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Abstract 

Although robots are increasingly found in a wide range of applications, their use in proximity to humans is still fraught 
with challenges, primarily due to safety concerns. Roboticists have been seeking to address this situation in recent 
years through the use of soft robots. Unfortunately, identifying appropriate models for the complete analysis and 
investigation of soft robots for design and control purposes can be problematic. This paper seeks to address this chal-
lenge by proposing two complementary modeling techniques for a particular type of soft robotic actuator known as 
a Fiber-Reinforced Elastomeric Enclosure (FREE). We propose that researchers can leverage multiple models to fill gaps 
in the understanding of the behavior of soft robots. We present and evaluate both a dynamic, lumped-parameter 
model and a finite element model to extend understanding of the practicability of FREEs in soft robotic applications. 
The results of experimental simulations using a lumped-parameter model show that at low pressures FREE wind-
ing angle and radius change no more than 2% . This observation provided confidence that a linearized, dynamic, 
lumped-mass model could be successfully used for FREE controller development. Results with the lumped-parameter 
model demonstrate that it predicts the actual rotational motion of a FREE with at most 4% error when a closed-loop 
controller is embedded in the system. Additionally, finite element analysis was used to study FREE design parameters 
as well as the workspace achieved with a module comprised of multiple FREEs. Our finite element results indicate 
that variations in the material properties of the elastic enclosure of a FREE are more significant than variations in fiber 
properties (primarily because the fibers are essentially inextensible in comparison to the elastic enclosure). Our finite 
element analysis confirms the results obtained by previous researchers for the impact of variations in winding angle 
on FREE rotation, and we extend these results to include an analysis of the effect of winding angle on FREE force and 
moment generation. Finally, finite element results show that a 30◦ difference in winding angle dramatically alters the 
shape of the workspace generated by four FREEs assembled into a module. Concludingly, comments are made about 
the relative advantages and limitations of lumped-parameter and finite element models of FREEs and FREE modules 
in providing useful insights into their behavior.
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Introduction
As humans seek more efficient and convenient lifestyles 
through new technologies, such as robotics, the use of 
traditional materials can limit the incorporation of tech-
nological advances into daily life. To date, robots have 

proven to be practical in industry, where they are used 
for dirty, dull, dangerous, domestic, and dexterous tasks. 
On the other hand, there is a high level of uncertainty 
around human-robot interactions [1]. Roboticists attempt 
to alleviate problems that humans face when working in 
proximity to robots. Isolating robots in protective cages is 
used in traditional robotics systems [2], a game-theoretic 
approach to constrain robot agents to stay within their ter-
ritory while completing the tasks [3], or employing active 
robot learning methods to perceive the human’s preference 
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[4] are examples of several of the approaches to make 
robots behave safely and desirably. This motivated the sub-
domain of the soft robotics field in which soft materials are 
employed to increase flexibility for robot developers [14]. 
Soft robots that often mimic the behavior of animals and 
plants in nature [15] exceed the capabilities of traditional 
robots and make them favorable for various robotic appli-
cations. As opposed to traditional rigid robots [16], soft 
robots can adapt their configuration to unpredictable envi-
ronments [17], benefit from high degrees of freedom [18], 
are safer when they are in contact with humans because of 
their soft materials [9], and have cheaper and more acces-
sible fabrication processes [19].

In the last several years, soft robots (Fig.  1) have 
appeared as manipulators appropriate for sophisticated 
motions [20], artificial skins in biomechanical applica-
tions [21], autonomous mobile robots in constrained 
environments [17, 22], delicate grippers [23], and even 
underwater robots [24, 25]. All of the existing work in 
this field emphasizes that having structurally soft com-
ponents profoundly decreases the destructive interac-
tion between humans, machines, and environments. 
Consequently, soft robots have a significant role to play 
where robots interact closely with the environment and 
humans.

The essential components of soft robots are soft actua-
tors that typically are based on electrical [26], thermal 
[27], pneumatic [28], or hydraulic actuation [29]. Soft 
robots, regardless of their physical structures and appli-
cations, share one common characteristic: modeling 
and controlling soft robotic systems is still challenging 
for roboticists due to their large number of degrees of 
freedom and inherent nonlinearity. However, research-
ers have employed different approaches to modeling soft 
robots. From pure kinematic models [30] to linearized 
analytical models [28], to quasi-static models [31], to 
finite element models [32], to data-driven models [33, 
34], and physics-based static models [35], all of these 
approaches are justified in certain soft robotic systems. 
Depending on the type of actuator and its application, 
one approach may be favorable to another; and of course, 
all models have shortcomings in specific circumstances 
and are impractical under certain assumptions [36]. 
Incorporating physical constraints into systems has also 
been used to make modeling more convenient and accu-
rate [37].

