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ARTICLE INFO ABSTRACT

Keywords: As a novel class of robots, soft robots have demonstrated many desirable mechanical prop-
Soft Robotics erties than traditional rigid robots due to their nature of being compliant, flexible and hyper-
Finite Element Method redundant, such as great adaptability to unknown environments, safe human robot interaction
Trajectory Planning (HRI), energy-saving actuation and the maneuverability to display diverse mechanical proper-
Trajectory Tracking Control ties. However, its inherent high-DoF nature would result in some complex nonlinear behaviors,

and their kinematic or dynamic models are therefore harder to deduce than the ones of conven-
tional rigid robots. In this paper, we propose a trajectory tracking control strategy for a soft trunk
robot based on Finite Element Method (FEM). We first plan a feasible trajectory for the studied
robot in SOFA (a FEM-based simulator) by solving a model-prediction-control (MPC)-based
optimization problem. The second step is to conduct linearization around the pre-designed tra-
jectory, based on which an associated controller can be then developed. The detailed derivation
of the mentioned work is explained accordingly. In the end, the results of experimental valida-
tion is presented to prove the feasibility of the proposed method.

1. Introduction

As a novel class of robots, soft robots have demonstrated many desirable mechanical properties than traditional
rigid robots [1] due to their nature of being compliant, flexible and hyper-redundant. For instance, these robots provide
great adaptability to complex environments [1], safe human robot interaction (HRI) [2], energy-saving actuation [3],
the maneuverability to display diverse mechanical properties [1][2], a large power-to-weight ratio [4][5] and increased
fault tolerance [6][7]. Traditional rigid-body robots which consist of rigid links connected at kinematic joints, serve
as mechanical devices to transfer motion, force and energy by the synthesized motion of rigid members whereas
soft robots are designed to function similarly just through the elastic deformation of their flexible bodies. Due to
the redundant degrees of freedom (DoF), these soft robots are more maneuverable than conventional rigid robots in
terms of achieving some complex tasks that need unique and more compliant configurations. For example, this type
of robots can be well-used in rescue missions [8], pipeline flaw detection [9][10][11], object grasping [12], medical
surgery [13], space tasks [14] and so on.

On the other hand, the advantageous characteristics of these robots also lead to difficulties in deriving the kinematic
and dynamic models of these manipulators [15]. Obviously, the control theory developed for rigid robots would
hardly be feasible for soft robots, and the research on controlling those robots therefore remains huge possibility for
exploration.

In the state-of-art literature, many research efforts for modeling and controlling continuum and soft robots (manip-
ulators) have been reported. The contributors of [15] took the lead to propose an effective geometric modeling method
called Constant-Curvature-assumed model (CC) for continuum manipulators. Essentially speaking, this method mas-
terly utilizes the nature of Denavit-Hartenberg method and modifies it into an effective method that’s able to map
the relationship between these robots’ configuration space and operational space. Due to this merit, CC model once
became a popular choice of designing static controllers for continuum robots [15][16]. However, in some cases
CC assumption becomes less accurate for the whole slender body of a continuum robot. Then, Piecewise Constant
Curvature model (see details in [17]) was proposed to take over the modeling problem. PCC basically assumes the
continuum robot can be divided into several independent segments where the bending of each segment is character-
ized by a circular arc of constant length (CC model applied in each segment). This simplification has made PCC one
of the most popular and effective methods for modeling continuum manipulators [17]. For example, it is not only
used in controlling soft robots that is main scope of this paper: kinematic control [16], feedforward dynamic control
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[18], feedback dynamic control [19][20], configuration control [21], trajectory tracking or path following [22], but
also applied to the cases of mechanical design [23], sensing [24] and workspace study [25]. Cosserat theory was
also employed as a feasible option to deduce the kinematics of the trunk-like soft robots [26][27][28], and it’s also
extended to capture the dynamics of continuum robots [29][30]. Some representative cases of Cosserat-model-based
controllers have been reported: robust sliding mode dynamic control [30], dynamic configuration tracking [31], syn-
thesized control for parallel continuum manipulators [32] and so on. For some slender continuum compliant robots,
Euler-Bernoulli beam theory can be used to develop the kinematics [33] and dynamics [34] of the robots, and their
static and dynamic controllers can be therefore developed accordingly. Recently, Finite Element Method (FEM) has
gradually become a promising option of modeling soft or continuum robots[35] but it’s rather computationally expen-
sive due to its high-dimensional nature. Because of this fact, some order reduction methods have been developed to
deduce its computational cost [36]. However, compared to the mentioned methods, FEM does not need the studied
deformable object to have a certain regular geometry (such as rod-like or trunk-like ones) since irregular geometries
can be discretized into a group of fine mesh elements for further dynamic analysis using Euler-Lagrange method [37].
This nature has made FEM quite a universal strategy to model deformable robots of any arbitrary shape [35].

