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P-satl-D Shape Regulation of Soft Robots

Pietro Pustina®, Pablo Borja?, Cosimo Della Santina®*, Alessandro De Luca'

Abstract—Soft robots are intrinsically underactuated mechan-
ical systems that operate under uncertainties and disturbances.
In these conditions, this letter proposes two versions of PID-like
control laws with a saturated integral action for the particularly
challenging shape regulation task. The closed-loop system is
asymptotically stabilized and matched constant disturbances are
rejected using a very reduced amount of system information
for control implementation. Stability is assessed on the under-
actuated dynamic model through the Invariant Set Theorem for
two relevant classes of soft robots, i.e., elastically decoupled and
elastically dominated soft robots. Extensive simulation results
validate the proposed controllers.

Index Terms—Motion Control; Underactuated Robots; Mod-
eling, Control, and Learning for Soft Robots.

I. INTRODUCTION

ONTINUUM soft robots are robotic systems made of

continuously deformable materials [1]. Because of their
compliant nature, soft robots have applications ranging from
maintenance [2] to human rehabilitation [3]. In soft robotics,
several open challenges need yet to be addressed, spanning
from perception to control. These mainly stem from the
infinite-dimensional nature of soft robots, whose dynamics is
governed by nonlinear partial differential equations. To over-
come this challenge, researchers have proposed approaches
to obtain finite-dimensional but accurate descriptions of soft
robots [4]-[6]. Several works, such as [7]-[9], have used finite-
dimensional models for control purposes both in configuration
and task space. Most of these new approaches build upon
fully actuated approximations of the dynamics, which allow
reconducting the control problem to standard rigid robot
control theory. However, obtaining these simplified models
implies relying on very coarse approximations. Developing
model-based controllers this way has been a valuable heuristic
to showcase the power of model-based controllers. Unfortu-
nately, at the same time, using such rough approximations can
lead to an erroneous assessment of stability and sub-optimal
performance, which are essential features for systems that are
supposed to interact with humans.
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Figure 1: Block scheme representation of the proposed control
architecture. For elastically dominated soft robots, the control action
is the sum of three terms: (i) a proportional, (ii) a derivative, and
(iii) a saturated integral action driven by the tracking error. The
regulator for elastically decoupled soft robots requires an additional
term, illustrated with a black dashed line, that cancels the gravitational
forces on the actuated variables.

Therefore, a growing attention has been building around
the topic of developing controllers for soft robots that operate
outside the restrictive fully actuated framework. An early work
dealing with this challenge is [10], which approximates the
dynamics of soft robots as large-scale linear systems. This
allows assessing that a control loop consisting of an observer
and a controller derived from a reduced-order model can
successfully stabilize the original dynamics. The architecture
is validated experimentally. In [11], the authors propose an
underactuated template model for the control design of soft
robots. After studying the main system properties, they show
how collocated and non-collocated feedback linearization
asymptotically stabilize the arm in its unstable straight config-
uration. Also, [12] presents a controller for shape regulation of
planar soft robots by matching the robot with an underactuated
rigid-link model. Even if theoretically sound, these controllers
have limited practical applicability as they have complex forms
and are potentially unrobust to external disturbances and model
uncertainty.

A first work taking this direction is [13], which proposes a
variation of the integral IDA-PBC technique for soft manipu-
lators. This strategy still relies on model-based cancellations
and, as such, it is potentially unrobust to model uncertainties.
Remarkably, [14]-[16] investigated experimentally the use
of PID regulators for controlling the shape of soft robots.
However, these references do not provide stability proof and
assume full actuation. We follow an alternative path with our
recent works [17]-[19]. There, we proposed PD+ control laws
for two classes of soft robots: elastically dominated and elasti-
cally decoupled. The goal is to have simple — and thus robust
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— controllers that are provably stable in the general setting and
parsimoniously use the information on the robot dynamics. In
this letter, we move a further step toward developing robust
and simple shape regulators for soft robots under non-rough
discretizations by adding a saturated integral (satl) action to
the regulators of [17] and [18]. Fig. 1 shows a block scheme of
the proposed control architecture. Including an integral term
requires extreme care because the dynamic couplings with
the soft robot dynamics may lead to instability. In addition
to stability, we prove that (i) the steady state elastic force
is learned through the integral term. As a result, the stiffness
completely disappears from the control laws, avoiding the need
to estimate its value accurately. Furthermore, in analogy with
the internal model principle, (ii) the closed-loop system rejects
matched constant disturbances.

