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Piston-Driven Pneumatically-Actuated Soft

Robots: Modeling and

Maximilian Stolzle

Abstract—Actuators’ dynamics have been so far mostly
neglected when devising feedback controllers for contin-
uum soft robots since the problem under the direct actu-
ation hypothesis is already quite hard to solve. Directly
considering actuation would have made the challenge too
complex. However, these effects are, in practice, far from
being negligible. The present work focuses on model-
based control of piston-driven pneumatically-actuated soft
robots. We propose a model of the relationship between
the robot’s state, the acting fluidic pressure, and the pis-
ton dynamics, which is agnostic to the chosen model for
the soft system dynamics. We show that backstepping is
applicable even if the feedback coupling of the outer on the
inner subsystem is not linear. Thus, we introduce a gen-
eral model-based control strategy based on backstepping
for soft robots actuated by fluidic drive. As an example,
we derive a specialized version for a robot with piecewise
constant curvature.

Index Terms—Control applications, PID control, robotics.

[. INTRODUCTION

ONTINUUM soft robots are systems entirely made

of deformable materials, so to resemble the trunk of
an elephant [1]. Controlling these systems is challenging
because of the infinite amount of Degrees of Freedom (DoFs),
the multi-body dynamics, nonlinear potentials, underactua-
tion, and the high degree of uncertainties [2]. Combining
feedback controllers and simplified dynamical models can
help taming this complexity and achieve good experimental
performance [3]-[5].

Accurate low-dimensional models of the continuum dynam-
ics have been thoroughly investigated in recent years [6]—[8],
serving as the base for model-based controllers [9], [10]. In
comparison, researchers have devoted little or no attention to
modeling the actuator dynamics, despite this being far from a
negligible effect in practice, in particular for pneumatic actua-
tion. The lack of models pairs with the scarcity of model-based
dynamic controllers. Existing strategies only rarely reason on
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Fig. 1. Schematic block diagram of the proposed nonlinear backstep-
ping controller for a pneumatically-actuated soft robot. The approach
considers both the fluidic drive cylinder and the soft system dynamics.
It is agnostic to the chosen soft system controller in configuration-space
7(q. §).

the actuators’ dynamics, if not through simple heuristics. For
example, [4], [11] use a combination of PID control and
inversion of quasi-static linear approximations to compensate
for the actuators’ dynamics. This strategy may present clear
limitations in terms of performance and stability assessment.

As model-based control of soft robots becomes a mature dis-
cipline, the need for general ways of dealing with actuators’
dynamics becomes more pressing. In this letter we deal with
this challenge by following a backstepping approach - which
is an established strategy to deal with dynamical systems with
triangular structure. A pneumatic model based on the ideal gas
law is derived and the pneumatic actuation system is com-
pensated in a quasi-static fashion in Falkenhahn et al. [12].
Recent work by Wang et al. [13] uses backstepping for con-
trol of a continuum soft bending arm. Although interesting,
the work is limited because it targets a linear model of a
single DoF. Similarily, Franco et al. [14] derive an energy-
based control scheme for pneumatic manipulators while using
a backstepping-based controller for comparison purposes. Both
pieces of work focus on pneumatic actuation with valves and
thus cannot be immediately applied to systems actuated with
fluidic drive cylinders.

To conclude, this letter targets the dynamic control of
piston-driven pneumatic-actuated soft robots (see for example
Fig. 2, 3). We provide general strategies for (i) augmenting
existing dynamic models of soft robots through a descrip-
tion of pneumatic actuation, (ii) controlling these systems
via model-based feedback. As an example, we specialize the

2475-1456 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 2. Fluidic drive cylinder parameters for a piston of mass mp, length
b and cross-sectional area Ap: fp describes the actuation force while
Ggp is the conservative force applied by the compressed fluid on the
cylinder. up represents the actuators’ state variable. These pneumatic
pistons could be for example actuated by current-controlled DC motors
or linear electric actuators [15].

Fig. 3. Shape regulation under PCC approximation - Left: A planar
soft robot consisting of three segments each modelled to have constant
curvature Right: Model parameters for fluidic volume in soft segment
chambers. Each chamber is actuated independently by a fluidic drive
cylinder connected through tubing.

model to planar soft robots satisfying the Piecewise Constant
Curvature (PCC) assumption [4] including the proposal of
a kinematic model for the air volume in the chambers, and
the controller to the set-point regulation of configuration. In
this context, we also propose a simplified, potential coupling-
aware PID-like controller. We provide simulations showing the
effectiveness of both strategies.