Likewise, FE model has been proved to be option to develop controllers for soft robots: [38] introduced a robust
control strategy using neural networks; a static observer-based control method was proposed in [39]; [40] proposed a
way of modeling the deformation of soft robots and also checking its controllability; a feedback quasi-static control
strategy for soft robots has been realized by applying FEM and the visual tracking technique in [41]. In this paper,
we also choose FEM as the modeling tool, and then promote our previous work [42] where a FEM-based gain-
scheduling control strategy for a soft trunk robot. This former contribution focuses on global path following by
smoothly switching the gains in each sub-workspace without considering time constraint. However, in this paper,
we propose an effective dynamic controller that can realize time-varying and global trajectory-tracking for the same
robot. Precisely, we first plan a feasible trajectory for the studied robot in SOFA (a FEM-based simulator) by solving
a MPC-based optimization problem. Then, we conduct linearization of this robotic system around the pre-designed
trajectory, and then an associated controller can be developed. We validate its feasibility and effectiveness by doing
a comparison test between a common PID controller and this proposed one, and afterwards its robustness against
temporary and permanent disturbances is proved by experimental testing as well.

2. Problem statement

2.1. Description of the studied soft trunk-like robot

In this paper, we still focus on the same robot studied in [42] (see Fig. 1) to demonstrate the promotion on the
control strategy. We fabricated the prototype with a long uniform hole space from its based to its tip where the
position sensor can be properly settled at its tip. Four inextensible plastic cables, which are functioned by 4 steppers
and mounted through the robot’s body, are designed to drive the robot moving but the soft rubber can easily wear
if cables repeatedly travels through the rubber. To reduce this undesired friction, we 3D-printed 15 rigid rings to be
mounted along the robot’s body (see Fig. 1) where the sliding friction happens between the rigid rings and cables
instead. The mass of trunk robot m = 0.045 kg, Young’s modulus E = 6.5 x 10° Pa and Poisson ratio v = 0.45.

2.2. Control objective

The objective of this paper is to control the end-effector of the trunk-like robot to track a planned trajectory with
or without the interference of external disturbances. As stated above, this work is regarded as an extension of our
previous work [42] to realize global trajectory tracking tasks in its feasible workspace.

3. Modeling and trajectory generation

3.1. Modeling via Finite Element Method

Soft robots are strenuous to model owing to its high-DoF nature and complex deformation of materials [35]. In this
paper, FEM is employed to obtain the dynamic model of the soft trunk manipulator on the basis of SOFA Framework,
a FEM-based simulator. Therefore, the associated controller for trajectory tracking can be logically developed via
synthesizing the information of the FE model. Concerning the derivation of FE dynamical model, the details can be
found in [37] and [43] where the basic idea is similar to the classical one: we first choose the type and the number of
fine mesh elements (displayed in Fig. 2) to discretize the geometry of the modeled deformable object (which in this
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Figure 1: The studied trunk robot [42]

case is the studied robot); secondly, we calculate the displacement of any point inside the element via the displacement
of its nodes through shape functions, and the corresponding strain and stress (might be linear or nonlinear according
to the applied constitutive law); thirdly, we use either Euler-Lagrange equation or virtual work principal to derive the
FE dynamical model for the studied manipulator. In this paper, we focus on the displacement control of the robot’s
end-effector (g, € R3>1), and q, 1s defined with respect to the inertial frame F;(q,) as shown in Fig. 3. Therefore, this
control problem is essentially an output regulation problem of the following nonlinear system based on the derived
FE model:

M ()i + D(d,q)d + K(g)g = H(g)"u

1
4. = Cq M
where M(q) € R>>3" denotes mass matrix; D(q,q) € R3¥>3" denotes damping matrix; K(q) € R¥>3" denotes
stiffness matrix; H(q) € R*3" denotes the input control matrix; u € R*¥! denotes the tension forces exerted at the
four cables; the friction between the cables and the rubber is ignored in our FE model so H(g) only distributes u to
all the elements containing the cable nodes where the cables travel through within the rubber (red nodes displayed in
Fig. 2); ¢ € R3*! denotes the displacement of all the n nodes (supposing g; is the ith element of ¢, g; refers to the
displacement of the ith node with respect to its inertial frame F;(q;) as shown in Fig. 3); logically, ¢ € R¥*! and
¢ € R*! denote the corresponding velocity and acceleration respectively; the function of matrix C € R¥3" is to
pick out the end-effector displacement from all n (n = 1484) nodes defined in our derived FE model; the units of ¢
and u are centimeter (cm) and Newton (N) respectively, and the rest units can be deduced accordingly.
In terms of the mesh type, tetrahedron elements (see Fig. 2) are chosen as it is compatible with complex geometry,
and the robot’s body is spatially discretized into n = 1484 nodes. The size of the mesh elements has been carefully
chosen in order to deal with the trade-off between accuracy and computation expense.

3.2. Trajectory generation via SOFA

With the deduced dynamical model (1) of the investigated soft trunk robot, this subsection discusses how to gen-
erate a feasible end-effector trajectory via the FEM-based simulator (SOFA). Note that FE simulations are conducted
in an off-line manner in this paper to complete two tasks (see details in Step 1 and Step 2 respectively in this chapter):
numerically defining the workspace of the robot’s end effector; numerically generating planned trajectory based on a
MPC-based optimization structure. Because these two steps are both done in an off-line manner, the computational
expense would not be a critical issue for this methodology. To treat this problem, let us firstly recall the definition of
the end-effector workspace [43].

Definition 1. Given a configuration of a soft manipulator dynamically modeled by (1) with a bounded actuator u €
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Figure 3: The inertial frames defined for the studied robot.

U, the workspace Wy, of the end-effector q,,, is a subspace of R>, defined below:
W ={q,€R’|q,=Cq,K(q)q—H(@ u=0, Vue U}

Remark 1. The above definition of the workspace, which is similar to the one defined for a rigid manipulator, implies
that WE contains all possible equilibrium positions for which the end-effector q, can reach and stay there.

According to the above definition, given two positions in the end-effector’s workspace, named as the initial position

qi,”” € Wy and the final position q{: " € Wy, the trajectory generation problem for such a soft trunk robot is to seek

a feasible path starting from ¢ and ending with /™ over a time interval [0, T, i.e., 4,(0) = ¢"" and q,(T) = g™
and at the same time satisfy the dynamical constraint (1).

In the literature, differential flatness [44] has been widely used to plan a feasible trajectory for different types of
robots. Roughly speaking, the output of a nonlinear dynamical system is called to be flat if its state and input can be
written as functions of this output and its derivatives. However, concerning the studied soft robot with dynamics (1),
it is clear that the state g and the input u cannot be function of the output ¢, and its derivatives. Otherwise, it means
that the displacement of each node of any mesh can be uniquely determined by the position of the end-effector and its
derivatives, which is obviously not true in practice. In other words, the chosen output (the position of end-effector), is
not flat, and therefore we cannot apply the existing differential-flatness-based method to generate feasible trajectories
for the investigated soft robot.

This paper adopts numerical simulation method to solve this problem for the soft manipulator (as shown in Fig.
1) described in (1). Precisely, such a method contains the following two steps:

Step 1 : Numerically evaluate W,, in which we determine the initial and final positions of the desired trajectory , i.e.,
g € Wgand q;" € Wy;
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Step 2 : Freely choose a differentiable path in W, linking qé’”" and g, ™ and then generate the desired trajectory g,.(f)
for t € [0, T] where T is the prescribed time interval.

It is worth noting that the above method is to generate the desired trajectory directly in the workspace of the end-
effector (i.e., directly planning the end-effector’s trajectory ¢, in the output space by solving the inverse dynamics
to get g,), and it is possible as well to generate the desired trajectory in the configuration space of ¢ (i.e., planning a
trajectory of g, in the configuration space and then map it to get q.), like the trajectory generation for rigid manipu-
lator. This paper adopts the direct manner since it is more visible to evaluate the controller performance which will be
detailed in Section 5.

Step 1: In this step, in order to evaluate the end-effector’s workspace, for all u € U, we solve the static model
K(q)q — H(q)"u = 0 to compute the associated configuration g which then yields the associated end-effector position
9. = Cq.

