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 A B S T R A C T

Soft robots, with their compliant and underactuated nature, pose significant challenges for real-time shape reg-
ulation. Practical implementations of these methods often rely on fully-actuated approximations, over-looking 
the underactuated nature of these continuum structures. This study experimentally validates model-based 
controllers through collocated control that explicitly address underactuation, incorporating gravity cancellation 
and elasticity compensation to outperform conventional PD/PID approaches. A new multi-segment soft robot 
with a passively actuated segment has been designed, enabling experimental validation and providing strong 
evidence of the controllers’ effectiveness. The work bridges theory and practice, offering a practical framework 
for real-time shape regulation applicable to diverse soft robotic systems.

1. Introduction

Over the past decade, interest in human–machine interaction and 
bioinspired robotic systems has fueled major advancements in soft 
robotics. This specialized category of robotic systems intentionally 
incorporates compliant elements into their mechanical structure, lever-
aging their unique properties for enhanced functionality [1,2].

However, the remarkable flexibility of soft robots inherently comes 
with infinite degrees of freedom, which pose significant challenges for 
modeling, control, and estimation of their states [3–5]. A significant 
advancement has been the development of models based on rod models 
theory, which use geometric representations to discretize the robot’s 
configuration and derive a finite set of ordinary differential equations 
(ODEs) that are tractable for control [6–8].

Despite substantial progress in materials, design, and modeling 
techniques, achieving precise and fast regulation of a robot’s con-
figuration remains an open control challenge [4]. Simplified models 
with reduced degrees of freedom have been developed to approxi-
mate system behavior, yet soft robots remain inherently underactuated. 
This underactuation expands their reachable configuration space at 
comparable actuator cost and energy consumption relative to fully 
actuated systems [9]. However, it complicates the control of these 

I This article is part of a Special issue entitled: ‘TC 4.3 Robotics (IFAC WC 2026)’ published in Mechatronics.
II The research was financially supported in part by the Dutch Research Foundation (NWO) through the VENI grant ROSES 20297, in part by European Union’s 
Horizon Europe Program, Project EMERGE, under Grant Agreement 101070918 and in part by the European Union (ERC, RIPLEY, 101165078).
∗ Corresponding author.
E-mail address: d.feliutalegon@tudelft.nl (D. Feliu-Talegon).

systems, which hinders the direct application of classical robotic control 
methods [10].

While data-driven controllers have addressed this challenge by by-
passing the need for complex models [11–13], obtaining the large 
volumes of data required to construct a comprehensive control policy 
is often impractical. Moreover, their limited ability to generalize to 
situations not represented in the training set can lead to undesirable or 
unstable behaviors. These limitations have motivated the development 
of model-based control strategies, which leverage knowledge of system 
dynamics to enhance regulation performance. However, implementing 
such strategies requires a careful trade-off between model accuracy 
and computational tractability to meet real-time control demands [14]. 
Recent advances in reduced-order modeling have been pivotal in bridg-
ing this gap, enabling the development of robust control methods with 
proven stability guarantees [15].

Several works, such as [16–20] have employed finite dimensional 
models for controlling soft robots in both configuration and task space. 
Most model-based approaches assume fully actuated dynamics, en-
abling the use of conventional rigid robot control theory. However, 
such simplifications can misrepresent system stability and degrade 
performance—critical aspects for robots designed to interact safely with 
humans. In reality, soft robots are inherently underactuated and highly 
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Fig. 1. Mechanical and electronic components of the soft robotic platform: (a) SV1 variant, (b) SV2 variant with a detachable mount between the two segments, 
allowing switching between the SV1 and SV2 configurations, (c) overview of the hardware and interfaces, and (d) SV2 in a bent configuration resulting from a 
constant actuation.

nonlinear systems, continuously influenced by elastic and dissipative 
forces that provide natural stabilization.

Some works that have addressed the challenge of regulating the 
state of underactuated soft continuum robots to a constant setpoint 
for specific systems include [21], which combines a stabilizing energy-
shaping controller with a robustifying PI-like law, and [22], which 
uses partial feedback linearization and a passivity-based approach. 
However, a general approach that applies to a broader class of con-
tinuum robots, provides stability guarantees, and works in real-time 
applications is still missing. To address these challenges, [23,24] ex-
ploited both actuated and unactuated degrees of freedom, but relied on 
constant actuation matrices, limiting generality. Recently, [25] derived 
conditions for decoupling Lagrangian systems into a collocated form 
through a change of coordinates, thereby extending the applicabil-
ity of these constant-matrix techniques to a broader range of soft 
robots. This advancement validates the previously proposed controllers; 
however, these studies still lack the experimental validation needed 
to empirically assess the robustness of the control architecture and 
to systematically compare different controllers in terms of efficiency, 
steady-state accuracy, and transient performance. One of the few works 
using the mentioned collocated form in experiments is [26]. It uses 
a specific controller with compensation for elastic and gravitational 
forces to control a particular parallel robot, with the main focus on 
task-space regulation.

