.1 Schematics of the arm

Tab.1 The geometric parameters of arm and PAMs

Expansive PAM Contractile PAM
Length of the arm(no Maximum Maximum
pressurized) Initial length Initial Initial braid inflation Initial length Initial Initial braid inflation
/mm /mm diameter /mm angle/° pressure /mm diameter /mm angle/® pressure
/bar /bar
625 625 40 55 2.5 625 20 32 2.5

1.2 Working principle

Due to the symmetry of the structure and the fact that each PAM can be inflated with a different air pressure the
arm can achieve elongation that consequently causes bending. To be of use in different tasks, the stiffness of a PAM can
be adjusted independently of its length.

When the arm reaches a certain position, through adjusting the inflating pressure of the expansive PAM and the
contractile PAMs simultaneously, the stiffness can be adjusted. The principle of variable stiffness applied for the arm is
shown in figure 2 in which the length of the arm remains the same. On the left hand side of Figure 2(a), the expansive
PAM is inflated and the other contractile PAMs are not inflated. The status of this arm is such that it is working at lower
stiffness. On the right hand side of Figure 2(a) all the four PAMs are inflated at the same time. This arm is working at
higher stiffness. The working principle of the arm is reminiscent of that of a tug-of-war, shown in figure 2(b). This
principle is also applied when the arm is bending. Both for straight and bent configurations, the stiffness of the arm can
be changed by adjusting the inflating pressure of three contractile PAMs and that of the singular expansive PAM.
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Fig.2 The variable stiffness principle of the soft arm
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2 Kinematics model

The approach to the design of kinematics models for soft robots is quite different from the approaches followed for
traditional rigid robots. This is due to the fact that fixed link length and joint variables are concepts not applicable to soft
robots. In order to predict the behavior of the manipulator, it was necessary to analyze the kinematics of the soft arm as
well as the displacement performance of each of the three PAMs. In reference [33] and [34], the authors defined four
properties which would describe the position of the free end of the PAMs relative to the base. The radius of the curve
formed was defined as A. ¢ was used to describe the angular displacement between the two ends of the element. L was
the length of the arc formed and § was the angle the end of the element pointed relative to the base coordinate frame.

The resultant soft arm in the o-xyz coordinates is shown in figure 3. It can be observed that on two ends of the arm
there are two round plates. 02 and o, are in the center of the top plate and the bottom plate, respectively. A1, 4> and 43
stand for the points that the three contractile PAMs are fixed at the top plate. Bi, B> and B3 stand for the points that the
three contractile PAMs are fixed at the bottom plate. 0,-xyz is established on the top plate and o, is the center of the top



plate. 4 is on the axis of 0,x and z is vertically upward on the top plate. Without pressure, the four PAMs are at the same
length. So the length is 625mm.

Fig.3 Kinematics of the soft arm
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Equations(1), (2), (3) and (4) are therefore, the kinematics model of the soft arm. The kinematics model can be
used to determine the lengths L1, L, and L3 in the stiffness model described in the next section.

3 Stiffness model

3.1 Experimental identification of the mechanical model of PAM

According to literature review [36], a PAM can be treated like a spring and hence Hooke’s law can be applied to it.
The output force for the contractile PAM and the expansive PAM can thus be expressed as follows:
Fi= Kci(Pci)‘[Li - Lci(Pci)] (%)
Fo=K,(R)-[L.(R)-L] (6)
where, P¢i(i=1,2,3) and P are the inflation pressures of contractile PAMs and expansive PAM respectively, (unit: bar).
Kci(Pci)(i=1,2,3) and Ke(Pe) are the stiffness in N/m for the contractile PAMs and the expansive PAM, respectively.
Lci(Pci)(i=1,2,3) and Le(Pe) are the lengths in m for the contractile PAMs and the expansive PAM, respectively. Kci(Pci),
Ke(Pe), Lci(Pci) and Le(Pe) are identified through the following experiments. L is the actual length of expansive PAM.