II. PRELIMINARIES

A. Notation

Vectors and matrices are denoted with bold lower- and
upper-case letters, respectively, whereas scalars with lowercase
normal ones. The symbol I,, represents the n X n identity
matrix. Zero vectors and matrices of proper dimension are
denoted as 0 and O, respectively. For a vector x € R,
its p-norm is denoted as [lz[|, ,p > 2 and for p = 2
simply ||| Similarly, if A € R"*! ||A| is the matrix
norm induced by the Euclidean norm of vectors. Given a
symmetric matrix A, i.e., A = AT its smallest and largest
eigenvalues are Apin(A) and Apax(A). If Apin(A) > 0 (or
> 0), then A is said to be positive definite (or semidefinite),
and it is denoted as A > 0 (or A > 0). To simplify
the notation, arguments of the functions are omitted when
clear from the context. Furthermore, given a continuously
differentiable function f(x) : R* — R, V,(f) € R" and
VZ(f) € R denote, respectively, the gradient and Hessian
of f. For g(x) : R" — R, its Jacobian is J,(g) € R*".

B. Dynamic model

Consider a continuum soft robot described by
Mo6(0)0+Co(0,0)0+Go(8)+Ke0+Dg(0)0 = A(T+d), (1)

where 6 € R™ denotes the configuration vector, Mg(68) > 0
is the mass matrix, Cg (6, 0)0 collects Coriolis and centrifugal
effects, and Gg(0) = V¢(U,y(0)) contains the forces due to
gravity, being U, (@) the gravitational potential energy. Elastic
and dissipation forces are modeled, respectively, through K o0
and Dg(0)0, with Ky > 0 and Dg(6) > 0. Finally,
T € R™ groups the generalized input forces, projected into
the configuration space through the constant actuation matrix
A € R, and d € R™ is a constant disturbance, i.e.,
d = 0. In [18] it is shown that (1) includes a reasonably large
class of soft robots. Indeed, if the columns of A are linearly

independent, it is always possible to define a linear change of
coordinates g = T'0 such that the dynamics becomes

M (q) C(q,9) G(q)
—_— —_— ——
Maa Mau qa + Cﬂa Cau qa + Ga
n Kaa Kau q, + Daa Dau Qa _ T+d
K.. Ku. q, Dyo Duyu i]u - 0 ’
~—_——— —
K D(q)

(2)

where the configuration vector g has been divided into actu-
ated and unactuated variables, denoted from now on g, € R™
and g, € R"™™, respectively, and the dynamic terms have
been partitioned accordingly.

C. Properties

Without loss of generality, the dynamic model (2) satisfies
a set of properties previously reported for robots with revolute
joints [20], which we list below for the sake of readability.

Property 1. There exist constants kpyr, k., > 0 such that, for
all g, € R™,

Flle|* < " M(@)z < k]
Property 2. There exists a constant ko > 0 such that, for all
q,q € R,
N 2
1C(g,q)qll < kcliqlI™.
In addition, M (q) — 2C(q, q) is skew symmetric or, equiva-
lently, M(q) = C(q,q) + C" (¢, 9)-

Property 3. There exist constants ky,, kc, koc > 0 such that,
for all g € R™,

1Ug(@)|| < ku,, G| < ke, [[Tq(G())]| < koc-

D. A Class of Saturated Functions

In Sections IIT and IV, control laws for shape regulation of
two classes of underactuated soft robots are presented. These
extend the controllers of [17], [18] by adding an integral action
driven by the following class of saturated functions.