[1. DYNAMIC MODEL

We consider the robot made by a sequence of ng segments.
Each segment is described with np configuration variables by
using one of the many modeling techniques developed in the
state of the art [6]-[9]. We denote with nq = ngnp the total
number of configuration variables, which also represents the
approximated DoFs of the soft arm. Although we show planar
kinematic relations for the PCC-case in Figure 3 as an exam-
ple, the dynamic model derived in this section is agnostic to
the chosen kinematic approximation.

All of kinematic modelling techniques produce multi-body
dynamics of the unactuated soft robot as follows [10]

B(@)g+ C(q, g+ G(q) + K(9) + D(q, q) =0, (H

where ¢ € R" describes the configuration of the robot in
generalized coordinates, B(g) € R™™*" the inertial matrix,
C(q, ¢) € R"*" contains the Coriolis and Centrifugal forces
and G(q) € R™ compensates for the gravitational effects. The
elastic (restoring) forces are captured in the matrix K € R™
and the natural damping is represented by D(q, ¢) € R™.
Each segment is actuated through a set of nc dedicated
chambers. Adapting the pressure in a chamber will lead to
to a different chamber volume and ultimately resulting in a
changed configuration of the segment. Each chamber is con-
nected to a dedicated piston as shown in Figure 3. If more
than one chamber is connected to a same piston, it can be
considered to be the same chamber for the sake of this letter.
These hypotheses are not paramount, but they are instrumental

to maintain the simplicity of notation. Accordingly, the total
number of pistons is described with Ny, = NsNC. Please note
that if nc = np, the model of the soft robot is fully-actuated, if
nc > np it is over-actuated, and with nc < np under-actuated
respectively. The dynamics of the piston when not interacting
with the fluid can be easily written as being

Mpjip + Dpfip + Gp” = fp, 2

where up, € R"™r denoting the displacement of every piston
from the zero-volume configuration, M, € R™» " the mass
matrix of the piston system, Ggp € R"» describing the con-
servative force caused by the compressed fluid acting on the
pistons, and D, € R"»*"#» the damping matrix of the piston
system. As the piston system is fixed to the ground and con-
nected via tubing to the robot chambers, note that the gravity
force here is constant, so w.l.0.g. we consider it to be zero (or
alternative as being compensated by a constant off-set in fp).

In first approximation, we model the compressible fluid
(typically air) as an ideal gas. Furthermore, we consider the
process to be isothermal and that no exchange of fluid with the
external world is happening. We neglect the volume of fluid
in any tubes connecting the pistons with the chambers. The
overall volume of the fluid can be evaluated as

Vg, np) = Ve(g) + Vp(up) = Ve(q) + Apiip, 3)

where V(q, up) € R"» describes the total volume of fluid
stored in the system, Vc(g) € R™» the volume of fluid in
each chamber and V,(g) € R""™ the volume in the piston
with Ap € R" the cross-sectional area of every piston. We
will present an example of analytical derivation of Vc(g) in
Section IV-A. For now we consider it known.
The total energy stored in the system due to fluid compres-
sion is
2R eViginp,)
Unuia(q. pp) = Zf

j=17vi0

—(pj(v) — pam)dv

1p
Vilgi- p) — Vi@i, p.)
=Z—Olair,j<hl ! ‘l/ B ‘l/ Lc) +1], 4)
=1 J.0 J:0

where Vj(q;, pj) = [% represents the total fluidic vol-

ume in the system of chamber and piston j in segment i. We
assume that this fluid system is filled with air at atmospheric
pressure paem With an initial volume of Vjo = V;(0, 1) (e.g.,
straight robot configuration and with fully extended pistons).
This lets us find an expression for o;:

®air,j = WRT = pamVj,0 = pj(q, 1p)Vj(q, 11p)- &)
The force exerted on the ith segment of the robot by the
fluid is
Gy i(qi- tp) = 0gUnuia(q. ip)
= —04,Vcj(pi(gis pj) — Pamm)- (6)
Similarly, the force applied on jth piston by the fluid is
Gp™(Gis Ip.j) = Opup Unuia (g, 12p)
= _Ap,j(Pj(CIi, Mp,j) _patm)’ @)
The overall dynamic model is
B(9)§ + C(q, Pq + G(q) + K(@) + D(q, §) + Gp(q, 11p) = O,
Myiip + Dpfep + Gp™ (4. ip) = fi, ®)
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which is always underactuated. Note that this structure is sim-
ilar to the one of classic flexible joint robots under Spong’s
approximation [16] due to the fact that the fluidic drive cylin-
ders are fixed to the ground. Two of the major differences
making the control problem harder are that that n;,, # nq, and

that G and Ggp are not linear. The latter renders the feedback
coupling of the outer on the inner subsystems non-affine. In
the rest of this letter, we will use the following definitions to
simplify the notation

f(q,q) = =B~ (@)(C(q, g+ G(q) + K(¢) + D(q, §)),
8(q, up) = =B (9)(Gh(q, 1p)).- )

1. BACKSTEPPING CONTROL OF PISTON-DRIVEN
PNEUMATICALLY-ACTUATED SOFT ROBOTS

This section discusses the main contribution of this letter, a
backstepping-based approach to generalize controllers I'(g, ¢)
designed in the directly actuated case, to systems that can
be modeled through (8). We suppose that we have access to
I"(g, @) controlling the piston position . Next, we perform
backstepping twice to the controllers of the piston velocity
ftp and the piston actuation force f, and prove the stabil-
ity of each controller with Lyapunov arguments. The derived
model-based control approach assumes that all model param-
eters are known, and all states are measurable (namely the
configuration ¢, its time derivative g, the piston position pip
and the piston velocity fip), and that there are no disturbances
or model uncertainties. We first introduce a Lemma, which
will be instrumental to the proof of the main theorem. It
allows to relate an offset in the actuation-space to a change in
acceleration in configuration-space that is proportional to the
offset.

Lemma 1: The input field defined in (9) verifies

84, Up.a) — 8(q, pb) = =B (@S(q, p.as pb) (Upa — Kp.b)s
Vilp.as Upb € R™r and g € R™ with § € R"*"* so defined
S — Ap,jir,j0g; Ve i
i,j — .
T (Ve (ai) + Apitp.a ) (Ve,i(@i) + Apjttp,b.)
Proof: We express the left term of the equality using (9)

8, 1p.a) — &(q, upp) = =B NP (GG, pa) — Gp(g, 1pp)),

where we recognize the term B~!(g) appearing in the Lemma.
The term between brackets can be adjusted by using (6)

Gy i(q, tp.a) — Gp 1(q: 11p.b)

l’lﬂp

(3

j=1

l’lﬂp
air,j0g; Ve, j air,j0g; Ve j

Ve j(qi) + Apjitp,a,j = Ve j(qi) + Apjitpb,

n
_ i (paj — Ip.b.,j)Ap,jir,jdq, Ve,
o (Ve j(qi) + Apjttp.a ) (Ve j(qi) +Apjttpb)

(10)

The Lemma follows by simple factorization of the latter
term. ]
Thus, even if the robot side of the dynamics (8) is not affine
in control when taking , as input, still Lemma 1 provides
some structure that we leverage in the next theorem.
Theorem 1: Suppose that a I'(g, §) exists s.t. the reduced
system

q4=1rq.9) +84q.T(q.9) Y

converges to a desired trajectory g(f), ¥(g(0), §(0)) € R,
Suppose that the convergence is proven by Lyapunov argu-
ments through the function H(g, ¢). Then the closed loop of
the full system (8) and the controller

fo =W = Gp" + DpIl + MpI1 — Kp(jip — T1) — (p1p — D),

M=T—Ki(up — 1) +5(q 1p. DB @H',  (12)
with K1, K> > 0, is such that ¢ — g and p, — I'(g, 9),
V(1p(0), 1p(0)) € R*®, and ¥(q(0), 3(0)) € R,

Proof: We first consider the problem of deriving a controller

under the assumption that the velocity of the piston v is set

by a controller. This serves as a first step toward the general
solution of the problem. System (8) is thus reduced into

B(9)i + C(q, §)q + G(q) + K(q) + D(q, §) + Ga(q, p1p) = 0,
[ip = Vp. (13)