Consequently, this work addresses the gap of exploring the ex-
perimental aspects of soft robot control through the implementation 
of real-time, model-based controllers using the previously mentioned 
collocated form. For this venue, we purposely developed a novel multi-
segment soft robot prototype that enables the separation of actuated 
and unactuated degrees of freedom. This design allows their explicit 
inclusion in the feedback control loop, facilitating a more accurate 
evaluation of control performance. Our objective is to demonstrate 
on hardware setups that model-based control can significantly en-
hance shape regulation control performance compared to conventional 
model-free alternatives. In doing so, we provide empirical evidence of 
robustness for controllers that incorporate both actuated and unactu-
ated degrees of freedom, advancing the broader understanding of soft 
robotic control strategies and their applicability across a wide range of 
robotic platforms.

2. Preliminaries

2.1. Soft robot model

The soft robot model is established using the piecewise constant 
curvature (PCC) model with an improved state parametrization [8]. 
Consider a PCC robot composed of n constant-curvature (CC) segments 

Fig. 2. Kinematic model of a PCC soft robot. Panel (a) illustrates a PCC soft 
robot composed of three CC segments. (b) details the 𝑖th segment.

connected in series, as illustrated in Fig.  2.a. We introduce 𝑛 reference 
frames 𝑆1, . . . , 𝑆𝑛, each attached to the end of a segment, along with 
a fixed base frame 𝑆0. Then, the kinematics configuration of the robot 
can be given by 𝑞 = (𝛥𝑥, 𝛥𝑦, 𝛿𝐿). The two curvature coordinates 𝛥𝑥 and 
𝛥𝑦 are related to the angles 𝜙 and 𝜃 of Fig.  2.b and 𝛿𝐿 represents the 
length increase with respect to the initial value 𝐿0: 

𝜙(𝑞) = arccos
(𝛥𝑥

𝛥

)

= arcsin
(

𝛥𝑦
𝛥

)

, 𝜃(𝑞) = 𝛥, (1)

where 𝛥 =
√

𝛥𝑥2 + 𝛥𝑦2. The homogeneous transformation matrix 𝑇 𝑖
𝑖−1

of each PCC segment, representing the pose of frame {𝑆𝑖} with respect 
to the preceding frame {𝑆𝑖−1} consists of a rotation part 𝑅𝑖

𝑖−1 ∈
𝑆𝑂(3) and a translation part 𝑡𝑟𝑖𝑖−1 ∈ R3. This transformation matrix is 
formulated as:

𝑇 𝑖
𝑖−1 =

[

𝑅𝑖
𝑖−1 𝑡𝑟𝑖𝑖−1
03 1

]

, 𝑡𝑟𝑖𝑖−1 =
(𝐿0 + 𝛿𝐿)

𝛥2

⎡

⎢

⎢

⎢

⎣

𝛥𝑥(1 − cos( 𝛥𝑠𝐿0
))

𝛥𝑦(1 − cos( 𝛥𝑠𝐿0
))

𝛥(sin( 𝛥𝑠𝐿0
))

⎤

⎥

⎥

⎥

⎦

𝑅𝑖
𝑖−1 =

⎡

⎢

⎢

⎢

⎢

⎣

1 + 𝛥2𝑥
𝛥2

(

cos
(

𝛥𝑠
𝐿0

)

− 1
) 𝛥𝑥𝛥𝑦

𝛥2

(

cos
(

𝛥𝑠
𝐿0

)

− 1
)

𝛥𝑥
𝛥 sin

(

𝛥𝑠
𝐿0

)

𝛥𝑥𝛥𝑦
𝛥2

(

cos
(

𝛥𝑠
𝐿0

)

− 1
)

1 +
𝛥2𝑦
𝛥2

(

cos
(

𝛥𝑠
𝐿0

)

− 1
) 𝛥𝑦

𝛥 sin
(

𝛥𝑠
𝐿0

)

− 𝛥𝑥
𝛥 sin

(

𝛥𝑠
𝐿0

)

− 𝛥𝑦
𝛥 sin

(

𝛥𝑠
𝐿0

)

cos
(

𝛥𝑠
𝐿0

)