Definition 1. Let S(3, a1, a2, a3) be the set of C' monoton-
ically increasing functions s(x) = (s(z1) s(x2) - s(zp))"
R" — R" such that, for all y € R,
(i) s(y) = o(y)y holds for a function o : R — R defined
everywhere,

) ailyl; yl < B
(i) |s(y)] 2{ By lyl > B
(iii) |s(y)] < {y“

ly| < B
B; |yl >p8
(i) az > W 5 ¢
dy

‘1 _ dS(y)‘ <
dy

>

>

(v) < az|s(y)l.

(t(x) ~s1(zn)), s1(y) = tanh(y),

,1). Another example is s,(z) =
and p € Z,, which

For example, s;(x) =
belongs to 8(1 tanh(l)

(sp(z1) -+ - sp(Tn)), (y) —
(I+]yl») P
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belongs to S 1,27%,1,1 .

The above class of functions satisfies a series of useful
properties. In particular, for all £ € R" and Q € R**
symmetric, we have the following.

Property 4. ([21]) Given ki = oy, ky = a1, and ks = Vhj3,
the following inequalities hold

Billall; o] < 8
>
||s<m>||_{ O
and s ]l < 8
||, x
< 9 —_—
“S(””)”—{ ki e > 6.
klzl?: el <8
Property 5. ([21] sTmazz{
perty 3. (I21]) s (@T 2 4 1| + ] > 5.

Property 6. M\uox(Q)sT (x)z > 87 (2)Qx > Anin(Q)s” (z)x.

Proof. We prove only the right-hand side of the above in-
equality because similar arguments can also be used for the
left-hand side. From (i) it follows that s(x) = X(x)x, where
3(x) = diag{o(x1)---o(xy)}, which yields s7(z)Qz =
x? ¥ (z)Qz. Furthermore, the monotonicity of s(y) and (i)
imply that o(y) > 0 and, consequently, 3(a) > 0. Thus,
sT(2)Qx > A\nin(Q)s” (z)x is equivalent to

"5(2) (Q — Amin(@In)z > 0.
Being X(x) > 0 and Q — A\pnin(Q)I, > 0 and symmetric,
3 (2)(Q — Amin(z)I1) > 0 [22]. O

Property 7. Given ky =
inequalities hold

[Tz (s(@))l| < ka, (s(@))ll < ksl[s(@)]l

Proof. The first inequality follows observing that J,(s(x)) is
a diagonal matrix. The second is an immediate consequence

of |s(xi)| < [[s(@)] 0

ag and ks = as, the following

”Ih*Jm

The set S takes inspiration from previous works on PID
control with saturated integral action of rigid robots [21], [23].
However, the actual context does not allow using the class
of saturation functions proposed in those references because
Property 6, which enables exploiting the elasticity in the
control laws and stability proofs, is not generally valid.

III. P-SATI-D+ CONTROL FOR
ELASTICALLY DECOUPLED SOFT ROBOTS

This section presents a PID controller with saturated
integral action and gravity cancellation for shape regulation of
elastically decoupled soft robots. To this end, we first introduce
the following definition.
Definition 2. A soft robot is said to be elastically decoupled
if there is no elastic coupling between the actuated and
unactuated variables, i.e.,

o

Note that no special condition on K, is needed, except that
K, > 0. To extend the PD+ regulator presented in [17], we
add a saturated integral action driven by the tracking error of
the actuated variables. In particular, we consider the collocated
control law

K., 0)

0 K., (C)]

N . Kp [t
T=Kpq, - Kpq, + 71/ 8(q,(p))dp + Ga(q), (5
0

where q, := q, 4 — q, is the tracking error with g, , the
desired set point, Kp > 0, Kp > 0, K; > 0, v > 0 are
control gains, and s(q,) € S(B, a1, as,a3).

The following theorem shows that the control law (5) ,
which we call P-satl-D+, guarantees bounded closed-loop
trajectories and asymptotic convergence of g, to 0, provided
that K p and ~ are appropriately tuned.

