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bstract— Incorporating both flexible and rigid components
in robot designs offers a unique solution to the limitations
of traditional rigid robotics by enabling both compliance and
strength. This paper explores the challenges and solutions for
controlling soft-rigid hybrid robots, particularly addressing the
issue of self-contact. Conventional control methods prioritize
precise state tracking, inadvertently increasing the system’s
overall stiffness, which is not always desirable in interactions
with the environment or within the robot itself. To address
this, we investigate the application of Control arrier Functions
(C Fs) and High Order C Fs to manage self-contact scenarios
in serially connected soft-rigid hybrid robots. Through an anal-
ysis based on Piecewise Constant Curvature (PCC) kinematics,
we establish C Fs within a classical control framework for self-
contact dynamics. Our methodology is rigorously evaluated in
both simulation environments and physical hardware systems.
The findings demonstrate that our proposed control strategy
effectively regulates self-contact in soft-rigid hybrid robotic
systems, marking a significant advancement in the field of
robotics.

I. INTRODUCTION

s the soft robotics field continues its growth towards
maturity, there is a nascent trend towards soft-rigid hybrid
robot forms to allow both compliance for safe operation in
uncertain environments and rigidity to allow load bearing
capability [1]-[4]. Indeed, the majority of larger life forms
(mammals, reptiles, birds, amphibians, and even fish) have
some articulated rigid body structure that allows self-support
under gravity. Such robots may expand the range of potential
behaviors of robots, but they also may instantiate in new
problems. In this work, we will look at a class of soft-rigid
robots that frequently undergo rigid self contact and we will
seek to control these systems to gracefully deal with self
contact.

While the field of soft robotic control has experienced
rapid growth over the past decade [5], critical open questions
remain. Thus far, most works have focused on precise
state [6] or end-effector tracking [7], yet these tasks may
ultimately be incidental to the goals of soft robots. This is
because, as discussed in [8], there is a trade-off between
feedback and stiffness, with more feedback increasing the
effective stiffness of the system, eliminating the benefits of
soft materials. Feedforward control does not suffer the same
issues, but requires precise models that are fundamentally
difficult for soft robots. Thus, while balanced feedforward
plus feedback controllers like the PD+ controller have been
shown to stabilize state trajectories for soft robots [5], this
comes at a cost of stiffening the robot’s potential interactions
with the environment (or with itself in self-contact) [9]. This
motivates exploration of alternative methods of certifying
performance for soft robots, ones that do not necessitate
asymptotic convergence to a trajectory. Inspired by the the
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above discussion, we explore formal guarantees in operation
with the use of Control Barrier Functions (CBFs) to govern
their behavior.

Barrier Functions (BFs) are Lyapunov-like functions [10],
[11] and have their origins in the optimization literature
[12], in which case they are added in objective functions.
Their primary use is to enforce constraints while doing
optimization. Control Barrier Functions (CBFs) represent an
extension of BFs tailored for control systems. They transform
a constraint defined in terms of system states into a constraint
on the control inputs. CBFs offer a state-feedback con-
troller that is rigorously proven to be safe while remaining
computationally efficient [13]. Specifically, CBFs are well-
suited for constraints characterized by a relative degree of
one concerning the system dynamics [13], [14]. The High
Order CBF (HOCBF) [15] is designed to effectively handle
constraints with arbitrarily high relative degrees, making it a
versatile extension of the conventional CBF framework.

For soft-rigid robots that experience self-contact, CBFs
provide a natural mechanism to design controllers that can
gracefully regulate behavior near contact points (they have
previously been used for something similar with humanoids
[16]). They also naturally encapsulate other constraints com-
mon in continuum robots, such as limits to extension. More
generally for soft and interactive robots, CBFs provide a
mechanism of safety and performance verification that can
be used to guarantee properties without relying on asymp-
totically stable control of the state of the robot. In this work,
we adopt the commonly-used Piecewise Constant Curvature
(PCC) model for our system. To our knowledge, this is the
first work applying CBFs to continuum robot models.

II. PRELIMIN RIES ND SYSTEM FORMUL TION
. High Order CBFs

We briefly introduce the background of high order CBFs
[15] in this section, and we start with some definitions
for CBFs/HOCBFs. Note that this section contains formal
definitions and a theorem from previous works [13]-[15],
[17], which we reproduce here for completeness.

In this paper, we consider an affine control system:

= f(x) +g(x)u (1)
wherex ¢ X C ™, f: "— "andg: ™ —> "X
are Lipschitz continuous, and w € U C 9 is the control
constraint set.