⎤

⎥

⎥

⎥

⎥

⎦

,

By applying Lagrangian derivations [8], the general dynamic model 
of the robot can be formulated based on the kinematic model intro-
duced above 
𝑀(𝑞)𝑞 + 𝐶(𝑞, 𝑞̇)𝑞̇ +𝐷(𝑞)𝑞̇ + 𝐺(𝑞) +𝐾𝑞 = 𝜏(𝑞), (2)

where 𝑞 ∈ 𝑅𝑛 is the vectors of configuration variables and 𝑀(𝑞) and 
𝐶(𝑞, 𝑞̇) denote the inertia matrix and the Coriolis terms, respectively, 
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𝐺(𝑞) represents the gravitational force, and 𝐷 and 𝐾 correspond to the 
damping and stiffness forces, respectively. The term 𝜏 denotes the gen-
eralized actuation force. The dynamic model (2) can be conveniently 
rewritten by separating the dynamic equations of the actuated 𝑞𝑎 ∈ 𝑅𝑛𝑎

and unactuated variables 𝑞𝑢 ∈ 𝑅𝑛−𝑛𝑎 , such that 𝑞 = (𝑞𝑎, 𝑞𝑢). [23] 
demonstrates that both actuated and unactuated components of 𝑞 can 
be incorporated into  (2) to derive 
[

𝑀𝑎𝑎 𝑀𝑎𝑢
𝑀𝑢𝑎 𝑀𝑢𝑢

] [

𝑞𝑎
𝑞𝑢

]

+
[

𝐶𝑎𝑎 𝐶𝑎𝑢
𝐶𝑢𝑎 𝐶𝑢𝑢

] [

𝑞̇𝑎
𝑞̇𝑢

]

+
[

𝐺𝑎
𝐺𝑢

]

+
[

𝐾𝑎𝑎 0
0 𝐾𝑢𝑢

] [

𝑞𝑎
𝑞𝑢

]

+
[

𝐷𝑎𝑎 𝐷𝑎𝑢
𝐷𝑢𝑎 𝐷𝑢𝑢

] [

𝑞̇𝑎
𝑞̇𝑢

]

=
[

𝜏
0

]

.
(3)

where the input 𝜏 = [𝜏𝛥𝑥 𝜏𝛥𝑦 𝜏𝛿𝐿] is the generalized forces in the 𝛥-
parametrization framework. No elastic coupling between the elastic 
forces of the actuated and unactuated parts is considered in the model, 
allowing it to describe continuum robots that are elastically decoupled.

2.2. Control strategy

The control strategy is designed to achieve shape regulation, that is, 
to drive the system toward a desired configuration. The problem can be 
formulated as follow: 

lim
𝑡→∞

𝑞(𝑡) = 𝑞. (4)

where 𝑞 is the variables to be regulated. Different controllers can be 
implemented within the model (3), ensuring stability and convergence 
to the desired shapes.

PD+ Controllers: 

𝜏1 = 𝐾𝑃 (𝑞∗𝑎 − 𝑞𝑎) −𝐾𝐷 ̇𝑞𝑎 + 𝐺𝑎(𝑞) +𝐾𝑎𝑎𝑞
∗
𝑎 . (5)

P-SatI-D Controllers: 

𝜏2 = 𝐾𝑃 (𝑞∗𝑎 − 𝑞𝑎) −𝐾𝐷 ̇𝑞𝑎 +𝐾𝐼 ∫

𝑡

0
𝑠(𝑞∗𝑎 − 𝑞𝑎(𝜌))𝑑𝜌

+ 𝐺𝑎(𝑞) +𝐾𝑎𝑎𝑞
∗
𝑎

(6)

where for the purposes of experimental verification, two saturation 
functions 𝑠(𝑦) are chosen: (𝑠𝑡(𝑦) = tanh 𝑦) and (𝑠𝑝(𝑦) = 𝑦

(1+|𝑦|𝑝)
1
𝑝
) where 

𝑝 ∈ Z+.