Theorem 1. For an elastically decoupled soft robot there
exist finite constants ap > 0 and v > 0 such that, for all
Kp > apl,, and vy > 7, the trajectories of the closed-loop
system (2)—(5) are bounded and converge asymptotically to the

equilibrium (q, q,, 4, 4,) = (@44 9u.a 0 0), where q,, ; is
a solution to

Kuuqu + Gu(qa,da qu) =0. (6)

Proof. Defining the additional state variables

t
2(0) = [ s(@u(e)dp K7 (Kuooy — d).
0
the P-satl-D+ can be rewritten as
T = Kp(]a —

. K
Kpq, + ﬁz(t) + Kaaq, . — d+ Ga(q),

which leads to the closed-loop equations (3). Note also that z
has the same dynamics of the integral. Consider the Lyapunov-
like function

_ . 1. . 1. ~
V(2,,9,,90,2) =7 (quMq +Ug + §an(KP + Kaa)g,

2
1 i K
500 Kt + 8" (2,)Ga + anTIz)

- ST(qa) (Maaqa + Ma“qu) ’
which is radially unbounded since
V2 Shmldll® = vk, + 5 Amin (Ko + K ),

Ko)llau ] — vksko — Amae (K D)2 12]
“"“(K” =2,

and the right-hand-side of the above inequality diverges to
+o0 as ||(q, q,, g 2)| tends to oco.

+ l>\min (

— kska|lqll +

Taking the time derivative of V' along the trajectories of the
closed-loop system yields

V= 7(2 @' Mag+qd" Mg+q" G—q.(Kp+ K,
qa qu( )G +s (qa)JQ(GQ)q

TK]
—Z

+ quuuqu
K T Kr . ~
—q—z+ an*8(%)> +5(3,)
v Y
= 7(@,) (Maad, + Maud, + Moad, + Mai, )
+ 4,73, (8)(Maad, + Maud,)-
Replacing (3) in the above equation one obtains
V=7 (-a"Da+al (In — J5,(5)) Ga + 8"(2,)To(Ga)d)
+ qa JT ( ) (Maaqa + Mau(.Iu) + ST(aa)Daq
+5"(a,) (Clad, + Clad,) = 8" (@) Kaad,
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where we defined

= (D, )\ _ Kp O
b=(B)=0+(% )

Kaa = Kaa +KP 7KI-
Note that

G (T = J5,(5)) Ga < vhakss(@,) 4l
(22)J(Ga)g < vkoclls(@,)llllall,
D.d < Amax(D)15(@,) 14l
) (M aadty + Maud,) < kakar|lg],
~57(a,) (Clada + Cludt,) < kakellql®
Hence, we get
V < = (1hmin(D) = (hakar + kske)) al?
+ (Ylkaks + koc) + Amax(D)) lls@)llldl - @
— Amin (K aa)s"(@,)d,
In view of Properties 4-6, for ||q, || < 8, V is bounded by
: ' Qu
VS( |aa|> ( Quz

Q12 > ( llqll )
.l )’
with

le22
Q11 = YAmin(D) — (kakns + kskc),
1 -
Quz = =3 (Y(kaks + kog) + Amax(D) )
Q22 = /\min(kaa)-
According to Sylvester’s criterion, @ is positive definite if and
only if

llall

Q11 >0, det@ > 0.

Both conditions can be fulfilled by taking
g kakm + kskc
. )\min(b)

)

and
)\min(KP) > apil = _>\min(Kaa,) + )\max(KI)

(v(haks + hoc) + Amax(D))”

4k (fy)\min(f)) — (kakns + kskc))

On the other hand, for ||q,|| > 5, it is possible to write

V < =Qullgl® + Qizks ||l — k2Q228,
which is a quadratic function in ||g| pointing downward.
Consequently, V' < 0 if and only if its minimum value is
negative, i.e.,
2 @ k3 Qi

k >k = > ,
2Q228 5104 Q22 Ko 401

which is satisfied for

)\min(KP) > ap2 = _)\min(Kaa,) + Amax(KI)
~ 2
kg (’Y(kaS + kBG) + )\max(D)>

ka2 4 (’y)\mm(b) — (kakn + kskc)) .

