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Abstract—Among the different soft robot types developed,
pneumatic continuum soft robots are nowadays the most widely
researched type due to their highly compliant behaviour, but
their modeling and control remain challenging tasks given its distribute parameters nature and the nonlinearities of its elastomer
material. These nonlinearities are aggravated by considering
pneumatic actuation dynamics, leading to a highly complex
system. While pneumatic actuation dynamics is usually not taken
in account for the design of feedback controllers, experiments
have shown that they are far from negligible. In this paper,
we study a highly coupled nonlinear model that relates the
Lagrangian dynamics approach of a continuum soft robot and the
pressure dynamics of its embedded pneumatic chambers. Then,
a model-based feedback control strategy based on backstepping
is proposed for the tracking of a pneumatic continuum soft robot
configuration, achieving exponential stability. Finally, simulations
are presented and concluding remarks are discussed.
Index Terms—Backstepping control, Soft robot, Pneumatic
control, Solenoid valve.

I. I NTRODUCTION
Closed-loop dynamics of a pneumatic continuum soft robot
(pCSR) differs substantially from its counterpart, the rigid
robot, since nonlinear material properties, infinite degrees of
freedom, and model uncertainties are involved [1]. Consequently, pneumatic control techniques for rigid robots cannot
be directly applied to pCSRs [2]. Therefore, to address the
control design of such a system, a model incorporating the
complexity of both the robot continuum deformation and
pneumatic actuation dynamics is needed. Nevertheless, some
works have addressed pCSR control design by assuming 1)
a simplified robot deformation dynamics [3] or 2) neglecting
pneumatic dynamics [4]. Thus, while there is a healthy amount
of literature on pneumatic control [5] and on soft robots [2],
[6], the pneumatic control for pCSR with complete dynamics
is still an open problem in the literature of soft robotics.
Model-based control has been currently explored for pCSRs
because of its advantages in efficiency and accuracy, despite
its downside regarding practical viability and complexity
to implement [7]. In our previous work [8], we proposed
a pneumatic controller that guarantees robust configuration
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tracking for a cascade system considering pCSR complete
dynamics, with finite-time convergence of pressure tracking
errors; the results were adequate, but we noticed that the
coupled nonlinear dynamics also suggest a control design by
the backstepping techinque. Backstepping is a well-known
control strategy particularly useful for dynamical systems with
a nonlinear triangular structure [9], [10] and underactuation
[11]. This strategy has already been addressed to deformable
body systems equipped with pneumatic actuation, [12], [13],
[14]. Notably, [12] proposes a backstepping control for a one
degree of freedom soft bending arm actuated by solenoid
valves. For a pneumatic soft robot driven by solenoid valves,
[13] propose an energy-based control scheme compared to a
backstepping controller, but soft robot dynamics is approximated through 3 rigid links. The approach of [14] shows a
backstepping design for an underactuated piston-driven piecewise constant curvature soft robot, with the disadvantage of
limiting input pressure by the piston volume. Actuation for
a pCSR is usually adressed with solenoid valves, see [15] a
comparison between proportional and PWM solenoid valves
for soft actuators; therefore, it sounds reasonable to address
the pneumatic control of pCSR assuming solenoid valves and
the complete continuum soft robot dynamics.
1) Contribution: In this paper, we design a backstepping
control for a solenoid valve actuated pCSR, therefore, the
dynamics of this coupled system is also addressed. The pCSR
dynamics, under proper assumptions, is parameterized through
three deformation parameters; then if three embedded pneumatic chambers (evenly distributed) are considered, a fully
actuated system with a strict feedback structure is achieved.
Hence, the backstepping algorithm can be applied to design
the control to stabilize the pCSR dynamics.
2) Organization: System modeling is detailed in Section
II. First, pCSR dynamic model is derived, next, the pneumatic
system dynamics is obtained and the coupled system considering both models is presented and used to state the control problem. In Section III, the dynamic model is expressed in error
coordinates the backstepping algorithm is applied to derive the
control law in accordance to the stability analysis. Simulations
exemplify a case study in Section IV, and discussions are
addressed in Section V. Conclusions are given in Section VI.