Theorem 1 ([23]). Suppose the robot is elastically decoupled (3). If 𝐾𝑃  is 
large enough, the trajectories of the closed-loop system (3) together with the 
control law (5), are bounded and converge asymptotically to the equilibrium 
state (𝑞𝑎, 𝑞𝑢, 𝑞̇𝑎, 𝑞̇𝑢) = (𝑞∗𝑎 , 𝑞𝑢, 0, 0), where 𝑞𝑢 is a solution of the equilibrium 
equation 

𝐾𝑢𝑢𝑞𝑢 + 𝐺𝑢(𝑞∗𝑎 , 𝑞𝑢) = 0 (7)

. 
Theorem 2 ([24]). For an elastically decoupled soft robot (3)𝛼𝑃 > 0 and 
𝐾𝐼 > 0, such that for all 𝐾𝑃 > 𝛼𝑃 𝐼𝑚, the trajectories of the closed-loop 
system (3) together with the control law (6), are bounded and converge 
asymptotically to the equilibrium state (𝑞𝑎, 𝑞𝑢, 𝑞̇𝑎, 𝑞̇𝑢) = (𝑞∗𝑎 , 𝑞𝑢, 0, 0), where 
𝑞𝑢 is a solution of the equilibrium Eq. (7).

In shape regulation, incorporating a system model can significantly 
enhance the performance of PD/PID-style controllers. For this reason, 
we propose to use a third controller, which does not offer theoretical 
guarantees, but corresponds to a PID controller with gravity com-
pensation and elasticity cancellation, similar to controllers (5) and 
(6).

PID+ Controllers: 

𝜏3 = 𝐾𝑃 (𝑞∗𝑎−𝑞𝑎) −𝐾𝐷 ̇𝑞𝑎 +𝐾𝐼 ∫

𝑡

0

[

𝑞∗𝑎 − 𝑞𝑎(𝜌)
]

𝑑𝜌

+ 𝐺𝑎(𝑞) +𝐾𝑎𝑎𝑞
∗
𝑎 .

(8)

2.3. Zero dynamics stability

Considering the model (3), and assuming that the actuated variables 
𝑞𝑎 are regulated to a constant value 𝑞∗𝑎 using one of the proposed 
controllers, the presence of the unactuated dynamics implies that the 
system exhibits a zero dynamics of dimension 2(𝑛 − 𝑛𝑎). This can be 
easily derived by examining the residual dynamics in (3) when 𝑞̇𝑎 and 
𝑞𝑎 are set to zero 
𝑀𝑢𝑢(𝑞∗𝑎 , 𝑞𝑢)𝑞𝑢 + 𝐶𝑢𝑢(𝑞∗𝑎 , 𝑞𝑢, 0, 𝑞̇𝑢)𝑞̇𝑢 + 𝐺𝑢(𝑞∗𝑎 , 𝑞𝑢)

+ 𝐾𝑢𝑢𝑞𝑢 +𝐷𝑢𝑢(𝑞∗𝑎 , 𝑞𝑢)𝑞̇𝑢 = 0.
(9)

Lemma 1.  For any initial state, the trajectories of (9) are bounded and 
converge to (𝑞𝑢, 𝑞̇𝑢) = (𝑞𝑢, 0), where 𝑞𝑢 is a solution of the equilibrium 
Eq. (7).

Proof.  Consider the Lyapunov-like function 

𝑉 (𝑞𝑢, 𝑞̇𝑢) =
1
2
𝑞̇𝑇𝑢 𝑀𝑢𝑢(𝑞∗𝑎 , 𝑞𝑢)𝑞̇𝑢 +

1
2
𝑞𝑇𝑢 𝐾𝑢𝑢𝑞𝑢 + 𝑈 (𝑞∗𝑎 , 𝑞𝑢) (10)

The gravitational potential 𝑈 (𝑞∗𝑎 , 𝑞𝑢) is lower bounded, which im-
plies that 𝑉 (𝑞𝑢, 𝑞̇𝑢) is also lower bounded. We then evaluate 𝑉̇  along the 
trajectories of (9), obtaining 𝑉̇ = −𝑞̇𝑇𝑢 𝐷𝑢𝑢𝑞̇𝑢 ≤ 0. Since 𝑉  is both radially 
unbounded and lower bounded, it is possible to invoke the corollary 
to LaSalle’s invariance principle [27], thus concluding the proof. The 
equilibrium (7) reached by the unactuated variables is not unique in 
general, the sufficient condition for the uniqueness of 𝑞𝑢 is provided in 
the following corollary.

Corollary 1.  Under the hypothesis that trajectories of the closed-loop 
system (3) converges asymptotically to (7), if 

𝐾𝑢𝑢 >
𝛿2𝑈 (𝑞∗𝑎 , 𝑞𝑢)

𝛿𝑞2𝑢
(11)

for all 𝑞𝑢 ∈ R𝑛−𝑛𝑎 , then the solution (7) is a unique globally asymptotically 
stable equilibrium.