Thus, if /\min(KP) > ap = max{ozp71;ap72}, then V <0.
The thesis follows applying the Global Invariant Set theo-
rem [24], and noting that V' = 0 if and only if g, = 0 and
g=0. 0

Remark 1. Without further assumptions other than (4), there
might exists more than one equilibrium for the unactuated
variables compatible with that reached by the actuated ones.
Thus, even if q, converges asymptotically to q, 4, the system
does not have a globally asymptotically stable equilibrium in
general.

IV. P-SATI-D CONTROL FOR
ELASTICALLY DOMINATED SOFT ROBOTS
In this section, we present our main result for elastically
dominated soft robots. First, the following statement defines
what an elastically dominated soft robot is.

Definition 3. A soft robot with stiffness matrix

KCL(L Kau
K:(KW Ko ) ®
is said to be elastically dominated if it satisfies
)\min(Kuu) > k8G~ (9)

The inequality (9) guarantees that the potential field is
convex with respect to the unactuated variables, implying
that (6) admits a unique solution g, 4 for all g, ;. As a

consequence, q; = (qf 4 qz’d) can be rendered globally
asymptotically stable (GAS) by using the P-satl-D control law

- . K; [t
T=Kpq,— Kpq, + 71/ sa(a(p))dp, (10)
0

where ¢ = q,; — q is the tracking error, Kp > 0, Kp > 0,
K7 >0, v > 0 are control gains, and s,(q) = s(q,) denotes
the first m components of s(q) € S(f8, a1, @z, a3). In analogy
with Theorem 1, the following result formalizes that, if K p
and vy are large enough, then (10) ensures that g, is a GAS
equilibrium for the closed-loop system.
Theorem 2. For an elastically dominated soft robot there
exist finite constants ap > 0 and v > 0 such that, for all
Kp > apl,, and v > 7, the trajectories of the closed-loop
system (2)—(10) are bounded and converge asymptotically to
the equilibrium (q, G, 4 qu) = (da,a Qu,q O 0) where q,, 4
is the unique solution to

Gu(q,,4,9,) + Kuaq, g+ Kuug, = 0. an

Proof. To prove that (11) admits a unique solution, consider
the function P,(q,) : R"™ ™ — R defined as

1(aq ' q
Pu(@,) = Uy(dq 4 S Gad ) g Tad )
(qu) g(qa,d qu) + 2 ( q. ) ( q,

M(q)i + Clq.@)i + Glq) + Kq + Dg = (

qua - Kpg,+ Krz+ Ga(q) + Kaaqayd

- ) Ems@)n
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.. .\ - . Kprg —
M(‘J)quC(q,q)quG(q)+Kq+Dq:( Pda

Kpq, +
Gu(qa,d7 qu,d) + Kuiq, g+ Kuuq, g

Ky
Lzt Ga(q,) + Kaaqa,d + Kauqu,a ) L i—sa@). (12)

where U, is bounded and K > 0. Thus, P, has (at least)
a local minimum. Noting that Vg (P,) = Gu(q,.4,9.) +
Kuaq,.q + Kuug,, it follows that 4,4 is an extremum
of P,. Furthermore, (9) implies that the Hessian of P, is
positive definite. Thus, P, is strictly convex with unique global
minimum given by the unique solution of (11). Defining the
additional state, variables

2(t) = / 50 (@(0))dp — VKT (K aay g + Kty o
0

+ Ga(qd) - d)7

and exploiting the identity G..(q) + Kuaq, g+ Kuu@y g = 0,
the closed-loop dynamics takes the form (12) , where

~ . K
T = KPqu. - Kan + le(t) + Kllllqa,d
+ Kaugu,d +Galgy) —d
has been used. Consider the Lyapunov-like function
~ . 1. U
V(g,4,2) =~ <2 q"Mq+Uy(q) + 53" Ka+a" G(q,)
1. - r K 1 r K
+5a, Krd, + anfIZ) +527 =z
2 v v
- ST(&)M(L
which is radially unbounded since
V> Zkalldll? = ko + 2 dwn (Kl
).l
mln(KI)