3.1.1 Experimental set up

An experimental test rig is shown in Figure 4. It includes a PAM, a solenoid valve, an air source triplet, an air
compressor, a displacement sensor, a cylinder, a PC and a support structure. An air compressor is used as air supply to
the PAM. The air source triplet is used to regulate the amount of pressure. The range of working pressure is 0-10bar.
The cylinder, model SC32x75-S, is used to offer some load. The output force of cylinder can be expressed in (7). The
front end of the cylinder is connected with the PAM. It is used to measure the displacement of the PAM. The air inlet of
the PAM is connected with the pressure sensor to measure the pressure of the PAM. The 40PC150G2A pressure sensor
has an accuracy of 1-2.25%. In the experiment, an Arduino microcontroller is used for collecting data from the pressure
sensor and displacement sensor. It also sends control signals to solenoid valve.
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where F is the output force of cylinder which provides load for the PAM. D is the diameter of the piston, d is the
diameter of piston rod and P is the pressure of the cylinder.

3.1.2 Model identification

Firstly the test rig in figure 5 is used to test the length of the PAM under no-load. The inflation pressure of cylinder
is set at Obar, then the inflation pressures of the cylinder are set as from Obar to 2.5bar in intervals of 0.2bar. The
experiment is performed under quasi-static conditions. MATLAB software is used to fit the model. The lengths of the
contractile PAMs and the expansive PAM can be expressed as follows,

L,=aP’-a,P?-aP, +a, O0<P,<25 ®)
L, =bP*+b,P®+b,P? +b,P, +b, 0<P, <25 )

where, a:=0.0212, a,=-0.0704, a;=-0.00689, a;=0.62844. b;=-0.03893, h,=0.2421, b3=-0.527, b4s=0.47, bs=0.625.
Lei(Pci)(i=1,2,3) and Le(Pe) are the lengths of the contractile PAMSs and the expansive PAM in m, respectively.

Secondly, the test rig of Figure 5 is used to test the stiffness of the PAM. The inflation pressures of the PAMs are
regulated through the air source triplet, which in this instance, is set from Obar to 2.5bar at intervals of 0.5bar. Then, the
setting of the inflation pressure of cylinder is changed to between Obar and 3bar, at an interval of 0.2bar so that the load
is from ON to 212N. MATLAB software is then used again to fit the stiffness of the PAM. The stiffness of the contractile
PAMs and the expansive PAM can thus be expressed as follows,

K, =106x P} —596x P} +1275P, +275.64 (10)

K, =—18.9x P? +1.9048x P? +374.48P, +139.4 (11)

where, K.i(Pci)(i=1,2,3) and Ke¢(Pe) are the stiffness of the three contractile PAMs and the expansive PAM in m,
respectively. According to the equations of (5) and (6), PAMs still possesses some stiffness under no inflation pressure.

This stiffness characteristics largely depends on the material characteristics of elastic tube and external woven braided
shell.

3.2 Stiffness model of the arm

While the soft arm is in the fixed bent position shown in Figure 5, the arm is under force balance. The forces
generated by both contractor and extensor PAMs are perpendicular to the bottom mounting plate. Force analysis is
conducted on the arm, and the force analysis is in Figure 6, because the output force direction of PAM muscles are
inverse, the cross symbol is used to express the output force of contractile PAMs, and the dot symbol is used to express
the output force of expansive PAM. In order to determine the axis stiffness, there is force a F applied on the soft arm,
which causes the changing of the length, according to force balance and moment balance, then the forces can be
expressed as follows,

Fcl + I:c2 + Fc3 = Fe + F (12)
F,-r+F, - r=F,-2r (13)
Fcl'll =F, '|2 (14)

where F.1, F» and Fe3 are output force for the three contractile PAMs respectively. 7 is the radius of three PAMs, and the



distances from Fc1, Fe2 to the axis of y1 are /1, /> respectively. Then the equations can be simplified as follows,

F.+F
Fcl = Fcz = Fc3 =—= (15)

3

(a) Visualisation of orientation of forces of the arm (b) Location of point of force application on the bottom plate
Fig.5 Geometric and force analysis

If (5) and (6) are substituted it into (15) respectively, then it can be expressed as follows,

_ Ke(Pe)'[Le(Pe)_ L]+ F

. > +La(R) (16)
B K.(P)-[L(P)-L]+F

L= T # Lo (P) (a7
B K.(P)-[L.(P)-L]+F

L= i #Lo(Ry) (18)

If (16), (17) and (18) are substituted into (15), then L1, L, and L3 can be eliminated. So, it can be expressed as follows,
= 9LA+K,LB-K,L, -3A(L,+L_,+L.)