Precisely, denote the control input as u = [uy, - ,uy]” for u; € U} with U; = [u,,u;] where u, and u; imply
respectively the lower and upper bound of the ith input. Then, we discretize the set U} with a chosen fixed sampling
positive constant 4 = % where k represents the number of sampled intervals. Following such a discretization, U;
has been sampled as

VP ={u,u +h, -0} ClV;i=1234

It is clear that, for any givenu € U™ = U'ls XU‘zs x‘lf; ><‘l/'45 , we can solve the algebraic equation K(q)g—H (q)u =
0 by applying the classical gradient method, which yields

q¥ = U=V - (V, [K(@q— H(@)"u| [K(9)g — H(@)u]) |=q0-»

where gU) means the jth iteration of the value g and V 4 represents the gradient operator with respect to g. After the
convergence (in practice the convergence criteria is set as ||qg/) — gY~V|| < e where € is a pre-defined threshold), then
we can obtain the corresponding end-effector position via g, = Cq for the given input u.

It is worth noting that, for a given u, the solutions of K(q)g — H(g)"u = 0 might not be globally unique, and
they heavily depend on the initial value ¢(?’ of the applied gradient method. To overcome this problem, we start the
evaluation procedure from the rest configuration where u; = 0, for which the corresponding value g is known. Then,
for each evaluation we modify only one input. By using the final value obtained in the former evaluation as the initial
guess of the new evaluation, we can guarantee that the applied gradient method can quickly converge to its local
unique solution.

By exhaustively evaluate all inputs in U™*, we can obtain the corresponding sampled end-effector workspace
Wy C Wg (see Fig. 4b), whose precision can be tuned by changing the sampling step 4. Note that the inertial frame
of the end effector F(g,) is chosen as the global coordinate system of FEM simulations where O is the origin of this
coordinate system (see Fig. 4a).

In order to generate a feasible trajectory for the end-effector, it is required that the chosen initial and final positions
should satisfy

g € W5 and g/ € W3,

Step 2: After having obtained the sampled workspace W,., we can obtain the boundary of the real workspace, and
this enables us to choose a differentiable path, noted as g7, belonging to Wy, i.e.,
q, C Wg

In the experimental part, we use SOFA to evaluate the workspace W, and choose a path from the sampled
workspace W3, obtained from SOFA between the ¢/ and g;":

ro__ r r r r
qe - (qel9qe2, %3, 3qen)

Then, we assign the time interval [0, T'] for this path, which logically generates a user-designed trajectory ¢, (f) with
t =0,7,27..T. However, to achieve this planned g/(7), we need to find the possible input and output of the studied
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(a) The coordinate system in SOFA (FEM simulations)

@ The sampled workspace —
[ The envelope surface of the sampled workspace S -

Z (cm)

Y (cm)

(b) The sampled workspace Wy,

Figure 4: Workspace W and path planning.

robotic system that is able to approximate g/ (7) as close as possible, which yields the following optimization problem

[45]:
2

T
min J = / [11g5(s) = Ca()I|* + u” (s)u(s)] ds
u 0

M (1) + D(4(1), q0)d(1) + K(q(0)q(r) = H(q(1)) u(?)

Cq(ty) = q,(1tp);
Cq(1g) = 4,(19);
ut) e
Essentially speaking, we use the FEM-based simulator SOFA as the numerical black box to simulate the dynamical
constraint M (q)d+D(q, 9)d+K(q)g = H(q) u, considering J as the objective function and u(¢) as the input variables.

T
This process enables us to calculate the numerical gradient V,J = [3—” . Precisely, the following procedure is

s.t.

applied:
Step 1: Divide the time interval [0, T'] into i segments: 0 = ¢, < t; < --- <t;_; <t; =T with At = %;

Step 2: Define the input u(¢) as following:
ut) = NVt € 13,1341 k=0,1,2+i = 1.
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T T . .
where u, = u(t,) = [ukﬁl, ,uk’4] = [ul(tk), ,u4(tk)] is treated as a constant for t € [t;, ;1] with u
being the value of the sth input (0 < s < 4) at the time #;, and construct the input sequence as a vector:
— [T T 17 4ix1
U.= [”0""’”1'—1] eER
and concatenate the corresponding configuration as

T .
QC - [QT(IQ), . ,qT(t[)] c R3n(l+1)>(1

Step 3: For the jth iteration, with the knowledge of ch , Q£ and Qﬁ (for the initialization where j = O the robot is
on its initial static configuration ¢ with the corresponding input ug, therefore UCJ = [ug, ,uOT] s QJC =

[lgmT, -, [qi"i’]T]T and O’ = 0), evaluate its cost function J/;
Step 4: Based on ch , generate a new sequence of control input:
U) =U! +10,--,0,6/,0,-,0]"

where 5{ represents the variation of the /th component of U/. Then using SOFA to simulate the dynamics (Eq.