— k|l + 3 Amin(K

— Amax (K1) 1@l + =1

— kska|ql,
and the right-hand-side of the above inequality grows un-
bounded as ||(¢§ g z)|| tends to oco.
Taking the time derivative of V' yields

V= 7(2 @' Mag+q¢" Mag+q G-q (Kg+G(ay)

T K v K
q. fz+qff18a(q))
v v
T, K1 .7 08
+ 84 (q) 5 z+q 94

After some computations, (12) leads to

- q:KP(]a
—Mq-s"(q)(Mq+ Mg).
V=—4"Dg+q J3(s)Mg—s"(q)C"q+s" (g Dq
+57(q)(G(q) — G(q,))
Koo ) -
Kuu )q'

~ Koo+ Kp— K
- ST(Q) ( KUI: !

Moreover, the following inequalities hold

q" Jg(s)Mq < kakar|dl®,

~s"(9)C" q < kske| 4],

5" (@) Dq < Amax(D)||5(2) |4l
Similarly, by the Mean Value theorem for vector-valued func-
tions [25], it is possible to write
w—q—s qu>

(/01 Jo(G(2)

G(q) - G(q,) = —

Recalling that J (G (x)) is symmetric, and invoking Proper-
ties 3 and 6, it follows

5" (2)(G(q) — G(ay)) < kocs” (2)4-
Thus,
V < = (1hmin(D) = (hakas + kshe) ) 1alf
+ Amax(D)|s(@) [[|gll = Amin (K)s™ (@)@,
where
B Koo+ Kp—Ki—kocIm K.

T Kua Kuu_kBGInfm '
Proceeding as in the proof of Theorem 1, we obtain, for ||g|| <
B?

Ve ( lal )T( Qu Qi > ( lal ) 7
- llall Q12 k1Q22 llall
with
Q11 = ’7>\min(D) — (kakn + kske),
1 .
Q12 - 72 max( )7 Q22 - Amm(-l()
According to Sylvester’s criterion, @ > 0 if and only if
Amin (K) > 0, (13)
det Q > 0. (14)
By Schur’s criterion, (13) reduces to
Kuu - k‘OGInfnL > 07
and
Kp > K +koclm — Kaa
(15)

+ Kau(Kuu - kBG’Infm)ilKga.
The first inequality holds from (9), while the latter can be
enforced by choosing K p large enough. Note that a sufficient
condition to satisfy (15) is
)\min(KP) >ap = — Amin(I{aa) + )\max(KI) + k‘BG
1K ol
Amin(]:(uu - kBGIn—m) '
Finally, (14) is guaranteed if
1 ( 1 Aax(D)
Amin(-ﬁ) kl 4Am1n(-f{)
Conversely, when ||g|| > 3, V' is bounded by

V < —Qullqll® + ksQz)|d — k25Q22,

which is negative if

+

v > A= + kakar + kskc) .

k3 Q1
> 2 A2
Q1> 105 G

or, equivalently,

- 1 k3 Adax(L
Y>> 2= ) (73 ) + kakn + k3kc) .

(
Amin(D kZﬁ 4)\min( K )
The thesis follows by defining 4 := max{91; 92} and
applying again the Global Invariant Set theorem. [

Remark 2. In contrast to elastically decoupled soft robots,
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Figure 2: Simulation 1 (Elastically decoupled and dominated). Time evolution of the closed-loop configuration variables under (a) the
P-satl-D+ (5) and (d) the P-satl-D (10) for reference (17). The output of the two controllers is shown in (b) and (e). Furthermore, (c) and
(f) present stroboscopic views of the robot motion in the workspace under the P-satl-D+ and (b) the P-satl-D, respectively. The steady-state
configurations are depicted in blue, while the transient ones are in gray. A red line shows the tip trajectory. A dark yellow stripe represents

the hinge between two consecutive actuated segments.

elastically dominated ones are stabilizable via simpler regu-
lators since almost no knowledge of the dynamic parameters
is needed, and only the actuated variables must be measured.
However, both controllers do not require the robot stiffness
because they learn the static elastic forces during the task
execution. As a result, these control laws are more robust with
respect to those of [17], [18].