Proof.  Consider the Lyapunov-like function 

𝑃 (𝑞𝑢) = 𝑈 (𝑞∗𝑎 , 𝑞𝑢) +
1
2
𝑞𝑇𝑢 𝐾𝑢𝑢𝑞𝑢 (12)

According to Theorems  1 and 2, the unactuated variables con-
verge to a value 𝑞𝑢 satisfying 𝐺𝑢(𝑞∗𝑎 , 𝑞𝑢) + 𝐾𝑢𝑢𝑞𝑢 = 0. This expres-
sion corresponds to the gradient of 𝑃 (𝑞𝑢) evaluated at the closed-loop 
equilibrium, implying that 𝑞𝑢 is an extremum of 𝑃 (𝑞𝑢). Moreover, 
this equilibrium point is unique, since the Hessian of 𝑃 (𝑞𝑢) given by 
𝛿2𝑈 (𝑞∗𝑎 , 𝑞𝑢)∕𝛿𝑞

2
𝑢 +𝐾𝑢𝑢, is positive definite by hypothesis.

3. Soft robot platform design

We developed a modular soft robot platform inspired by the me-
chanical design presented in [28]. This design consists of a continuously 
deformable structure placed between two rigid platforms. An additional 
soft segment is attached above the upper platform via a detachable 
mount, resulting in a versatile configuration that can operate as either 
a single-segment (SV1) or a two-segment (SV2) system (see Fig.  1). 
This novel design allows us to introduce a passive component into the 
system, further emphasizing the inherently underactuated nature of the 
platform, and to investigate how the controllers deal with both the 
actuated and underactuated components.

In this platform, four actuated tendons are routed from the lower 
to the upper platform, such that the first segment (S1) is actively con-
trolled while the second segment (S2) remains passive and is indirectly 
actuated through the middle platform movement. The tendons are 
guided by rotatable pulleys equipped with bearings to reduce friction 
during tendon motion. The metallic components of the platform are ma-
chined from aluminum to withstand large forces without deformation 
or deterioration, while the soft bodies consist of two silicone segments 
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Table 1
Parameters of Soft Robot Segments.
 Parameter Units S1 S2  
 Mass∗ kg 0.543 0.639  
 Length∗ m 0.095 0.3  
 Radius∗ m 0.0325 0.0325  
 Young’s Modulus𝑖𝑑 Pa 3.67 × 105 2.01 × 105 
 Poisson’s Ratio𝑚 – 0.3 0.3  
 Damping Coefficient𝑖𝑑 Ns/m 0.854 0.191  
(∗) measured, (𝑖𝑑) identified, (𝑚) manufacturer specification

fabricated through a mold-casting process using Dragon Skin 30 A. 
Moreover, a 3D-printed cone was placed at the tip of the prototypes 
to serve as a visual marker during the experiments.

Actuation is achieved through the system’s tendons. Each tendon 
is driven by a dedicated Dynamixel® XH430-W350 servo motor, con-
nected in a daisy-chain via a U2D2 power hub for centralized serial 
communication. Custom software wrappers built on the Dynamixel®
SDK enable synchronous current commands to the four motors, based 
on the control actions computed by the controller.

The robot is also equipped with two Adafruit® BNO055 IMU sen-
sors, one at the endpoint of each soft segment, to measure their 
orientations and derive segment curvature in both the 𝑥 and 𝑦 direc-
tions. Tendon length variations are measured using motor encoders 
instead of IMU data to minimize noise, allowing elongation and com-
pression estimation only for S1. For S2, these effects are assumed 
negligible due to its material properties and the absence of tendons in 
this segment. An overview of the hardware interfaces is presented in 
Fig.  1.

4. Simulations and experiments results

In this section, the proposed controllers are tested both in simula-
tion and on the soft robot prototype described in Section 2. We also 
compare their performance with model-free PD and PID controllers, 
similar to (5), (6) and (8), but excluding the gravitational and elastic 
terms. The model free PD/PID controllers considered here are not plain 
PD/PID schemes, as they regulate the robot shape through actuated 
coordinates, 𝑞𝑎 = (𝛥𝑥𝑆1, 𝛥𝑦𝑆1, 𝛿𝐿𝑆1) defined in the model, rather than 
directly controlling joint variables, which would correspond to servo-
level control of the tendon-driven motors. The references for these 
actuated coordinates are computed from the desired shape, defined to 
achieve a task-space objective such as positioning the robot tip. The 
physical actuations are the tendon lengths, which are mapped to these 
actuated coordinates in order to implement the proposed controller. 
Controller gains are tuned using a Ziegler–Nichols–inspired procedure, 
first reducing steady-state error and then minimizing settling time. 
In this study, we experimentally evaluate six controllers—two model-
free and four state-of-the-art model-based controllers with stability 
guarantees—to compare their performance. The goal is to analyze 
how model-based components influence the transient response of the 
system, and how integral and derivative actions affect steady-state error 
and transient behavior in these complex systems.