II. M ODELING
A. Assumptions
On one hand, the pCSR can be considered as deformable
body that produces motion through controlled deformation by
internal pneumatic chambers. Such characteristic provides in
principle infinite degrees of freedom (DoF’s) to the pCSR;
moreover, we introduce the following assumptions:
A1
Relative distance among particles is not constant.
A2
Radial and circumferential deformation are constrained.
A3
There is a backbone line representing body deformation.
With this assumptions, a Lagrangian-like finite dimension
representation of the pCSR can be obtained as follows, [16]
H(q)q̈ + C(q, q̇)q̇ + τ vs + g(q) = τ

(1)

where q, q̇ are the state of position and velocity deformation
coordinates, H(q) the inertial matrix, C(q, q̇)q̇ the Coriolis
vector, τ vs models viscoelastic forces, and g(q) gravitation
loads; and τ the control input. On the other hand, this soft
robot is driven by embedded pneumatic chambers, whose
dynamics is developed under the additional assumptions:
A4
There are no air leaks.
A5
The gas inside the chamber is perfect and behaves
according to the ideal gas law.
A6
The pneumatic actuation is isentropic process.
A7
The pressure and temperature in the chamber is
homogeneous.
Now, we develop the expresions of both soft robot (1) and its
actuation pneumatic dynamics.
B. Soft Robot Dynamics
1) Inertial Matrix: Soft robot dynamics is derived using the
Lagrangian formalism under A1-A3 to obtain the classical Lagrangian structure (1), except for viscoelastic forces τ vs which
is a subject beyond our proposal. Now, let q = (l, ϕ, κ)T ∈
R3 represent the set of generalized deformation coordinates
of length, azimuth and curvature of the backbone line, respectively, see Fig. 1). Notice that Rboth the positive definite
n×n
symmetric inertia matrix H(q) = b JpT (·)J
R p (·)dm ∈ R
and gravity potential energy Ug (q) = − b (r p (q) · g 0 )dm
depend on a particle position vector r p (q) ∈ R3 and its
Jacobian Jp (q) = ∂r p /∂q, and both require body mass
integration. Particle position vector of a pCSR is [16]


Cϕ + Cθ̄ Cϕ (κrCϕ−ψ − 1) + κrSϕ Sϕ−ψ
1
r p (q, b) =  Sϕ + Cθ̄ Sϕ (κrCϕ−ψ − 1) − κrCϕ Sϕ−ψ  ,
κ
(1 − κrCϕ−ψ ) Sθ̄
where Cx = cos x, Sy = sin y, θ̄ = κls, and c =
(r, ψ, s)T ∈ R3 are the set of toroidal coordinates composed
of an s−variable ∈ [0, 1] (a measure along the backbone line),
and a pair of polar coordinates (r, ψ) ∈ [0, ro ] × [−π, π],
with ro as the outer cylindrical radius of the soft body. These
coordinates are used to compute body mass integration (dm)
as a volume integral (dV ) incorporating a variable density
function, see [16].