We introduce the following control Lyapunov candidate

. ) 1
W(g. 4, mp) = H(g, @) + 5 (p = D) (p =), (14)
which can thus be differentiated obtaining

W(g. g pup) = H+ (up =) (vp = )
= 0gHg + 9H(F(q. §) + 8(q. 1tp)) + (up — DT (vp = )
= 0,Hq + 3;H(f(q. q) + g(q. T (g, )

+ 95H(g(q. p) — 8(q. T(q. ) + (up — D) (v — 1), (15)
where we first used the chain rule on H and then we added and
subtracted d;Hg(q, I'(¢, ¢)). We now propose the controller
vp = I(q, q, up) for stabilizing this system, with

(q. g, up) =T = Ki(up — T) + ST(q. ptp. TIB™ " (q)0;H" .

The derivative of the Lyapunov candidate for the closed loop
system 1is thus

W(q. g, up) = 83Hq + 9H(f (g, §) + 8(q. T (g, §)))
+ 9;H(g(g, up) — g(q. I'(q, §))) — (up — IDN¢ (p —T)
+ 3;HB™ 1 (9)S(q, 1p, T)(1tp — ),

where we exploited that all terms are scalar to extract the
transpose of the last one. This equation can be simplified by
invoking Lemma 1 into

W(g. 4, mp) = 3HG + 8;H(f (g, §) + 8(9, T'(q, §)))
— (up — D)'Ki(up — ). (16)

Consider now that H is a Lyapunov function for (11) under
the control action I'. This assures that

0> H = 9,Hq+ 9;H(f(q. §) + 8(¢. T(q. 9))).

Note that we are considering here the case of strict sign def-
initeness of H. However, the same results can be achieved
in the case of semi-definiteness. We can now conclude that
W < 0, thus proving that the controller IT stabilizes (13).
This conclude the first step of the proof.

We now reiterate this sequence of operations, to general-
ize the controller IT to work on the actual system (8). The
complete Lyapunov candidate that we propose is

a7

1
Q=W+ 2(ip = T Mp(jip — T, (18)
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with time derivative
0 =W+ (ip — (W — Gp* — M,IT)
= 3,Wq + ;W + 9, Wi
+ (tp — T (W = Gp” — Dpjfip — MpIT).
We therefore propose the controller
W(q. G, ip. ftp) = Gp” + DpTT + MpIT — Kz (i — TT) — 3, W',
19)

which generates the following closed loop Lyapunov candidate

0 =9, Wg+ 3;Wg+a,,WI
— (bp — I (K2 +Dp) (it — ) <0, (20)

where we exploit that W is a Lyapunov function for the
previous system when i, = I1. This assures the asymptotic
stability of the closed loop system, when (19) is used. The
Theorem follows considering that 9, wT = (up — ). [ |

IV. SHAPE REGULATION UNDER PCC APPROXIMATION

This section provides an example of application of the
proposed model augmentation and model-based control strat-
egy for the setpoint regulation of a pneumatically actuated
planar soft robot, modeled through PCC approximation with
acting gravity forces.

A. Model

Background - PCC dynamic model: We consider a pla-
nar soft robotic arm consisting of three segments analogue
to [4] modelled using the PCC [17] assumption, but the
formulation can be easily extended to the 3D case while
neglecting the torsional deformations. Alternatively, a strain-
based parameterization could be employed [9]. We assume a
weight distribution of m; = féi 0i(s")ds’ along the center line
of the segment i. Gravity is acting along the vector g € R
We consider the following equations of motions with diagonal
matrices K and D:

B(9)i + C(q, §)q + G(q) + Kq + D + Gp(q, pup) = 0,
Myiip + Dpip + Gp" (@, p) = fy (21)

Fluid Volume in Chamber: A model of the fluid volume in
the chambers as a function of the configuration of the seg-
ment is required to evaluate the conservative forces by the
fluid as specified in (6) and (7). In this section, we derive
a simple analytical model based on Constant Curvature (CC)
kinematics. It is assumed that the volume of the chamber is
only dependent on the curvature of the segment as we model
the segment length /o ; to stay constant and the chambers to be
inextensible in radial direction of the curvature. We visualize
the model and its parameters in Figure 3. Thus, the volume
of chamber j part of segment i is defined as:

dc,b.j

Ve,i(gi) :/ bc li(d) ddg,
dC,a,j

where bc describes the constant planar thickness of the cham-

ber and /;(d.) the length of segment i at offset d(. from the

center-line. The function /;(d(.) is derived by the properties of

constant curvature of the segment

li(de) = lo; — qide.