4.1. Simulation results

Using the model parameters detailed in Table  1, we have simulated 
the behavior of the robot in both SV1 and SV2 variants. Each body is 
modeled as a single PCC segment. For the SV1 variant, all the degrees 
of freedom considered by the PCC kinematic formulation are actuated 
𝑞 = 𝑞𝑎 = (𝛥𝑥𝑆1, 𝛥𝑦𝑆1, 𝛿𝐿𝑆1), leading to the model (3) but including 
only the actuated part. In the case of the SV2 variant, the kinematics 
of S2 are also considered; these are unactuated based on the robot 
design. Thus, 𝑞 = (𝑞𝑎, 𝑞𝑢) = (𝛥𝑥𝑆1, 𝛥𝑦𝑆1, 𝛿𝐿𝑆1, 𝛥𝑥𝑆2, 𝛥𝑦𝑆2, 𝛿𝐿𝑆2), leading 
to the elastically decoupled model (3). For the purposes of this paper, 

we opted to model both segments using a single PCC as a compromise 
between accuracy and simplicity. The first segment is sufficiently short 
to be accurately approximated with a single PCC element. The second 
segment can also be modeled with a single PCC because, despite being 
quite long and influenced by gravity, the initial configuration of the 
system is oriented upwards, and the segment has a conical shape that 
reduces the effect of gravity toward the tip. Under these conditions, the 
resulting deformation can be accurately approximated using a single 
PCC element.

The controllers mentioned in the previous Section were imple-
mented in our simulator yielding the results shown in Tables  2 and
3. The simulation results demonstrate perfect setpoint regulation with 
zero steady-state error for all controllers except the PD, which has a 
very small errors expected from testing on an ideal model with no 
uncertainty. The PD and PD+ require significantly higher proportional 
gains to achieve their best possible performance. Comparing segment 
performances in the SV2 variant, S2 consistently exhibits slower settling 
than S1, with an average difference of 0.3595 s attributed to the inertia 
of the passively actuated S2.

4.2. Experimental results

To thoroughly assess the controller performance, the system was 
tested under a wide range of experimental conditions. The sensory and 
actuation systems are fully embedded in the platform, while a motion 
tracking system is used to evaluate the accuracy of the approach and 
provide the ground truth. The resultant generalized force 𝜏, generated 
by the tension of the four tendons actuating the soft platform, was 
computed as 

⎡
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. (13)

Here, 𝑑 denotes the distance between the center of the platform and 
the point where each force is applied. The problem is formulated as an 
optimization task, with the constraint 𝐹𝑚 = {𝐹1, 𝐹2, 𝐹3, 𝐹4} ∈ R+, since 
negative tendon forces are physically equivalent to zero.

The experimental results from SV1 and SV2 tested using the differ-
ent controllers are given in Fig.  3, Tables  4 and 5. Fig.  3 presents the 
response of only the 𝛥𝑥 component of both the actuated and unactuated 
parts, as similar behavior was observed for the remaining compo-
nents. Simulations show an average settling time that is 61.6% shorter 
than in the experiments using SV1. The difference arises because the 
model does not account for the motor’s velocity limit (32 𝑟𝑝𝑚), which 
constrains the achievable settling time in hardware.

On the SV1 variant, the PID+ controller achieves the lowest steady-
state error (0.21%) but with the slowest settling time, while the PD+ 
controller settles 1.066 𝑠 faster at the cost of higher error (3.5%). 
The baseline PD controller’s high gains cause overshoots, lengthening 
settling time by 35.8%. Adding an integral term in the PID controller 
reduces both settling time and error, but without model-based terms, 
its tracking performance remains inferior to PID+.

Compared to SV1, SV2 exhibits an average 28.21% longer settling 
time, primarily due to its lower damping, which leads to oscillations un-
der sudden accelerations and decelerations. Although passive dynam-
ics inherently decrease accuracy, model-based controllers consistently 
maintain steady-state errors below 10%, validating their robustness. 
Notably, regulation accuracy in S1 shows how PID controllers and PD+ 
reduce the error considerably. We can see that the error in S2 does not 
follow the same pattern, because the unactuated coordinates associated 
with the second segment are not directly controlled. They converge 
to the desired equilibrium values, which depend solely on the model 
accuracy and do not always translate proportionally to the error of the 
actuated components.
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Table 2
Simulation results for SV1 variant.
Controller 𝐾𝑃 𝐾𝐷 𝐾𝐼 𝑝 Steady State Error (%) Settling Time (s) Overshoot (%) Peak Time (s)
PD 32 3 0 – 0.0563 0.73 0 0.73
PID 16 2 11 – 0 1.085 0.323 1.08
PD+ 21 1 0 – 0 0.569 0 0.569
PID+ 15 0.5 10 – 0 1.33 0 1.33
P-SatI-D st 15 1 11 – 0 1.195 0.156 0.846
P-SatI-D sp 15 1 11 2 0 1.07 0.148 0.977