2) Coriolis Matrix: The Coriolis matrix C(q, q̇) ∈ Rn×n
in (1), is computed with Christoffel symbols after the inertia
matrix elements.
3) Gravity Vector: Gravity vector g(q) = ∂Ug /∂q ∈ Rn ,
for g 0 = (0 0 − 9.81m/s2 )T the gravity acceleration vector.
4) Control Input: The exogenous input τ ∈ Rn stands
for the generalized force control vector produced by p pneumatic actuators. Let a set of p relative pressure inputs
P r = (p1r , p2r · · · , ppr )T ∈ Rp be associated to pneumatic
embedded chambers that produce τ = Bq (q)P r , where
Bq (q) = [ · · · ∂Vi (q)/ ∂q · · · ] ∈ Rn×p is the wellposed (full rank) input matrix with Vi (q) as the ith chamber’s
volume, see next subsection.
5) Viscoelastic Forces: Special attention is devoted to the
viscoelastic forces term τ vs ∈ Rn that arise all along the
deformable bodies and these represent the internal forces due
to deformations of internal particle motions. Precise models
are beyond the scope of this work, but it suffices now to
consider, without loss of generality, the Kelvin-Voigt model
[17]: τ vs = Dq̇+Ke q̄ ∈ Rn for order-n positive semi-definite
matrices (D, Ke ) ≥ 0.
C. Pneumatic System Dynamics
By virtue of the ideal gas law, and after A4-A7, the pressure
dynamics for a rigid pneumatic chamber (such as a pneumatic
piston) is, [18],
RT
V̇
ṁ
(2)
Ṗ + P =
V
V
where P is the absolute pressure in the chamber, V is the
chamber’s volume, R stands for the ideal gas constant, T
as the temperature, and ṁ is the mass flow rate –with m
the air mass inside the chamber–. Assuming reasonably that
V > 0 as in a conventional physical context, the volume of
the rigid pneumatic chamber varies due to linear displacement.
However, the volume changes after any displacement on a
deformable pneumatic chamber. Consequently, the internal
volume of each deformable pneumatic chamber embedded into
the pCSR can be modeled as a function of the generalized
coordinates. For cylindrical chambers with cross section area
achi and (ψi , rmi ) the centroid’s constant polar coordinates
over the toroidal cross section area of the pCSR, the chamber
volume Vi (q) and its time derivative V̇i (q, q̇) are given as
follows, [16]:
Vi (q) = achi l (1 − κrmi Cψi −ϕ ) > 0,
V̇i (q, q̇) = achi l˙ (1 − κrmi Cψi −ϕ ) − lκrmi ϕ̇Sψi −ϕ

− lrmi κ̇Cψi −ϕ

(3)
(4)

where V̇i (q, q̇) is sign undefined.
Notice that since the volume is now function of the generalized coordinates, then it varies along coordinates l and
κ, which implies that additional non-negligible dynamical
couplings arise at dynamical level. It is easy to extend (2)
for p chambers as
Ṗ + V −1 (q)V̇ (q, q̇)P = ρ0 R T V −1 (q)Q,

(5)

coordinates q. It leads to establish consequently a nested
dynamics in state space representation, given by
q̈ = f1 (q, q̇) + g1 (q)P ,
Ṗ = f2 (q, q̇, P ) + g2 (q, P )u,

(9a)
(9b)

−1

Fig. 1. a) pCSR deformation coordinates. b) Electro-pneumatic circuit for a
pneumatic chamber of the pCSR.

with entry-wise vectors (P , ṁ, Q) ∈ Rp and entry-wise
diagonal matrices [V (q)(q), V̇ (q, q̇)(q)] ∈ Rp×p ; where the
mass flow rate vector has been replaced with ṁ = ρ0 Q, for
ρ0 (the air density at reference conditions) and the volumetric
flow vector Q.
The electro-pneumatic system [19], shown in Fig. 1, includes a pressure reservoir (set at PR ∈ R+ ) to comply to
the ISO 6358 standard, [20], by defining the volumetric flow
supplied by solenoid valves as
Q = CΨ(·)u,

(6)

with u ∈ Rp representing the control pressure vector as a
factor of the upstream pressure, C the sonic conductance, and
Ψ ∈ Rp×p a diagonal positive definite flow matrix whose
diagonal elements are of the form


1
if φi < b, (choked)

s

2
ψ̄i =
(7)
φi − b


1
−
if φi ≥ b, (subsonic)