19
5 (19)
where,
A = KclKCZKCS B= (Kcchz + Kcch3 + Kc3Kc2)
Under different inflation pressure, the stiffness of the arm can be expressed as follows,
dF
Arm — I (20)
If a derivative of (20) is taken, then stiffness of arm can be shown as follows,
K _ 9K01K02K03 + Ke(Kcchz + Kcchs + KclKCS) (21)
Arm
KclKCZ + Kc2 Kc3 + KclKCS

4 Experimental Verification of stiffness model
4.1 Test rig

In order to verify the accuracy of the stiffness model of the soft arm, a schematic diagram of the stiffness tests and
the figure of the test rig are shown in Figure 6 and Figure 7 respectively.
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Fig.6 Schematic diagram of stiffness tests.
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Figure 7 shows the test rig, which includes an air compressor, air source triplet, 1kg weight, four air pressure sensors,
reset spring, potentiometer, pulley, and string. In the experiment, the air compressor is used for air supply for the PAM.
The air source triplet is used to regulate the inflation pressure of the PAM. The pressure sensors are used to read the
inflation pressure of the PAM. One end of the string is connected with the reset spring. The other end is connected with
the bottom plate of soft arm and is further connected on the expansive PAM by nylon ties. When the arm starts to move,
the length of the soft arm will change. Then pulley will start to turn and the resistance will also change. The changes in
resistance can be calculated by measuring the length of the soft arm. The Arduino microcontroller will collect the data
from the potentiometer in real time. The weight is used to provide the load for the arm.

Sirtag

4.2 Experimental Test

In the experiment, before loading, the inflation pressure of the four PAMs is selected so the arm keeps the length of
610mm. Firstly, the expansive PAM is inflated and the arm will elongate as a result. Then the inflation pressure of the
three contractile PAMs is regulated and the length of the arm is decreased back to 610mm. The expansive PAM is set
from Obar to 2.50bar with intervals of 0.50bar. The three contractile PAMs are set at 0.80bar, 0.90bar, 1bar, 1.20bar,
1.40bar and 1.45bar, respectively. Secondly, 1kg weight is loaded on the bottom end of the soft arm and the length
variation is collected through the Arduino. These experiments are repeated three times and the mean values are calculated.
The test results are shown in figure 8.

6000 T T T T
5000 <.>
B
Z 4000 5 —
@ ®
2
E
= 3000 - g 1
2000§ 1
> Experiments
® Stiffness model results|
1000 L 1 L 1
0 0.5 1 1.5 2 2.5

Inflation pressure of middle PAM (bar)

Fig. 8 Comparison schematics of experiment value and theoretical value



From figure 8, it can be observed that the experimental results and the results of the theoretical stiffness model both
possess the same trend. The mean error is 4.09% and the maximum error is 5.56%.

In order to test the stiffness of the arm in a bending position, the pressure of two contractile PAMs are set at equal
pressure, while the pressure of the third PAM is set differently, the arm will be bent. The length of the arm is also adjusted
at 610mm. Firstly, the expansive PAM is inflated and the arm will elongate as a result. Then the inflation pressure of the
three contractile PAMs is regulated (the pressure of the two of the PAMs are adjusted equally, and the pressure of the
third PAM is adjusted differently from the other two.) and the length of the arm is decreased back to 610mm. The
expansive PAM is set from Obar to 2.50bar with intervals of 0.50bar. The two contractile PAMs are set at 0.60bar, 0.80bar,
0.85bar, 0.90bar, 1.1bar and 1.2bar, respectively. The third PAM is set at 0.90bar, 1.20bar, 1.30bar, 1.33bar, 1. 60bar and
1.65bar, respectively. A dynamometer is applied to the center of the bottom plate, then the length variation and the data
from the dynamometer are collected. Then the stiffness of the arm are calculated, and the results are shown in figure 9.
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Fig. 9 Comparison schematics of experiment value and theoretical value in a bending position