(1)) to get the new corresponding configuration Q~£ and Q~{, which enables us to compute the new value of cost
function J/;
Step 5: Calculate the numerical partial derivative of J with respect to the /th component of U,, as %, and concatenate
1 T
oJ!
ou?!

all numerical partial derivatives for 1 </ < 4i to obtain the numerical gradient as V ;J J = [

Step 6: Applying projected gradient descent or projected Newton method to calculate ch +l, and use SOFA to calculate
0’*" and Q’*' which enables us to compute the cost function J/*!;

Step 7: If |J/*! — JJ| > € with € being a pre-defined threshold, then go to Step 3 with j = j + 1 for another round
of iteration. Otherwise, the procedure is terminated and the desired feasible trajectory is Q, = Qﬁ“ with
0, = 0/™! and the corresponding open-loop controller is U, = U™,

r

Note that the obtained Q,, O, and U, are discrete, based on which a continuous open-loop controller u,(t) € C°
and a differentiable trajectory ¢,(t) € C U with q.(1) € €Y need to be generated. For this, interpolation technique can
be applied.

Precisely, to construct a continuous u,.(t) from U, = [ug, ,uiT_l]T, the following linear interpolation is used:
U(tyyy) — a(ty)
At

with @(tg) = ug, 4(t;) = u;_y and i(t,) = [uy +u_;1/2for1 <k <i-1.
Similarly, to compute a differentiable trajectory gq,.(f) from Q, = [qT (o), =+, q’ (t)| and 0, = [qT(IO), e gt (ti)] T,

a cubic polynomial is adopted to calculate g,.(¢) for each interval t € [tk, Ly 1] with 0 < k < i—1 since we have position
and velocity constraints at ¢, and #;, ;. Such an interpolation yields:

bro + b1t + biot2 + biat, Vi€ [t ¢
qr(t)={ kO k1 k2 k3 [k k+l] (4)

u(t) = -t )+a(t), k=0,1,2-i—1; 3)

]T

0, otherwise

with by, for 0 < m < 3 being the 4 unknown polynomial coefficients on the kth interval. In total, we have 4i
unknown parameters to be identified. Due to the fact that g,.(f) should satisfy the boundary conditions of each interval
te [tk, 1 +1], thus this yields the following 4i linear algebraic equations to be fulfilled:

For t =t © by + bty + bpoty > + bisty = (1) and by +2bysty + 3bt7 = 4, (1))
: 2 3 2 :
For t =1ty 1 byo+butper + bty + bt = 4 (k) and by +2byotyyy +3biaty | = G,(1gyy)

Solving the above linear equation enables us to determine the values of b,,, then the differentiable trajectory g,.(t) and
its associated derivative ¢,.(f) can be obtained via (4).
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4. Controller design via trajectory linearization

Given the planned end-effector trajectory Cgq, via (4) and its corresponding control u, defined in (3), the first
intuitive manner to design trajectory-tracking controller is the well-known trajectory linearization method. The main
idea of this approach is to conduct linearization of the FE model along the pre-obtained trajectory, and then design the
controller based on the corresponding u,.

Precisely, for the soft manipulator described in (1), we can rewrite it into the following projected space:

Go+ (g, 9)=CM(q) " H(g)"u ®)
with
a(g,§) = CM(q)"' D(¢, 9)¢ + CM(9)"' K(q)q (©6)
Then, we introduce new variables:
X q
xX=|1=|% 7
=1 g

so system (5) can be transformed into the state-space form:

X = f(X,
SX,uw) ®
Y = PX
where
F(X,u)= 2 ©)
’ CM(@)'H(@Tu-«a
and
P=1[1,0] (10)

Based on the desired trajectory Cgq,(¢) and its corresponding controller u,.(t) obtained via (2) for a pre-defined time
interval [0, T'], we can then define