(22)

(23)

The integration inherits an opposite sign for the change of vol-
ume with ¢; for the left and right chamber respectively for an
inner and outer chamber wall radius of 0 < dc, < dcp < d;
and a continuum segment of radius d;:

Ve (@) = be(loidey = dew) F 3 Aoy — dgp). 24
The partial derivative d,Vc is determined as

9,V = F0.5bc (dgyy — dg ). (25)

B. Set Point Control

Configuration-space control: Consider the following regu-
lator of desired configuration g € R"a,

(g, 9) = Kqg+ G(q),

where 7 € R™ is the torque in configuration space.
Asymptotic stability of the equilibrium g is proven through
the Lyapunov function H(q, §) = ¢' B(¢)g/2+q" Kq/2, which
yields the time derivative H = —4'Dg/2 < 0.

Mapping from configuration to actuation space with force
balance: Our backstepping controller requires access to
(g, @) which returns a desired piston ji, given the desired
torque 7 and the current state of the soft system (g, ¢). In the
planar case with inextensible segments, there exist a redun-
dancy in actuating the pistons controlling the pressure in the
left and right chambers of a segment to trigger T on the seg-
ment. Thus, we decide to solve this redundancy by equally
attributing the desired torque to both pistons.

We assume that the system is calibrated at a straight config-
uration gy = 0 with pistons preloaded at position 1, 0 € R"
leading to a fluidic volume of

(26)

Vio,j = Ve,ji(quo,i) + Mpt0,jAp,j 27

in the system. After preloading, the fluids in the left and
right chambers each apply a preloaded torque of magnitude
G%yto € R™ on the soft system. It is implicitly assumed that
the piston length [, piston area Ap, the preloaded piston posi-
tion wp 10 and the preloaded volume Vi are equal for the left
and right chambers of segment i. We can write the conser-
vative forces acting on the left chamber G;’,,L(q, up) € R
and right chamber Gg)R(q, up) € R™ as differences from the
neutral conservative force Gg,tO

Gpp = Gg,to +AGh, Gpgp= _G}z,to + AGpg. (28)

The force applied by the fluid in the left and right chambers
on the system is

Gi(q. wp) =Gp | +Ghr = AGL | + AGh . (29)

We re-arrange to find an expression for the desired conserva-
tive force offsets which equally distribute a commanded torque
T to the fluid in both chambers. Setting AGY| = AG}y =
0.57(q, g) results for the chosen set point controller T and a
diagonal elastic matrix K with elements k; in:

Gh(q. @) = £GY , — 0.5(kidi + Gi(9)).

Equation (6) is inversed to compute the desired piston position
tp =T(q, q):

(30)

_ 1 Qair,j 0g; V)
Fj(q’ q) = A_< air,j 9¢q, J
p’.]

= — — Vc,(,’(é]))- 3D
Pam 9¢;Ve,j — Gp (4, @)
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Configuration g

Piston position pp

Actuation force f

Fig. 4. Simulation of posture regulation under PCC approximation comparing the performance of an end-to-end PID baseline controller (1st row),
with a coupling-aware PID controller (2nd row) and the nonlinear backstepping controller (3rd row). The set-point reference configuration is shown

with solid lines.

Backstepping: The system is now in the form of (11), so
Theorem 1 can be invoked and a specialized version of (12)
can be derived for the PCC-case and our chosen set-point con-
troller of (26). The partial derivative of the Lyapunov function
of the soft system controller evaluates to 9;H(q, ¢) = 4'B(q),
which allows to re-formulate (12) into:

M=T0—-Ki-T)+5g,
W = Gp? + DIl + MpIT — Ko (jip — TT) — (1p — T). (32)