1−b
where φi = pdi /pui is the i − th piece-wise ratio between downstream absolute pressure coordinates P d =
(pd1 , pd2 · · · , pdp )T ∈ Rp and upstream absolute pressure
coordinates P u = (pu1 , pu2 · · · , pup )T ∈ Rp , and b is the
critical pressure ratio at which the air reaches sonic speed at
the nozzles. Notice that b and C are values dependant of each
solenoid valve.
The values of the upstream coordinates pui and the downstream coordinates pdi depend on whether the pCSR controller
demands a charge or discharge for each chamber: during
charge regime, P u = P R and P d = P , while in discharge
regime, P u = P and P d = P atm , [21]. Finally, using (6), the
pneumatic dynamic system (5) becomes
Ṗ + V −1 (q)V̇ (q, q̇)P = Bp (q, P )u

(8)

with a positive definite pressure input matrix Bp (q, P ) =
ρ0 RT CV −1 (q)Ψ(·) > 0.
D. Dynamics in Strict Feedback Form
At this stage, tightly couplings are devised between the continuum soft robot (1) and the pneumatic system (8) stemming
from the fact of the volume dependence of the generalized

with f1 (q, q̇) = −H (q)[C(q, q̇)q̇ + τ vs + g(q)],
f2 (q, q̇, P ) = −V −1 (q)V̇ (q, q̇)P , g1 (q) = H −1 (q)Bq (q),
and g2 (q, P ) = Bp (q, P ); where the term g1 (q)P is an interconnection between the dynamics. Furthermore, the system
is in strict feedback form, in compliance to the backstepping
control method. Hence, the control problem is stated now as
follow: ”Design a pneumatic controller u using the backstepping method to guarantee global asymptotic stability of (q, q̇)
to (q d , q̇ d ) ∀ (q(0), q̇(0)) ”.
Notice that control law u will require the inverse of Bq
and of the well-posed Bp , which suggests further insight into
Bq . If a set of three chambers are considered, p = 3, with
chambers’ configuration as rmi = rm , and ψ1 = 0, ψ2 =
2π/3, ψ3 = −2π/3, then input matrix adopts the following
form, [16]


1 − κrm Cϕ+ 2π
1 − κrm Cϕ 1 − κrm Cϕ− 2π
3
3

κlrm Sϕ+ 2π
κlrm Sϕ− 2π
Bq (q) =  κlrm Sϕ
3
3
2π
−lrm Cϕ
−lrm Cϕ− 2π
−lr
C
m ϕ+ 3
3
Thus, Bq−1 is well-posed when three chambers for three
generalized coordinates are considered, in addition, the system
is fully actuated, for κ > 0.
III. C ONTROL D ESIGN
A. Open-loop Error Equation
Consider the backstepping control method for the fully acT
T
tuated system (9). Let x = (x1 , x2 , x3 ) = (q, q̇, P ) ∈
9
R be the state vector of (9), then the dynamics with state
variables is written as
ẋ1 = x2 ,

(10a)
−1

(x1 ) [h(x1 , x2 ) + Bq (x1 ) (x3 − P atm )] , (10b)

−1

(10c)

ẋ2 = −H
ẋ3 = −V

(x1 )V̇ (x1 , x2 )x3 + Bp (x1 , x3 )u,

where h(x1 , x2 ) = −H −1 (x1 )[C(x1 , x2 )x2 + τ vs + g(x1 )].
As the control objective is the stabilization of x1 and x2 , let
T
the tracking reference vector be xd = xd1 , xd2 ∈ R6 , thus
the error coordinates become
x̃1 = x1 − xd1 ,

(11a)

xd2 ,

(11b)

x̃2 = x2 −

Notice that at this point, the reference for x3 is unknown, but
it depends on x1 and x2 , therefore the aim is its constructive
design with backstepping technique. Without loss of generality, consider the following error dynamics
˙ 1 = x̃2
x̃
(12a)
˙x̃2 = −H −1 (x1 ) [h(x1 , x2 ) + Bq (x1 ) (x3 − P atm )]
− ẋd2
ẋ3 = −V

−1

(12b)
(x1 )V̇ (x1 , x2 )x3 + Bp (x1 , x3 )u.