From figure 9, it can be observed that in the stiffness test of the arm in a bending position the experimental results
and the results of the theoretical stiffness model also both possess the same trend. The mean error is 4.30% and the
maximum error is 6.33%. The reason for the error is that the theoretical stiffness model does not take friction and the
influence of the ties into account.

5 Stiffness and position control
5.1 Auto/Active Disturbances Rejection Controller (ADRC)

An ADRC controller includes a Tracking Differentiator (TD), an Extended State Observer (ESO) and a Nonlinear
State Error Feedback (NLSEF). The structure diagram of a second order ADRC system is shown in figure 10.
v o 2 .
- ™ v, e, | NLSEF

Fig. 10 The structure diagram of a second order ADRC system
Taking the second order system (22) as an example, the second order discrete ADRC specific algorithm will be as



shown in formula (23),
)&: Xy

v (t+1) =v, (1) + T *v,(t)
'{vz (t+1)=v,(t) + T * fhan(v,(t) —v(t),v,,1r,,h)
e=2z,(t)-y()
fe = fal(e,0.5,h)
fe, = fal(e,0.25,h)
2,(t+1) = 2,(t) + h* (2,(t) - B,.€)
Z,(t+1)=2z,(t) + h*(z,(t) - B, fe +u)
Zy (t+1)= Z3 (t)+h* (_1803 fel)

e =V, (t)—z(t)
NLSEF:<e, =V, (t) —z,(t)

u, = g, than(e,,r,h) + g, fhan(e,,r,h))

u: u(t)=u, —z,(t)

(23)

where,

fal(e,2.d) exd™®, le[<d
al(e,a,d) = 24
le[* *sign(e), |e|>=d 24

The computational method of fhan(x1, x2, r, 1) is shown as follows,

d=rh
d, = hd
y =X, +hx, (25)
a, —d) .
x2+%5|gn(y), ly|>d,
a, = y
X, +F’ ly| <=d,
rsign(a), |a|>d
fhan = -

ri, |a]<=d
d

TD: v(¢) is the input signal, vi(?) is the tracking signal of w(f), T is the sample time, a is non-linear factor, 4 is filter
factor and R is velocity factor.

ESO: y(?) is the output of the system, z() is the tracking signal of (), z2(¢) is the differential signaling of zi(?), z3(¢)
is the disturbance signal of the system, e is the error signal, foi, fo2, and fos is the gain of error correction, and the
algorithm of fal() is in (24).

NLSEF: e; and e, are error and differential signal respectively, £1 and f» are error gain and differential gain.

5.2 FADRC

Three main parts of an ADRC are required and these are designed separately. This also allows the parameter settings
for the ADRC to be adjusted separately. h and R of TD are fixed parameters which do not need to be adjusted manually.
However, fo1> o2 and foz of ESO and S and f> of NLSEF need to be adjusted manually and this brings much more
inconvenience in real applications. In this paper, a Fuzzy adaptive algorithm has been combined with the ADRC. The
parameters of ADRC are then adjusted through the Fuzzy adaptive algorithm. In general, for input variables, the fuzzy
controller selects the given values, the deviation of the output value and the deviation change rate. It implements the
control law or the increment of its control and presents it as the output. The basic principle of the fuzzy controller is
shown in the block diagram of figure 11.
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From figure 11, the ESO fuzzy variables are e, €, ABo1, ABo> and ABos. The ESO NLSEF fuzzy variables are ey, e,
Ap1 and Af>. The membership function of e, €', ejand e is the gaumssf. The membership function of Afo1, ABo2, Apos,
Ap1and Ap» is trimf. The Mamdani method is selected for fuzzy deduction in which the method of defuzzifying is the
weighted average. For (Afo1, Aoz, APos, AP1, AB2), the fuzzy rule is given in table 2.
Tab.2 Afo1, ABoz2, Afos, AB1 and Ap: fuzzy rule table