Table 3
Simulation results for SV2 variant.
Controller 𝐾𝑃 𝐾𝐷 𝐾𝐼 𝑝 Steady State Error (%) Settling Time (s) Overshoot (%) Peak Time (s)

S1 S2 S1 S2 S1 S2 S1 S2
PD 52 3 0 – 0.0534 0.0601 0.474 0.89 0 11.4 0.474 0.52
PID 15 1 7 – 0 0 0.635 1.019 1.02 15.3 0.576 0.587
PD+ 47 2 0 – 0 0 0.538 1.011 0 13.11 0.538 0.4905
PID+ 10 1 5 – 0 0 0.826 1.13 0 7.5 0.826 0.689
P-SatI-D 𝑠𝑡 15 1 6 – 0 0 0.935 1.271 0 0 0.935 1.271
P-SatI-D 𝑠𝑝 15 1 6 2 0 0 0.897 1.141 0 0 0.897 1.141

Table 4
Experimental results SV1 variant.
Controllers 𝐾𝑃 𝐾𝐷 𝐾𝐼 𝑝 Steady State Error (%) Settling Time (s) Overshoot (%) Peak Time (s)
PD 9.5 0.6 0 – −3.83 2.94 4.68 1.74
PID 4.8 0.3 0.9 – −2.05 2.73 3.85 1.98
PD+ 1.5 0.6 0 – −3.50 2.16 0 2.16
PID+ 0.56 0.4 0.2 – 0.21 2.97 0.22 2.96
P-SatI-D 𝑠𝑡 0.75 0.4 0.2 – 1.27 2.67 1.27 2.67
P-SatI-D 𝑠𝑝 0.75 0.4 0.3 2 1.24 2.56 0.24 2.56

Table 5
Experimental results SV2 variant.
Controllers Kp Kd Ki p Steady State Error (%) Settling Time (s) Overshoot (%) Peak Time (s)

S1 S2 S1 S2 S1 S2 S1 S2
PD 2.4 0.5 0 – −3.31 −1.08 2.52 3.95 0.8 2 1.84 1.9
PID 2.15 0.5 0.2 – −1.74 −4.85 2.09 3.17 1.2 9.3 2.09 2.4
PD+ 0.57 0.1 0 – 0.47 4.71 2.19 3.09 0.47 7.01 2.19 2.07
PID+ 0.7 0.2 0.2 – 0.11 3.99 2.84 2.98 0.11 3.99 2.84 2.98
P-SatI-D st 1.1 0.3 0.5 – 1.27 4.55 2.66 3.65 1.27 4.55 2.66 3.65
P-SatI-D sp 0.55 0.2 0.5 2 1.62 6.73 3.34 3.08 1.62 6.88 3.34 2.91

Fig. 3. Experimental results. (a) show 𝛥𝑥𝑆1 for multiple shapes in SV1 variant, (b) show 𝛥𝑥𝑆1 (blue) and 𝛥𝑥𝑆2 (red) for multiple shapes in SV2 variant. The errors 
observed in the collocated coordinates (blue lines) using the PID-type controllers are nonzero because the system relies on IMU-based orientation measurements, 
which are not perfectly accurate, whereas the ground truth is obtained from an accurate motion tracking system and (c) steady-state accuracy comparison of 
controllers, with desired points shown in red and measured points in green.
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Fig. 4. Robustness analysis. Errors in the actuated (S1) and unactuated (S2) coordinates are shown in blue and yellow, respectively. For each controller, the 
nominal (tuned) controller is marked with a (∗) in the figure. The steady-state error is reported on the 𝑦-axis, while the settling time is represented by the radius 
of the circular marker, which is proportional to its value, and overshoot is indicated by a red outline around the marker (see the figure legend). Moreover, in 
each column, the 𝑥-axis corresponds to a different parameter being varied in order to assess robustness.

4.3. Robustness analysis of the controllers

The robustness of the controllers was evaluated through sequen-
tial tracking of multiple 3D shapes, reference variations without re-
tuning, and systematic changes in proportional and integral gains. 
These experiments were performed on SV2 variant (see Fig.  4).