X, (1) = [gggg] and Y,(t) = Cq,(t), t €[0,T] (11)
Then, by noting

X(t) = X,(1) + AX(?) and u(t) = u,(t) + Au(t) (12)
and

Y@ =Y.()+AY () (13)

system (8) can be then linearized around the designed trajectory as follows [46]:

AX(t) = AAX (1) + BAu(r)

(14)
AY(t) = PAX(?)
with
f (X,
I P 1s)
and
_df(X,u) _ 0
B=— ou |X=Xr,u=u, - [CM(qr)—lH(qr)T] (16)
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where g, is obtained via (2), representing the corresponding displacement of all nodes along the pre-designed end-
effector trajectory.
Since P = [I, 0], then system (14) can be written as:

AY (1) = PA’AX(t) + PABAu(t) a7
= a(1)+ CM(q,)" H(g,)" Au(r)
with

a(t) = PAAX (1) (18)

In the above equation (17), we can regard a(¢) as a vanishing external bounded disturbance, since a(f) = 0 when
AY = 0. As aresult, we can propose the following robust controller:

u(®) = u,(t) + Au(t) (19)
with

Au(t) = (CM(q,) " H(g)") " u (e, . é,) (20)
where the observation error e, is defined as follows:

e, =Y.(0) =Y (1) =-AY() 2D

and the term ue(eqe, éqe) has a classic PID form:

t
ue(eqe, éqe) = kpeqe + ki/o eqeds + kdéqe (22)

where the diagonal gain matrices k,, k;, k; must have the appropriate dimension.
Considering (17) to (22) together, we can finally reach:

t
&, +kge, +kye, +k; / e,,ds = @) (23)
0

which is a classical 3-order linear system with a bounded disturbance @(#) which will be vanished when e, = 0.
Therefore, we can always find matrices k,, k;, k; to guarantee that e, converges to 0.
When the robot is perpetuated by disturbance, then the derived closed-loop system can be written as

t
&, +kqe, +kye, +k; / e, ds = () +d(1) 24)
0

where d(t) represents external disturbance. According to (24), the proposed controller provides robustness with
respect to vanishing or piece-wise constant (or slowly time-varying) disturbance d(¢) due to the integral term in the
proposed controller and () is vanishing. For other types of disturbance (such as quickly time-varying), if they are
bounded, e, will be bounded as well considering the input-state-stable (ISS) property provided by (24).

5. Experimental testing

The experimental testing regarding control feasibility and robustness was conducted to validate the proposed
control strategy. The overall setup of the testing platform (see Fig. 5) mainly has three parts: the mechanical base,
the Polhemus magnetic position sensor, the micro communication electronic board and the actuation system. In our
work, 4 different tests were implemented: 2 feasibility tests for comparison between a common PID controller and
the proposed trajectory tracking controller; 2 robustness analysis tests regarding rejecting temporary and permanent
disturbances respectively. Similar to the FEM simulations shown in Fig. 4a, the experimental coordinate system of
the position sensor Fj is set as Fy, = Fj(q,). As shown in Fig. 5, O represents the origin of the coordinate system.
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Actuation System

Figure 5: Experimental settings

@ The sampled workspace I
151 [ The envelope surface of the sampled workspace| |
® The chosen path
10 1
s -
>
0k J
5h 4
-10 -5 0 5 10 15
X (cm) (b) The practical tracked trajectory

(a) The planned trajectory obtained from W;,
Figure 6: The designed trajectory

5.1. Trajectory generation

Following the two steps described in Section 3.2, we chose a sinusoidal-shape path located on the top of the
external envelop surface of sampled workspace W and added a pre-designed time constraint into the chosen path,
which yields the planned trajectory shown in Fig. 6a. Then, the practical tracked trajectory can be found accordingly
(see Fig. 6b). This trajectory was used as the targeted trajectory both for the feasibility tests and robustness analysis.
The reasons mainly lie in two parts: firstly, it is a typically 3D trajectory; secondly, it contains acceleration and
deceleration processes, which provides good indices to evaluate the performance of the proposed controller.