Remark 3. Thanks to the natural damping in the dynamics,
the controllers (5) and (10) do not need the derivative action,
i.e., Kp can be set to zero. However, even if it does not affect
stability, the damping injection may play a fundamental role
in the closed-loop performance.

Remark 4. The proposed control laws stabilize the dynamics
also under fully actuated approximations, i.e., when m = n.

V. SIMULATION RESULTS

Here, we validate the results of Sections III and IV through
extensive simulations on different planar soft robots moving in
the vertical plane rotated so that the gravitational force yields
a destabilizing effect on the dynamics. We model the robots
under the piecewise constant curvature (PCC) assumption. A
couple applied at its distal ends bends each actuated segment.
In all the simulations, the function s(z) = s,(z);p = 2,
is used for the integral action, which is initialized to zero,
and the robot starts at rest in the straight configuration, i.e.,

q(0) = 0 [rad] and ¢(0) = O [rad/s].
See the multimedia material for a video of the simulations.

A. Simulation 1 (Elastically decoupled and dominated)

Consider a planar soft robot with two actuated segments,
each discretized into four CC segments. Consequently, the
actuation matrix takes the form [7]

T
)

a_(1 1110000
“looo0o0 1111

and the two actuated variables can be chosen as the sum
of the curvatures of each actuated segment, ie., ¢,1 =
01+ 62+ 03404 and q, 2 = 05 4 05 + 07 + 03. As a result,
q, is the attitude of the tip of the actuated segments. The six
unactuated coordinates are taken as elements of the null space
of A, ie., q, € ker A.

Each CC segment has mass m; = 0.05[kg], length [, =
0.04 [m], and uniformly distributed stiffness and damping
Ko =0.8-Ig [Nm/rad] and Dg = 0.01 - I's[Nms/rad]; €
{1,...,8}. The control gains are taken as Kp =
diag{1.5, 1.3}[Nm/rad], Kp = diag{0.3, 0.1}[Nms/rad],
K =0.5-I3]Nm/rads| and v = 2, respectively.

Being Ky diagonal and large enough, the robot is elastically
decoupled and dominated. As a consequence, both the P-
satl-D+ (5) and P-satl-D (10) control laws can be used. The
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Figure 3: Simulation 2 (Elastically decoupled). Time evolution of the configuration variables (a) and of the control effort (b) under the
P-satl-D+ for reference (18). (c) A stroboscopic view of the robot motion in its workspace organized as Fig. 2.
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Figure 4: Simulation 3 (Elastically dominated). Time evolution of the configuration variables (a) and of the control effort (b) under the
P-satl-D for reference (20). (c) A stroboscopic view of the robot motion in its workspace organized as Fig. 2.

reference for the actuated variables is (in [rad])

(-5 3" 5 teln s
- , 16
o, {( T - teln14] s (1o
which results in the overall desired configuration
Q415 tE[0;7) [s]
= ’ 5 17
a {qm; te[7;14] [s] 4
with
g, =(—% % 0.13 0.21 —0.07 —0.02 0.01 0.03 )T,
dao= (5 —T 0.15 0.22 —0.04 —0.02 0 0)".

Figs. 2(a) and 2(d) report the time evolution of the con-
figuration variables under the P-satl-D+ and the P-satl-D,
respectively. Both controllers impose, as expected, the desired
configuration; however, the P-satl-D+ performs better than the
P-satl-D. Indeed, the former yields slightly smaller overshoots
compared to the latter. The P-satl-D+ learns only the static
elastic forces at q;, whereas the P-satl-D also the gravitational
torques. Consequently, the integral of the P-satl-D accumulates
a larger error, resulting in higher peaks at the beginning of each
motion. Note that the performance of the P-satl-D could be
improved by providing an estimate of G,(q,), if available.
Figs. 2(b) and 2(e) report the time evolution of the control

torques, where no notable difference occurs. Furthermore,
stroboscopic views of the resulting robot motions are depicted
in Figs. 2(f) and 2(c).