Definition 1: ( [13]) set C C ™ is forward invariant
for system (1) if solutions for some v € U starting at any
x(0) € C satisfy =(t) € C, Vt > 0.

Definition 2: (Relative degree [17]) The relative degree of
a differentiable function b: ™ —  w.r.t. system (1) is the
number of times it must be differentiated along the dynamics
until any component of w appears in the corresponding
derivative.
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Fig. 1. n example of the type of hardware we examine for this work,
where the modular soft-rigid segments frequently make self contact. We
seek to operationalize representations of distance functions such as ¢ to
gracefully control such structures in the presence of self contact using CBFs.

For constraint b(x) > 0, the relative degree is the same
for that of function b(x). Consider a constraint b(x) > 0

of relative degree m, where b : " — | we define
Yo(x) := b(x) and a sequence of functions ¢; : "™ —
,i€{1,...,m} in the form:
Yi(x) =i 1(x)+ (i 1(x)),i€{1,...,m}, (2)
where ;(-),i € {1,...,m} denotes a (m i)' order

differentiable class /C function [17].
Further, we define the corresponding safe sets C;,i €
{1,...,m} associated with (2):
Ci::{we niwi 1($)20},i€{1,...,m}. 3)
Definition 3: (High Order Control Barrier Function
(HOCBF) [15]) Let C;,i € {1,...,m} be defined by (3)
and ¢;(x),i € {1,...,m} be defined by (2). function
b: ™— is a HOCBF of relative degree m for system (1)
if there exist (m i)" order differentiable class K functions
iyt €{1,...,m 1} and a class K function ,, such that
sup[L}'b(z) + Ly LY Yo(x)u + R(b(x))

uelU
+ m(wm 1(%))] ZO’

for all x € C1N,...,NC,,. The part before the inequality in
(4) is actually ¢, (x), Ly (Li]) denotes Lie derivatives along
f (9), and R(b(z)) = Ly( m iotm i 1)(2).

HOCBFs generalize CBFs of relative degree one [13],
[14].

Theorem 1 ( [15]): Given a HOCBF b(x) from Def. 3
with the associated sets C1, . .., C,, defined by (3), if (0) €

(4)

m
i=1

Cin,...,NC,,, then any Lipschitz continuous controller
u(t) € U that satisfies the constraint in (4), V¢ > 0 renders
Cin,...,NC,, forward invariant for system (1).

CBFs/HOCBFs are used to transform nonlinear safety-
critical control optimization problems onto a sequence of
convex optimizations for system (1) [13], [14]. We discretize
the time, and hold the state as a constant within each time
interval. Then, the optimization becomes a quadratic program
within each time interval when the cost is quadratic in
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control. The inter-sampling effect, feasibility, adaptivity, and
optimality of the CBF method are extensively studied in [18].
With H € 9%9 (positive definite) and F' € 9, we can
include the CBF as a constraint in the QP as follows:
min  u? (t)Hu(t) + FTu(t)
u t)eU

S.t.

LPb(x) + [LyLF 'b(a)]utR(b(x) + m(m 1()) > 0.

&)

The main advantage of CBFs/HOCBFs lies in their high

computation efficiency for nonlinear systems [13]. They

are used to guarantee system safety. In this paper, we use

CBFs/HOCBFs to achieve safe manipulation for soft-rigid
robots.

B. Kinematics and Dynamics

In the following work, we consider systems like those
shown in Fig. 1. Manipulators of this type were first pre-
sented in [19]. The salient features of this device are the
solid foam elastic continuum and the rigid plates that make
frequent self contact during operation. The segments are
actuated with three motor-driven tendons arranged equally
around the perimeter. For the following, in order to model
this system, we adopt a Piecewise Constant Curvature ap-
proximation of the kinematics [20]. Following Della Santina
[21], we utilize a singularity free parametrization wherein
the state variables for the segment are

q= [ X9 y;‘sL}T' (6)
While these variables correspond directly to physical quan-
tities, they are not necessarily intuitive for a human. Suffice
it to say that the first two correspond to bending along the x
and y axes respectively, while the third is a straightforward
extension of compression of the segment. The reader is
referred to [21] for more details. In the forthcoming, we

will make use of the bend angle

1
R

FTVAR S (7)
where d is the radius of the segment and is chosen here to
be the distance from the center of a segment to a tendon.
We can easily calculate the current position of any point on
the robot by using the standard forward kinematics based on
our PCC model:

r(q) = FK(q). (8)