5.2. Feasibility tests
5.2.1. Trajectory tracking using a common PID controller

In this test, the trunk robot was expected to track the planned sinusoidal shape trajectory as shown in Fig. 6b
using a common PID controller. To develop the PID controller, we linearize the studied system around the initial
position to determine the gains of the PID controller. Precisely, for (5), we linearize C M (q)~' H(g)" around its initial
configuration g,(f,), noted as I" € R3**, then the designed PID takes the following form:

t
u=T""(Kse, +Kye, +K; / e, (8)ds) +u,(tg)
0
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where e, =g, —q,, K;,K,, K; € R3*3. Therefore the closed-loop system is

&, +Kyé, +Kyé, +Ke, =a)
where a(t) = ¢, + a(t) — [CM~'H(q)" —T]u. Finally the gains of PID (i.e., K;, K, and K;) are determined by
guaranteeing that &, + K;é, + K,é, + K;e, = 0is stable.

According to Fig. 7, it can be easily noticed that the robot end-effector was not able to catch up with the trajectory
and ended up with a huge amount of displacement delay. The results imply that a common PID controller is not valid
in terms of tracking a relatively quick and complex trajectory in this case. Theoretically speaking, the PID controller
only works locally around g,.(y) if the linearization matrix I" is close to CM “LH(¢)T, and will fail if their values are
far enough. Similarly, the PID controller will also fail if the value of [§] + a(#)] varies fast. In our case, the mentioned

two reasons may both partially contribute to the failure of this test.
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Figure 7: Trajectory tracking using a common PID controller

5.2.2. Trajectory tracking using the proposed controller

In this test, we used the proposed controller instead to track the same sinusoidal shape trajectory (Fig. 6b). The
results are displayed in Fig. 8 which demonstrates that the robot end effector effectively tracked the trajectory with
very little hysteresis. In other words, the proposed controller has been proved to be feasible to track a relatively quick
and complex trajectory. Likewise, the results have also proved that the unknown term a@(¢) defined in Eq. 23 can be
regarded as a bounded disturbance, which agrees with our theoretical assumption.

5.3. Robustness Analysis
To validate the robustness of the proposed controller, the process of rejecting temporary disturbance and permanent
disturbance was observed in 2 different tests (see Fig. 9).

5.3.1. Temporary disturbance
In this test, the trunk robot was expected to track the same sinusoidal shape trajectory (Fig. 6b) under four
temporary disturbances exerted by a pen as shown in Fig. 9a. The corresponding results are displayed in Fig. 10
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Figure 8: Trajectory tracking using the proposed controller
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Figure 9: Experimental settings

where the four disturbances are marked as 1 - 4: the robot end-effector was able to quickly return to and stably catch
up with the trajectory even after being affected by four relatively large temporary disturbances (see Fig. 10a, Fig. 10b
and Fig. 10c), which implies that the proposed controller is valid for rejecting vanishing bounded disturbances. This
experimental phenomenon explains why we can consider d(¢) defined in Eq. 24 as a vanishing disturbance, and this
term can be logically eliminated due to the existence of the integral term in Eq. 24.
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Figure 10: Temporary disturbance test using the proposed controller

5.3.2. Permanent disturbance

In this test, the robot was planned to track the sinusoidal shape trajectory (Fig. 6b) while carrying a heavy piece
of red rubber from the beginning of the trajectory-tracking process. In particular, the extra piece of material on the
robot caused the displacement delay at the beginning but the controller rapidly dealt with this permanent disturbance
quickly made up for the hysteresis in a very short time (see Fig. 11a, Fig. 11b and Fig. 11c). Therefore, the proposed
controller has demonstrated reliable robustness with respect to bounded permanent disturbances. In this case, the
piece of rubber can be considered as a permanent constant disturbance, which essentially agrees with the definition of
d(t) defined in Eq. 24. Logically, this term can be eliminated by the integral term defined in Eq. 24 if d(¥) is constant
or piecewise constant.

6. CONCLUSIONS

Soft robots have been attracting more and more research attention due to their unique properties that are different
from conventional rigid robots. Their compliance and flexibility are considered as promising features for the current
robotic systems. However, many scientific challenges regarding dynamically controlling these novel robots still exist
mainly because of their inherently complex nature. In this paper, we proposed a dynamic controller for a soft trunk
robot to track trajectories. The feasibility has been validated through experimental testing, and the robustness of the
proposed method has been illustrated by rejecting both the temporary and permanent external disturbances. Note that
the axial elongation of the robot body can not be achieved by the current set up since the needed actuators (such as
pneumatic actuators) to stretch the robot have not been integrated in this robotic system. However, this will be further
discussed and investigated in our future work. Besides, we will also promote this control strategy on other soft robots
as well as optimizing it for better control performance.
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