elex

NB NM NS Z0 PS PM PB
NB PB PB PM PM PM ZO Z0
NM PB PB PM PS PS Z0 NS
NS PM PM PM PS PS NS NS
70 PM PM PS ZO NS NM NM
PS PS PS Z0 NS NS NM NM
PM PS 70 NS NM NM NM NB
PB 70 70 NM NM NM NB NB

According to the fuzzy rule table, the membership function and fuzzy deduction, Afo1, Afo2, Aoz, AB1and Af> can
be checked out. The they can be substituted into the following function:

Bor=Po + ABy

Bo =B, + APy,

Pos=Pos + APy (26)
Bi=p+AB

B,=p, + AP,

where, o1, o2, Bos, f1and B are the initial values. According to equation (21), o1, Bo2, Bos, f1, and B, can also be
calculated. Then, FADRC can be designed. Based on the reference [*), the schematic of FADRC is shown in figure 12.
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6 Experimental verification of FADRC control
6.1 Control system design of Soft arm of FADRC control

A soft arm driven by pneumatic muscles possesses strong nonlinearity. In this paper, FADRC is used to control the
stiffness and position of the design arm. Based on the kinematics model and the stiffness model, the lengths of the three
contractile PAMs are controlled and pressure of the expansive PAM is also controlled. The control schematic diagram
of the system required to control the position and stiffness is shown in figure 13.
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6.2 Experimental platform setup

The test rig of figure 7 is changed to the rig shown in figure 14. The three potentiometers shown in Figure 14 are
used to measure the length of the three contractile PAMs. The four PAMs are controlled through a MATRIX solenoid
valve. The Arduino is used to collect the data from the pressure sensors and the potentiometers and then send the data to
MATLAB.
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Fig.15 The principle diagram of control test

6.3 Experiments

To investigate the control effect of the FADRC controller, a PID controller and FADRC controller were applied to
control the soft arm. Using the test rig of Figure 14, experiments on the soft arm were carried out under no-load and
500g load, respectively.

6.3.1 Stiffness Control Experiments

Firstly stiffness control experiments were carried out. The arm is controlled to track a step signal, and stiffness of



the arm is controlled to track a square signal. The goal of this experiments is to test the stiffness controllability of this
arm. A step signal with an amplitude of 590mm, 610mm and 610mm was applied as reference signal for the three PAMs,
respectively. The three contractile PAMs have different lengths, thus the arm will be bent. The pressure of the expansive
PAM is controlled as an intermediate variable of the stiffness of the arm. The reference signal for stiffness is a square
signal of 3000N/m-3800N/m in amplitude, with a period of 30s. The control parameters of the FADRC controller for the
contractile PAMs are 7=2000, #=0.001, 7=0.001, foi=1, f0>=0.33, fo3=1/27, £1=90, =150, a1=0.8, b=1.5, d=0.01. The
control parameters of FADRC for the expansive PAMs are r=1000, #=0.001, 7=0.001, foi=1, f02=0.33, fo3=1/27, 1=0.9,
£>=0.00003, a1=0.4, ax=1.1, b=1.4, d=0.01.

The control parameters of PID for the three contractile PAMs are P=4, 1=0.3, and D=0. The control parameters of
PID for the expansive PAM are P=0.16, I=0, and D=0. The control results of position and stiffness for the soft arm under
no load and 500g load are shown in figure 16 and figure 17.
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Fig.17 Under 500g load, experiment results of stiffness and position control of soft arm. (al), (bl) and (c1) stand for the length of three
contractile PAMs respectively, and (d1) stands for the stiffness of the soft arm. (a2), (b2), (c2) and (d2) are the corresponding error of (al),
(bl), (cl) and (d1).