While the dynamics of our system are clearly hybrid, we
will assume that we do not make contact for the purposes
of our dynamic model (and indeed, the purpose of our
demonstration of CBFs will be to prevent the robot from
driving the system through the contact point). Therefore, we
can derive and write the dynamics for our PCC model in the
usual form,

M(q)§+C(q,4)g+G(g) + K(g) + D(g)g= , )
where M (q) is the mass matrix, C(q,q) is the Coriolis
matrix, G(q) is the gravity force, K(q) is the elastic force
(K(q) = Kgq when using the linear elastic assumption),
D(q) is the damping matrix, and  is the input vector. We
will now discuss the application of CBFs to this PCC soft
robot model in general.

)

C. CBFs for Soft Robots

To reiterate, the purpose of CBFs is to enforce that
a closed loop system’s trajectories remain in a forward
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invariant set. Thus, within robotics we can use them to
enforce set constraints on any property of the system that
can be written as a function of the state and its derivatives
(e.g. q, 4, §, etc), which includes most of the kinematic
quantities of the robot. In this work, we will focus on safety
constraints corresponding to constraints on points on the
robot’s body with respect to other parts of the robot’s body
or environment. For example, for a surgical soft robot, we
might use such constraints to guarantee that the continuum
does not touch a fragile piece of tissue during a minimally
invasive surgery.

To specify such a constraint, we can begin by using
the forward kinematics (8) to write down the point under
consideration of our robot, 7(q). Then, we can define our
constraint with respect to the environment as,

b(q) = h(r(q)), (10)
where h is some function, often a distance function or sim-
ilar, that describes the safe set. Given this safety constraint
and that this safety constraint is relative degree two [17], we
can choose both class I functions in (2) as linear functions
with constant coefficient p > (0. The CBF constraints
corresponding to (4) are then

L3b+ LyLsbu + 2pLgb + p°b > 0. (11)
11 that is left is to translate the CBF into kinematic and
dynamic quantities of our robot as follows. We first note that
u= ,f=[¢,M "(C4+G+Kq+Dg) and g =[0,M ']
(9). Performing the Lie derivatives, we can write,
Lib=b=Jq
L?b + LyLibu =b=Jg+ Jq,
where J is the Jacobian of our constraint function (10):
ob  OhOr

dq Orogq
and J is its time derivative. Finally, substituting (12) into
(11), we have the following CBF constraints in terms of our
PCC quantities:
p*b+2pJg+JM Y( C¢ G Kq Dg+ )+.Jg>0.
15)
In the next section, we will show a specific application of
this CBF for regulating self-contact of a soft-rigid hybrid
robot.

(12)
13)

(14)

III. CONTROL PPRO CH

basic control goal for this type of system is to prevent
the controller from trying to actuate through self-contact,
which can potentially break the robot. In this section, we
will define this safety constraint mathematically and derive
a nominal controller. The control idea is naturally encom-
passed by Control Barrier Functions, upon which we will
elaborate in the following.

. Nominal Control Input

For our nominal control input, we utilize a PD+ controller
[5] of the following form,

nom — M(q)a+ C(qv q)q + G(q) + Ka-'_ Dﬁ

+Kp(@ q)+Kp(@ 4¢), (16)
where G is a desired trajectory. s demonstrated in [22],
this controller is asymptotically stable for trajectory q if
Kp, Kp > 0. n issue with this controller for our system is
that, if it allowed to operate without constraint, it can damage
the physical robot by attempting to push through contact
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Fig. 2. Tllustration of some key quantities for the robot. The six red dots
corresponding to the corners of the plate are used as our CBFs by deriving
the forward kinematics of each point. The quantity d represents the distance
to these corners, represents the angle of rotation for the vector pointing
to each corner from the center.

points. This inspires the use of Control Barrier Functions in
the following section to attenuate the controller near self-
contact.

B. CBFs for Safe Self-contact

To specify our CBFs, for each segment (in Fig. 1 there
are two), we take the points of the top hexagonal plates of
the segment using the PCC forward kinematics from Eq. (8).
This gives the following function for each point:

1
cj(q) %(Sin(a)(LO,id +doL;

T oy Sin(¢j> T x,i COS(¢j))), (17)
where Lg; is the uncompressed length of a segment, ¢; is
the angle of the corner of the plate relative to the x-axis
(shown in Fig. 2), d is the distance from the center of the
segment to the cable routes, and r is the distance from a
corner of the hexagon plate to the center of the segment. For
these last two quantities, in our case, d = r. See Fig. 2 for
an illustration of some of these. The quantity c¢; is useful for
our purposes because when c; > €, where € is some positive
constant (a good choice is corresponding to the thickness
of the plates), the plates are not in contact and they make
contact as ¢c; € — 0.