(12c)

Next, the backstepping is developed twice for the velocity error
x̃2 and the pressure x3 as virtual controllers to finally compute
a control u for (12), and then we prove the asymptotic stability
(x̃1 , x̃2 ) → 0 as t → ∞, in the sense of Lyapunov.
B. Backstepping Control Design
Without loss of generality, assume a disturbance free system, full knowledge of model and its parameters, and full
access to the state variables. In these circumstances:
1) Step 1: Let the change of coordinates be z 1 = x̃1 , where
z 1 is an error variable, then subsystem (12a) can be rewritten
as follows
ż 1 = x̃2 .
(13)
If x̃2 = ω1 acts as a stabilizing function for (13), then consider
ω1 ≜ −K1 z 1 ,

(14)

with K1 = K1T > 0. It is easy to show that z1 is stabilized at
the origin. Therefore, an error variable z 2 is defined as follows
z 2 = x̃2 − ω1 ,

(15)

whose origin implies x̃2 = ω1 . Equation (15) suggests to write
the state variable x̃2 = z 2 +ω1 , which substituting it into (13),
one obtains
ż 1 = z 2 − K1 z 1 .
(16)
Stability of z 1 -dynamics is verified considering the following
Lyapunov candidate function
1 T
z z1,
2 1
whose time derivative along solutions (16) yields
V1 =

V̇1 = −z ⊺1 K1 z 1 + z ⊺1 z 2 .

(17)

If z 2 → 0, (17) shows the global asymptotic stability for z 1 .
This is precisely the objective of the next step.
2) Step 2: Dynamics of error variable z 2 is obtained by
˙ 2 − ω̇1 , then, using
the time derivative of (15), that is ż 2 = x̃
(12b), it becomes
ż 2 = − H −1 (x1 ) [h(x1 , x2 ) + Bq (x1 ) [x3 − P atm ]]
− ẋd2 − ω̇1 .

(18)

Now, let x3 = ω2 act as a stabilizing function for the dynamics
(18) aimed at stabilizing z 2 . To this end, let z 3 define the error
coordinate as follows
z 3 = x3 − ω2 ,

(19)

whose origin implies x3 = ω2 . Using (19), dynamics (18)
becomes
ż 2 = − H

−1

(x1 ) [h(x1 , x2 )] −

ẋd2

− ω̇1

(20)

− H −1 (x1 )Bq (x1 )P atm + H −1 (x1 )Bq (x1 ) [z 3 + ω2 ]
In this way, stabilizing function ω2 is designed to guarantee
stability for z 2 dynamics using the following Lyapunov candidate function
1
V2 = V1 + z ⊺2 z 2 ,
2

whose time derivative along the solutions of (20) yields

V̇2 = −z ⊺1 K1 z 1 + z ⊺2 z 1 − H −1 (x1 ) [h(x1 , x2 )] − ẋd2 − ω̇1

− H −1 (x1 )Bq (x1 )P atm + H −1 (x1 )Bq (x1 ) [z 3 + ω2 ]
(21)
Now, consider the following stabilizing function ω2

ω2 =Bq−1 (x1 )H(x1 ) ω˙1 + ẋd2 + H −1 (x1 )[h(x1 , x2 )]

− z 1 − K2 z 2 + P atm ,
(22)
with K2 = K2T > 0. Substituting (22) into (21), we obtain
V̇2 = −z ⊺1 K1 z 1 − z ⊺2 K2 z 2 + z ⊺2 H −1 (x1 )Bq (x1 )z 3 , (23)
Notice that if z 3 → 0, then (z 1 , z 2 ) → (0, 0). That is the
objective of next step.
3) Step 3: Using (10c), the time derivative of (19) can be
written as follows
ż 3

=
=

ẋ3 − ω̇2
−V

−1

(24)