Figure 16 and 17 are the control results of PID and FADRC respectively. L1, L, and L3 stand for the length of three
contractile PAMs. These two controllers can achieve the control of position and variable stiffness of the arm under no
load or 500g load. The FADRC is obviously better than the traditional PID controller, because FADRC possesses a
relatively lower overshoot and better accuracy. Based on figure 16(d1), the average error of PID and FADRC is
105.27N/m and 55.37N/m, respectively. Based on Figure 17(d1), the average error rate of PID and FADRC is 58.22N/m
and 51.31N/m%, respectively. From the position control results of the soft arm of figure 16 and 17, FADRC is also better
than the PID. The position control of maximum steady-state average error rate of PID and FADRC after 20s in figure 16
is 0.42% and 0.18%, respectively. Under 500g, the position control results of PID and FADRC in figure 17 is 0.21% and
0.17%, respectively. Under 500g, FADRC also possesses good control results, which means this controller has good
adaptability.

6.3.2 Position Control Experiments

In this section, the position control of this arm was carried out. Three contractile PAMs are controlled to track a
square signal, and the pressure of expansive PAM is set to 0.5bar. The goal of this experiments is to test the position
controllability of this arm. The reference signal for position of L; is a square signal of 590mm-625mm in amplitude, with
a period of 20s, and the reference signal for position of L, and L3 is a square signal of 600mm-625mm in amplitude, with
aperiod of 20s. L1 moves more than L, and L3 which causes the arm to bend, so the arm is bending during the experiments.
The control parameters of the FADRC and PID controller for the contractile PAMs are the same with the stiffness control
experiments. The control results of position for the soft arm under no load and 500g load are shown in figure 18 and
figure 19.
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Fig.18 Under no load, experiment results of position control of soft arm. (al), (b1) and (c1) stand for the length of three contractile PAMs

respectively. (a2), (b2), and(c2) are the corresponding error of (al), (bl), and (c1).
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Fig.19 Under 500g load, experiment results of position control of soft arm. (al), (b1) and (c1) stand for the length of three contractile PAMs
respectively. (a2), (b2), and(c2) are the corresponding error of (al), (bl), and (c1).

Figure 18 and 19 are the position control results of PID and FADRC respectively. Based on figure 18, the maximum
average error of PID and FADRC for L1, L; and L3 is 2.46mm and 1.75mm, respectively. Based on Figure 19, the
maximum average error rate of PID and FADRC for L1, L, and L3 is 3.32mm and 2.85mm, respectively. From the position
control results of the soft arm of figure 18 and 19, the soft arm possesses a relative good position controllability, and the
feasibility of FADRC on the position control of soft arm is proved again.



7 Conclusion

The innovation point of this new arm’s design resides in allowing the variation of the arm’s stiffness independently
from its position in space. Compliance for the arm is desirable for tasks that require more flexibility and adaptability to
the environment, and high stiffness characteristic is desirable for tasks that require for high position accuracy application.
As argued in the introduction, light weight and soft is a very important characteristic for robot to be inherently safe for
physical human-robot interaction. Thus, all these aspects are considered in the design of robot arm structures in the
literature, however, in no other case the arm design combines a completely soft physical structure.

The pneumatically actuated soft arm possesses inherent light weight of and the ability to vary its stiffness
independently of its length, and the control of a novel soft arm composed of three contractile PAMs and one expansive
PAM which can vary its stiffness independent of its position in space, has been successfully presented. The stiffness
models has been established in the paper. The paper demonstrates that the experimental data and data from the theoretical
model both possess the same trend. When the arm is straight, there is a mean error of 4.09% and a maximum error of
5.46%. After bending, the mean error is 4.30% , while the maximum error rate is 6.33%. A novel FADRC control method
was proposed to implement the position and the variable stiffness control of the soft arm under no load and when carrying
500g load, respectively. As compared to the PID controller, experiments demonstrated that the FADRC controller was
much more effective in controlling the position and the stiffness. Future work will target a more precise stiffness model
and kinematics model, and replicate the link described in this paper to allow the creation, model and control of a multi-
link manipulator.
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