Our barrier functions will then take the form,

bj(q) =cj(q@) ¢, (18)
where €; > 0 is a parameter to specify the distance from
contact that the safety constraint should be enforced. To
calculate our CBF (15), we also need to calculate the
Jacobian of (18), which in this case is simply

J(q) = 241 (19)

0
We omit inclusion of the explicit Zolution of the Jacobians
due to their length, but they are easily calculated using
a symbolic computing package. The time derivatives of
the Jacobians, .J;, are similarly calculated. We can then
form matrices by stacking the safety constraints and their
Jacobians, b(q) = [b1,...,bn]", J(q) [J1, .y IN]T,
J(q) = [J1, s JN]T,_where N is the number of constraints.
Note that b, J, and J all have limits that are well defined
as # — 0 (straight configuration). long with the dynamic
quantities from (9), we now have everything we need to
calculate our CBF according to (15). 1l that is left is to
encapsulate our nominal controller and CBF into a quadratic
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Fig. 3. Results in Simulation. a) Shows the generalized coordinates (solid
lines) and set points (dashed lines) for a two segment simulated soft-rigid
manipulator. b) Output torques from QP (20). c) Safety constraint values
during the simulation. Note that there are 6 safety constraint functions (18)
per segment for a total of 12 (lines corresponding to the first and second
segment are solid and dashed respectively).

program as follows:
1

S|
Safety (HOCBF) Constraint (15).

min nom||?

(20)
S.t.

IV. SIMUL TION RESULTS

We implement the previously discussed safety constraints
in a simulation to control the dynamics (9) for a two link
soft-rigid hybrid manipulator. The simulator is written in
Julia and we compute the mass and coriolis matrices using
Featherstone’s algorithms [23]. Elasticity and damping are
taken to be linear. We forward integrate the closed loop
system using the DifferentialEquations package [24], and
we solve QP (20) using the Convex package [25]. For both
packages, the default solvers proved to be adequate for our
needs.

Parameters are set to Ly = 0.1m, d = 0.04m, r = 0.05m,
bending stiffness & 10&—‘3, axial stiffness xky; = 10%,
bending damping § = 51:{;215, axial damping 1, = 5%, and
module mass m; = 0.15kg. PD gains are set to Kp = 5 and
Kp =1 and ¢; = 0.005m for all barrier functions. We sim-
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ulate from initial conditions (q,q) = ( , ) and attempt to
reach a set point ¢ = [0.08,0.0, 0.05,0.0, 0.06, 0.07]7.

Results are shown in Fig. 3. We note that, as is evident
from Fig. 3a, the desired set point is not possible without
moving through the contact. This can be seen by observing
Fig. 3c, where some safety constraint functions reach zero,
but are kept from crossing the boundary due to the invariant
property of CBFs. Because the CBF prevents the safety
constraints from dropping below zero, it necessarily prevents
states from converging to set points when doing so would
counteract the safety constraint [13], appearing in Fig. 3a as
high errors for the regulator.

V. H RDW RE RESULTS

We use the hardware shown in Fig. 1 to validate our
approach. The hardware consists of Dynamixel servo motors
that actuate cables to bend and compress the PCC segments.
We interface with the Dynamixels via the serial port in
a Python script. To speed up the code, we calculate the
mass matrix, Coriolis matrix, Jacobians, and Jacobian time
derivatives using a C program that is called from Python.
The QP is solved using the Python CVXPY module [26],
[27]. Finally, the decision variables output by our QP are
generalized forces acting on our state variables and need to
be transformed such that they take the form of cable tensions.
We do this using the transformation from [21], along with
another simple transformation to account for the fact that we
have three cables.

To identify the parameters of our hardware, we measure
those that are readily measurable (mass, geometric prop-
erties), measure stiffness using simple feedforward experi-
ments, and use a least squares method to identify damping
and (linear) actuator gain parameters as in [7], [28]. For our
barrier functions, ¢; = 0.005m for all safety constraints.