(x1 )V̇ (x1 , x2 )x3 + Bp (x1 , x3 )u − ω̇2

Consider the following Lyapunov candidate function
1
V3 = V2 + z ⊺3 z 3 ,
(25)
2
whose time derivative along (24) is

V̇3 = −z ⊺1 K1 z 1 − z ⊺2 K2 z 2 + z ⊺3 B(x1 )H −⊺ (x1 )z 2

− V −1 (x1 )V̇ (x1 , x2 )x3 + Bp (x1 , x3 )u − ω̇2 . (26)
Finally, let the control law u be

u = Bp−1 (x1 , x3 ) ω̇2 + V −1 (x1 )V̇ (x1 , x2 )x3

− Bq (x1 )H −⊺ (x1 )z 2 − K3 z 3 ,

(27)

with K3 = K3T > 0. Substituting (27) into (26), one obtains
V̇3 = −z ⊺1 K1 z 1 − z ⊺2 K2 z 2 − z ⊺3 K3 z 3 ,

(28)

which is negative definite, then implying the global asymptotic
stability of origin (z 1 , z 2 , z 3 ) = (0, 0, 0). Notice that (25) can
be rewritten as V3 = 21 z T z, for z = (z 1 , z 2 , z 3 )T ∈ R9 ,
and a diagonal block matrix K ∈ R9×9 whose entries are
K1 , K2 , K3 ; then (28) can be rewritten as
V̇3

= −z ⊺ Kz
2

≤

−λm (K)∥z∥

≤

−2λm (K)V3

(29)

where λm (∗) represents the minimum eigenvalue (∗) Solving
(29), one obtains
V3 (t) ≤ V0 e−2λm (K)(t−t0 ) ,

(30)

where V0 = V (0), showing the exponential convergence of
error variables z.
Consequently, it can be concluded that
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Therefore, we have proved the main result.
Theorem 1. Closed-loop dynamics (12) with control (27), and
stabilizing functions (14), (22), guarantee exponential convergence of the error variables z and so does (∆x1 , ∆x2 ) →
(0, 0), as well as the pressure to the stabilizing function x3 →
ω2 , ensuring globally asymptotically (x1 , x2 ) → (xd1 , xd2 ).
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IV. S IMULATIONS

B. Results
The tracking of the configuration coordinates of the pCSR
is shown in Fig. 2, which at t = 0, the start of the charge
regime, shows that the backstepping controller performs the
tracking with no overshooting. However, at t = 10, under the
discharge regime, there is a visible transient response in the
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Simulations were conducted in Matlab Simulink R2021b,
on a PC equipped with Intel Core i5-1135G7 and 12 GB of
RAM, running with a 0.0001-maximum step size variable-step
integrator ODE23tb solver.
1) Reference Trajectories: The reference trajectory is defined as q d = [ld , −1.0472, κd ]T where the desired azimuth
angle is constant and both ld and κd vary exponentially, this
reference trajectory represents changes in length and curvature
in the same plane at the constant azimuth. The first ten seconds
ld and κd increase exponentially, which implies pressurization
in the pneumatic chambers (charge regime), and the final ten
seconds ld and κd decrease exponentially (discharge regime).
2) Parameters and Initial Conditions: Parameters of the
pneumatic soft robot and the pneumatic system are rch =
0.002(m), rm = 0.0075(m), re = 0.015(m), m = 0.0544(Kg),
T = 293(K), R = 287.05(J/Kg·K), b = 0.528, C =
3.7 × 10−10 (m3 /Pa·s), Patm = 101500(Pa), PR = 204921(Pa),
and ρ0 = 1.2068(Kg/m3 ). The parameters rch , rm , re , and
m are from a physical soft robot used in the work of [16].
Parameters R, Patm and ρ0 , are standard thermodynamic values
for the air at sea-level atmospheric pressure and the reservoir
pressure PR was proposed sufficiently large. The values of
C and b were selected from a solenoid valve used for soft
actuators in the work of [21]. The initial conditions of the
generalized coordinates q are l0 = 0.072 (m), ϕ0 = 0 (rad),
and κ0 = 0.069 (1/m). Feedback control gains K1 = K2 =
K3 = diag(180, 180, 180) were obtained in congruence with
the stability tests detailed in Section III, approaching the value
used by trial and error.