MG: Shape regulation goal variation
This experiment evaluates the controller’s robustness to variations 

in shape regulation goals without requiring retuning. The controllers 
were initially tuned to track the configuration 𝑞∗𝑎 = (0.2, 0, 0) and 𝑞∗𝑢 =
(0.3, 0, 0).

Results are shown in the first column of Fig.  4. Analysis of the 
baseline PD and PID controllers highlights their sensitivity to ref-
erence changes: tracking accuracy drops significantly, with the PID 
controller in particular suffering from overshoot, long settling times, 
and steady-state errors exceeding 10%.

The PD+ controller performs better than the baseline model-free 
schemes, but overshoots at workspace extremes still cause slow con-
vergence and large errors. The PID+ controller follows a similar trend, 

yet its tracking error consistently remains within 10%. In contrast, both 
variants of the P-SatI-D controller demonstrate strong robustness to 
reference variations. Even at the most challenging test points, config-
uration tracking error stays below 8% with acceptable settling times. 
These results highlight the adaptability and stability of the P-SatI-D 
controller, underscoring its suitability for scenarios involving dynamic 
changes in shape regulation goals.

VP: Proportional gain variation
The controller’s performance was also evaluated by varying 𝐾𝑝 from 

−20% to +20% around its tuned value. The results can be observed in 
the second column of Fig.  4. Among the controllers under examination, 
the PD+ controller demonstrates notable robustness to variations in 
proportional gain, being the only one to maintain steady state errors 
consistently within the 10% threshold. However, it can be noted that 
variations in the proportional gain have a strong negative impact on 
the settling time in the PD+ controller. Conversely, both the PID+ and 
P-SatI-D 𝑠𝑝 controllers exhibit consistently low settling times. Nonethe-
less, very high proportional gains cause the steady-state error to go 
beyond 10%.
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VI: Integral gain variation
In this experiment, the controller’s performance is evaluated under 

variations of the integral gain within a range of −20% to 20% of the 
tuned 𝐾𝑖, with the baseline set at 0%. The experimental results can be 
observed in third column of Fig.  4.

The P-SatI-D controllers consistently outperform the PID and PID+ 
controllers in both speed and accuracy. Quantitatively, the 𝑃−𝑆𝑎𝑡𝐼−𝐷𝑠𝑡
controller achieves a 59.62% reduction in average settling time across 
all integral gain variations compared to PID and PID+. Regarding 
accuracy, even at the largest gain variation, the worst steady-state error 
for the 𝑃 − 𝑆𝑎𝑡𝐼 − 𝐷𝑠𝑝 controller remains below 9.14%, whereas both 
PID and PID+ exceed the 10% error threshold under a +20% variation.

5. Conclusion

This study demonstrates the effectiveness of model-based controllers 
for regulating the shape of soft robots through collocated control, 
validating their theoretical foundations in real-world scenarios. We also 
present a custom-designed soft robot platform that enables implement-
ing and testing controllers that exploit both actuated and unactuated 
degrees of freedom, thus addressing the robot’s inherently underac-
tuated nature. This platform is not only effective for testing dynamic 
control strategies for underactuated soft manipulators but also serves 
as a versatile tool for exploring a variety of control tasks. Its modu-
larity, adaptability to both single- and multi-segment configurations, 
and ability to incorporate passive components make it suitable for 
testing strategies related to soft robotics, such as task-space regulation 
or tracking, with an emphasis on the influence of underactuation on 
positioning errors and vibration cancellation, compliant actuators, and 
even hybrid systems involving both rigid and soft elements.

The control strategy employs reduced-order modeling, collocated 
formulations and explicit model-based controllers to achieve real-time 
performance without sacrificing accuracy. We further evaluate PD and 
PID controllers, both with and without model-based components, to 
quantify the performance improvements introduced by model-based 
control. Incorporating model-based terms allows our controllers to 
achieve the control objectives with smaller gains, leading to less ag-
gressive control actions and improved transient responses.

While this approach may yield ideal performance in simulation, 
applying it to real hardware inevitably introduces mismatches be-
tween the physical system and its model. To mitigate this divergence, 
we demonstrate that a compensatory integral term can be incorpo-
rated into the controller, enhancing precision in reference tracking and 
reducing the steady-state error.

The system assumes ideal motor behavior and uses low-resolution 
motors, limiting control precision; improved motor control or higher-
resolution actuators could enhance performance. IMU drift also in-
troduces steady-state errors, which could be mitigated by integrating 
higher-resolution absolute sensing.
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