V. SIMULATIONS
A. System

We consider a planar soft robot arm consisting of three inde-
pendently actuated CC segments, modeled upon the second
half of the robot in [4]. Segments have equal length [y =
11 cm, uniform mass density p = 0.99 kg /m concentrated on
the central axis. The stiffness K and damping D matrices are
diagonal with constants 0.01 N /rad and 0.01 Ns /rad. The seg-
ment has a diameter of 44.5 mm. Based on CAD analyses of a
real system, we take dc , = 7.14mm, dcp = 20.19 mm, and
bc = 8.07mm. A positive curvature and positive configura-
tion g; correspond to bending counter-clockwise. The straight
configuration of the robot along the x-axis is perpendicular to
gravity acting in negative y-direction as shown in Figure 3,
so that gravity tends to induce clock-wise bending. Moving
to the pistons, Ap = 7.9 cmz, mp = 0.19kg, I, = 0.5m are
chosen. We consider a damping matrix Dp with damping con-
stants d, = 10kN sm~! along the diagonal. The pistons are
filled with air at pp o0 = I, and pam = 1bar and subsequently
pre-loaded to up 0 = 0.251,. We set the backstepping gains
to Ky = 6000s~! and K, =4.5kNm~!,

B. End-to-End PID

We first introduce an end-to-end PID controller, which will
serve as a baseline

t
Aﬁ:@@—@+mﬁw—mw—&q (33)

where K, Kj, Kq > 0 are scalar gains. Af, € R" is the scalar
offset from the actuation force fj 1o corresponding to the pre-
loaded pressure py. Analogue to (30), Af, can be equally
distributed on both chambers within a segment. The PID gains
have been selected so to achieve a similar transient behaviour
as for the backstepping controller and are equal to K, =
200Nrad~!, K; = 7Nrad~!s™!, and K4 = 200N srad .

C. Coupling-Aware PID

Next, we implement a control strategy that takes advantage
of the understanding of the potential coupling and uses a PID
for low-level control of the pistons

t
fo = Kp(T(@, @) — pp) + Ki/O (T(g @) — pp)dr — Ka fp. (34)

Here, K, Ki, Kq > 0 are scalar gains, and I'(g, g) is the cor-
rection on (26) which takes the coupling defined in (31) in
account. The PID gains are tuned similarly to the coupling-
aware PID and are equal to K, = 150000 Nm~1, K, =
15000Nm~!s™!, and K4 = 100Nsm™".

D. Results

We simulate the response of the closed loop generated
by all three controllers to a sequence of step references.
The segments are initialised at the equilibrium configuration.
At 10s, the reference is moved to the straight configura-
tion ¢ = 0. After another 30s, we change it again to
g=[0.6981rad —0.5236rad 0.1745rad]".

Figure 4 shows that the backstepping controller is approaching
the set-point reference with no oscillations nor overshooting.
These are instead visible for coupling-are PID controller after
the second change in reference configuration. The end-to-end
PID controller does not converge to the desired configuration
within 60 s as it does not take into account gravity.

Next, we increase the inertia of the actuation system by
setting the piston mass mp to 0.5kg. We leave both the
backstepping and the PID gains unchanged. Figures 5-6(a)
demonstrate that the backstepping-based approach is able to
adapt to the new system, while the end-to-end PID shows large
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Simulation of posture regulation under PCC approximation for an actuation system with increased inertia (mp = 0.5kg) comparing the

performance of an end-to-end PID baseline controller (1st row), with a coupling-aware PID controller (2nd row) and the nonlinear backstepping
controller (3rd row). The set-point reference configuration is shown with solid lines.
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Fig. 6. Cartesian evolution of the soft robot for an actuation system
with increased inertia (mp = 0.5kg). All gains remain unchanged and
are tuned for the original system with mp = 0.19kg. The dotted lines
mark the evolution of the tip of the segments. The soft robot consists of
three segment (blue, orange and yellow). The reference configuration at
the three set-points is marked with a thick black line.

oscillations at 50 s and the coupling-aware PID displays sig-
nificantly overshoot in curvatures and piston positions. Note
that the latter are especially dangerous in real experiments,
since they may signify that pistons reaches their limits.

V1. CONCLUSION

This letter proposed a model for soft robots actuated using
pneumatic fluidic drive cylinders, and introduced a model-
based controller to take actuators’ dynamics into account.
The stability of this backstepping-based control strategy was
proven using a Lyapunov argument. As an example of appli-
cation, model and control strategy have been specialized for
the planar PCC-case. We also proposed a coupling-aware
extension of the standard hierarchical PID strategy as a
middle-ground solution. Future work will focus on applying
this strategy to more sophisticated models and controllers, and
on experimental validation in a lab environment.