Fig. 2. Soft robot system: Configuration (deformation) coordinates are shown
in the left column, with its generalized velocities in the middle column, and
tracking errors in the right column. Rows show from top to bottom length,
azimuth, and curvature, respectively, and it can be seen that at t = 10 s the
system switches from charge to a discharge regime.
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Fig. 3. Pneumatic actuation system and control: Chambers’ pressures (first
row), pressure control u and zooms to the transients at the start of charge
t = 0 s and discharge t = 10 s regimes (second row), error variables z from
the backstepping design, flow function Ψ and pressure chambers’ volume
(third row).

columns of configuration derivatives and configuration error.
In practice, the transient would also appear as a consequence
of the ON/OFF change in a typical industrial solenoid valve.
Fig. 3 shows the control signals and induced input pressures.
The desired constant azimuth implies a pressure increase in all
three chambers simultaneously, but a higher one in only one
of them, see first row and second column, corresponding to
the second chamber. In the same row, the stabilizing function

ω2 acts as the reference pressures for the chambers, where the
backstepping controller performs tracking despite the transient
induced by flow regime change at t = 10s. Second row shows
the control signal behavior u. In the first column steady state
shows how control varies to produce pressure tracking (with
the backstepping errors just in the row below). Second and
third columns show transients of both charge and discharge
regimes which exhibit exponential convergence with similar
overshoot and settling times, about 100ms. The switching of
flow regime can be seen in last row second column, where
during charge regime the flow is nearly or even chocked for
all three chambers while during the discharge regime the three
pneumatic chambers present an evident subsonic flow. Finally,
volumes are shown in last row, third column, exhibiting a
continuous behavior, even at flow regime change.
V. D ISCUSSIONS
The flow function (7) imposes a hard nonlinearity in the
penumatic systems, which induce a control switching conditions since downstream P d and upstream P u pressures commute, even if this function is continuous. Therefore, commuting implies a switching dynamical behavior for each regime,
this issue deserves further consideration. See for instance an
analytical definition [18], or a simplified expression [20], the
dependence of the function changes whether the pneumatic
actuator is in charge or discharge regime. These regimes have
not been addressed in the literature of pneumatic control for
soft robots, an issue beyond the scope of this manuscript
but a necessary one to study when realizing experiments
of pCSR actuated by solenoid valves. Such commutation is
observed in simulations as induced transients in control and
state. The transients are faster than the ones obtained in our
previous work [8]; however, they still present a relative slow
settling time, which indicates that such phenomena must not
be neglected in practice.
Our scheme yields the global stability with a sound constructive scheme, however one drawback is that it is model
dependent, which can be ameliorated with an adaptive backstepping scheme, at the expense of requiring a regressor, or a
neural network backstepping.
VI. C ONCLUSIONS
The configuration tracking of a pneumatic continuum soft
robot is addressed with a model-based backstepping control,
considering the full dynamics of both subsystems. The proposed backstepping control guarantees tracking, with stability
in the sense of Lyapunov, based on a constructive method to
design the reference pressure for the pneumatic dynamics.
Simulations show the expected exponential convergence of
errors considering realistic parameters corresponding to an
experimental scenario of a real prototype system. A transient
response appears at the beginning of both charge and discharge
regimes, but the settling time and overshoot magnitudes remain
under the acceptable margins for practical implementation.
Future work includes the design of a robust backstepping
design approach as well as a model-free version, with an effi-

cient neural network backstepping. In addition, experimental
testbed, including pneumatic instrumentation and soft robot
manufacture, is under way to asses its real time performance.
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