Our code runs at 33Hz, with the main bottleneck be-
ing the motor communication (see e.g. [29]). We be-
gin at rest and attempt to reach a set point @
[0.0,0.0, 0.15,0.0, 0.065,0.0]7, which significantly vi-
olates the specified barrier for both modules. Results are
shown in Fig. 4. The plots on the the left, Fig. 4a-c, depict a
single trial for which the CBFs are active, while those on the
right, Fig. 4d-e, depict a trial with the CBFs inactive. First,
in Fig. 4a, note that the set points for 6L; and o are not
achieved by the controller. To see why, we can observe the
safety constraints in 4c are prevented from dropping below
zero, implying that the CBFs were engaged. In Fig. 4d,
we can see that 5 is able to reach the set point while
0L; reaches the limit of the platform. For both modules,
Fig. 4c shows that the safety constraints are violated (drop
below zero). pplication of the CBF also results in a roughly
50% difference in actuator output at steady state, as can be
observed from comparing Fig. 4b and e. We show snapshots
of each trial in Fig. 5. The last snapshots from each are
enlarged in Fig. 6, and it is visually evident from the gaps
between the plates, or lack thereof, that the case using our
CBF method is able to attenuate the controller before the
contact, whereas the PD+ controller obviously does not have
this capability.

VI. DISCUSSION ND CONCLUSION

To the best of our knowledge, we have demonstrated the
first use of Control Barrier Functions for an application in

Authorized licensed use limited to: MIT. Downloaded on November 30,2024 at 19:33:47 UTC from IEEE Xplore. Restrictions apply.



3 4 i i
Time (s)

—Je.h—\,_Fw-_—:_\‘,r"_\

. 1 . . .
1 2 3
Time (s)

)

= 2
[

= (L0
tl 04

= 0,02

Safety Constraints (m)

Time (s)

=1
-

e)

01 T T T T T

0.05

RN S

015 | ) L ) .
0 1 2 i 1 i [
Time (s)

Generalized Coordinate {m)

Generalized Forces

1 2 3 4 5 i
Time {s)
0.1 T T T r T

005

Safety Constraints (m)

-0.05 L L 1 M |
0 : 5

Time (s)

Fig. 4. Plots for experiments on hardware. a) Generalized coordinates and set points for two segment manipulator controlled with a CBF. b) Commanded
generalized forces from Eq. (20). ¢) Safety constraint values during an experiment. Note that there are 6 functions per segment for a total of 12. Note that
the barrier functions are prevented from dropping below zero. d) Generalized coordinates and set points for two segment manipulator controlled with PD+.
e) Commanded generalized forces from Eq. (16). f) Safety constraints (which are not actually enforced by the nominal controller and thus are allowed to

be violated).

*"-—-
N —
E

CBF

£

PD+ Os
e —
e ——

H

Fig. 5.

o
é
1s

S
é

soft robotics modeled by the Piecewise Constant Curvature
kinematic assumption. Specifically, we have shown that
incorporating a CBF into a strategy for controlling serial
soft-rigid hybrid robots is an effective strategy for regulating
self contact. We derived a general CBF for a broad class
of constraints on the soft robot - namely, those constraints
that can be written as functions of some kinematic quantity
of the robot. For our specific case of regulating self-contact,
we used the CBFs to attenuate a nominal PD-style controller
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Top: snapshots from trials controlled by QP (20). Bottom: snapshots from PD+ controlled trial

and implemented the solution in simulation and on hardware.
Both our general approach and the specific result can easily
be applied to any nominal controller, for example task space
controllers [7], [30]. In future work, we will explore this
approach for a broader array of systems, safety constraints,
and applications.

potential issue with this control approach is that it
essentially sacrifices the nice stability property of the nom-
inal controller when the CBF is active. The common way
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Fig. 6. Zoomed in images from the end of the two experiments of Fig. 5
to highlight the physical difference in convergence.

to deal with this is to incorporate a Control Lyapunov
Function (CLF) as well, but these competing constraints may
be in conflict, resulting in an infeasible QP. [31] provides
an interesting solution to this problem using a passivity
constraint, which would be interesting to implement in future
work.

Finally, an open question is whether CBFs can regulate
robot-environment interactions. fter all, the purported point
of soft robots is to allow them to make frequent, inherently
safe contact with the environment. It remains to be seen
whether CBFs can be used for this purpose for soft robots
and this will be a topic of future work.

In conclusion, we demonstrated a Control Barrier Function
workflow for regulating self contact for serial soft-rigid
hybrid systems. We derived barrier functions of second
degree for a Piecewise Constant Curvature system and used
them in a QP based framework for effective control both in
simulation and on hardware.
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