B. Simulation 2 (Elastically decoupled)

Consider a planar cylindrical-shaped soft actuator made
of isotropic material discretized into four CC segments with
length I; = 0.05 [m] and mass m; = 0.05 [kg];¢ € {1,...,4}.
Stiffness and damping are uniformly distributed, and equal to
Ky =0.005-I4 [Nm/rad] and Dg = 0.0025 - I4[Nm/rads],
respectively. As a consequence the robot is elastically decou-
pled and (5) can be used to regulate g, = 61 +602+63+0,. The
reference configuration for the actuated variable is (in [rad])

_J % tel07)[s]

Ga,d = {—g; t € [7;14] [s]

In addition, an external disturbance d = 0.2[Nm] acts

starting from 8[s]. The control gains are taken as Kp =

0.75 [Nm/rad], Kp = 0.03 [Nms/rad], K; = 0.5 [Nm/rads]
and v = 2.

Fig. 3(a) shows the time evolution of the configuration vari-

ables. The actuated variable quickly converges to the desired

value, while the unactuated ones remain bounded and reach

an equilibrium point. As expected, the g,, variables oscillate

(18)
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significantly because we do not have direct control authority
over them. Furthermore, the Coriolis and centrifugal forces
couple the evolution of g, with g,. Since the regulator does
not perform any unnecessary cancellation of model terms for
stability, the evolution of g,, which mainly depends on the
system damping, may also affect q,. The control torque, shown
in Fig. 3(b), increases in magnitude as soon as d appears,
and the integral action quickly compensates for the external
disturbance. Because of the excessive weight, the actuator
collapses, and the task is accomplished by moving mainly the
tip, as it appears from the stroboscopic plot of the robot in
Fig. 3(c).

C. Simulation 3 (Elastically dominated)

Finally, consider a conical-shaped tentacle of isotropic ma-
terial. The robot is modeled through four CC segments with
length I; = 0.05 [m]; 7 € {1,...,4}. The segment masses are
myi,2,343 = 10.05, 0.04, 0.03, 0.02} [kg|, whereas stiffness
and damping are, respectively,

Ky = diag{0.1;0.13;0.16; 0.2} [Nm/rad]

Dy = diag{0.03;0.0036; 0.043; 0.05} [Nms/rad].
Differently from the previous simulation, we choose Kp =
0.3[Nm/rad] and K; = 0.6 [Nm/rads|. Being the stiffness
large enough, the potential field is convex and the robot is
elastically dominated with again q, = 61 + 602 + 035+ 604. Thus,
the P-satl-D law (10) can be used to regulate q,, for which
the commanded target (in [rad])

and

—m; t€[0;7) [s]
Qa,d = ™ ) 19)
{ 5 te[7;14] [s]
results in the reference configuration
_ f[-70.140.26 0.33); t€[0;7) [s] 20)
947 2007007002 tel[7;14] [s]

Figs. 4(a) and 4(b) illustrate the closed-loop evolution of the
configuration variables and of the control input, respectively.
As expected, g converges to the desired set point. Since the
elastic forces support the arm against gravity, the curvatures
attain similar values, and the robot no longer collapses, in
contrast to Simulation 2. This fact can also be seen in Fig. 4(c),
which illustrates the robot motion.

VI. CONCLUSIONS AND FUTURE WORK

In this work, we proposed new classes of controllers for
elastically decoupled and elastically dominated soft robots.
For the former, the actuated variables can be regulated to
any desired target configuration through a PID with satu-
rated integral action and with gravity cancellation. Along
the same line of thought, elastically dominated soft robots
can be globally asymptotically stabilized using a simple PID
controller with saturated integral action. The integral yields
two benefits: (i) it does remove from the control law a term that
accounts for the elastic forces, and (ii) it makes the closed-loop
robust with respect to matched constant disturbances. Finally,
the theoretical results have been verified through extensive
simulations. Future work will be devoted to the experimental
validation of these controllers, and to the study of tuning
techniques for the proposed regulators.
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