REFERENCES

[1] C. D. Santina, M. G. Catalano, and A. Bicchi, “Soft robots,” in
Encyclopedia of Robotics. Berlin, Germany: Springer, 2020. [Online].
Available: https://doi.org/10.1007/978-3-642-41610-1

[2] T. G. Thuruthel, Y. Ansari, E. Falotico, and C. Laschi, “Control strate-
gies for soft robotic manipulators: A survey,” Soft Robot., vol. 5, no. 2,
pp- 149-163, 2018.

M. Thieffry, A. Kruszewski, C. Duriez, and T.-M. Guerra, “Control
design for soft robots based on reduced-order model,” IEEE Robot.
Autom. Lett., vol. 4, no. 1, pp. 25-32, 2018.

C. D. Santina, R. K. Katzschmann, A. Bicchi, and D. Rus, “Model-based
dynamic feedback control of a planar soft robot: Trajectory tracking and
interaction with the environment,” Int. J. Robot. Res., vol. 39, no. 4,
pp- 490-513, 2020.

E. Franco and A. Garriga-Casanovas, “Energy-shaping control of soft
continuum manipulators with in-plane disturbances,” Int. J. Robot. Res.,
vol. 40, no. 1, pp. 236-255, 2021.

F. Faure et al., “SOFA: A multi-model framework for interactive phys-
ical simulation,” in Soft Tissue Biomechanical Modeling For Computer
Assisted Surgery. Berlin, Germany: Springer, 2012, pp. 283-321.
[Online]. Available: https://doi.org/10.1007/978-3-642-29014-5

S. Grazioso, G. Di Gironimo, and B. Siciliano, “A geometrically exact
model for soft continuum robots: The finite element deformation space
formulation,” Soft Robot., vol. 6, no. 6, pp. 790-811, 2018.

S. M. H. Sadati et al., “TMTDyn: A MATLAB package for modeling and
control of hybrid rigid—continuum robots based on discretized lumped
systems and reduced-order models,” Int. J. Robot. Res., vol. 40, no. 1,
pp- 296-347, 2021.

F. Boyer, V. Lebastard, F. Candelier, and F. Renda, “Dynamics of contin-
uum and soft robots: A strain parameterization based approach,” IEEE
Trans. Robot., vol. 37, no. 3, pp. 847-863, Jun. 2021.

C. D. Santina, C. Duriez, and D. Rus, “Model based control of soft
robots: A survey of the state of the art and open challenges,” 2021,
arXiv:2110.01358.

A. D. Marchese and D. Rus, “Design, kinematics, and control of a soft
spatial fluidic elastomer manipulator,” Int. J. Robot. Res., vol. 35, no. 7,
pp. 840-869, 2016.

V. Falkenhahn, A. Hildebrandt, R. Neumann, and O. Sawodny,
“Dynamic control of the bionic handling assistant,” IEEE/ASME Trans.
Mechatronics, vol. 22, no. 1, pp. 6-17, Feb. 2017.

T. Wang, Y. Zhang, Z. Chen, and S Zhu, “Parameter identification
and model-based nonlinear robust control of fluidic soft bending actua-
tors,” IEEE/ASME Trans. Mechatronics, vol. 24, no. 3, pp. 1346-1355,
Jun. 2019.

E. Franco, T. Ayatullah, A. Sugiharto, A. Garriga-Casanovas, and
V. Virdyawan, “Nonlinear energy-based control of soft continuum
pneumatic manipulators,” Nonlinear Dyn., vol. 106, pp. 229-253,
Sep. 2021.

A. D. Marchese, K. Komorowski, C. D. Onal, and D. Rus, “Design and
control of a soft and continuously deformable 2D robotic manipulation
system,” in Proc. IEEE Int. Conf. Robot. Autom. (ICRA), Hong Kong,
2014, pp. 2189-2196.

C. D. Santina, “Flexible manipulators,”
Robotics. Berlin, Germany: Springer, 2021.
https://doi.org/10.1007/978-3-642-41610-1

B. A. Jones and 1. D. Walker, “Kinematics for multisection continuum
robots,” IEEE Trans. Robot., vol. 22, no. 1, pp. 43-55, Feb. 2006.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16] in  Encyclopedia

[Online].

of
Available:

(17]

Authorized licensed use limited to: TU Delft Library. Downloaded on December 24,2021 at 08:12:44 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