For the scope of this work, we present results based 
on the utilization of a combination of two separate 
models for a sub-category of soft actuators. Our study 
aims to characterize the behavior of Fiber-Reinforced 
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Fig. 1 Soft robots inspired by nature demonstrating superior performance over traditional robots. a Jamming-based soft gripper picking up a 
wide range of objects [5], b Soft quadruped robot glowing in the dark using chemiluminescence [6], c Soft-continuum manipulator grasping a 
sphere during field trials [7], d Soft growing robot navigating by exploiting contact with terrain [8], e Soft rehabilitation glove assisting humans 
with functional grasp pathologies [9], f Tapered soft gripper inspired by octopus arms providing high dexterity and flexibility [10], g Untethered 
soft-bodied robot executing agile locomotion [11], h Soft, autonomous robot performing untethered operation [12], i Soft robotic fish exploring 
underwater along coral reefs in the Pacific Ocean [13]. Images have been obtained from publicly available resources and their intellectual property 
belongs to the authors, sources, and publishers of the cited references
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Elastomeric Enclosure, called a FREE (Fig. 2). FREEs, as 
a composite pneumatic actuator, consist of an elastomer 
tube (latex) as the matrix, and wound strings (cotton) as 
the fiber reinforcement. Intuitively, the latex tube binds 
and shapes the fibers, while the cotton fibers contribute 
to the strength and stiffness of the actuator. Pressurized 
FREEs generate principal motions that include axial rota-
tion and displacement, which serve as building blocks 
of more sophisticated motions when they are used in 
assemblies.

The choice of geometric parameters or materials used 
in FREEs changes their behavior. However finding appro-
priate parameters is a difficult task that raises critical 
questions: What combination of parameters best con-
tributes to the desired behavior? How do FREEs behave 
if assembled in a module? Is the actuator even control-
lable? FREEs have been studied with various modeling 
approaches that each address their behavior under cer-
tain assumptions and broadly evaluate the practicality of 
the modeling technique. A kinematic model was intro-
duced in [38] using the geometric relationship between 
fibers and fluid forces. A later work [30] found that fiber 
alignment on the tube significantly affects the motion, 
which may cause a condition called a locked manifold 
(i.e., the FREE does not deform with inflation). Based 
on these studies, FREEs’ geometry have been simplified 

to create a quasi-static model [39] to perform open-loop 
control and estimate design parameters. Additionally, the 
nonlinear characteristics of FREEs were computation-
ally studied [40] to illustrate the relationship between 
input pressure and resulting forces and deformations 
through a continuum model. A significant step forward 
was research on parallel combinations of FREEs [35, 38] 
assembled into a module. Each of these studies has con-
tributed significantly to characterizing FREEs’ behavior 
but illustrates that no one model sufficiently character-
izes FREE behavior, particularly when multiple FREEs 
are coupled into a module. We believe that designers can 
leverage complementary modeling approaches to fill the 
gaps in the understanding of soft robotic actuators. Our 
goal is to characterize and control FREEs’ behavior based 
on both a lumped-parameter dynamic model and a finite 
element material model.

Overall, we make the following contributions: (1) a 
dynamic model that characterizes the behavior of a sin-
gle FREE, (2) a model-driven controller simulation and 
experiment to visualize single FREEs’ time-dependent 
response in following a desired rotation, (3) a finite ele-
ment model of FREEs in single and module configura-
tions as an additional design and verification tool, (4) an 
exploration of the locations of points within the work-
space of a module of multiple FREEs, and (5) an evalu-
ation of the application of both modeling techniques for 
fiber-reinforced soft robotic actuators.

The remainder of the paper is organized as follows: the 
Lumped Parameter Model section presents the equations 
of motions of a single FREE and their relationship to the 
input pressure. The Controller Design section provides 
insight into the PID control of a single FREE. The Finite 
Element Model section describes the formulation and 
numerical modeling of a finite element model of FREEs. 
The Significance of Winding Angle section presents the 
results of a parametric study using the finite element 
model and discusses the role of fiber winding angles in 
FREEs’ behavior. The FREE Module section analyzes the 
workspace of multiple FREEs in a module using a finite 
element model. Next, we present an Experimental Dem-
onstration of FREEs in a real-life application. And finally, 
the Conclusion section, presents conclusions about the 
broader implications of the proposed modeling tech-
niques and how they supplement each other. The over-
reaching goal is to demonstrate the capabilities of FREEs 
as an actuator for soft robots performing typical daily 
tasks, by exploiting the created tools and controller.

Lumped parameter model
This section formulates the equations describing the 
principal motions of a single FREE: rotation and elonga-
tion. Establishing a relationship between these motions 

Latex Coating

Latex Tube Cotton Fiber

Input Air

FREE

Fig. 2 Fiber-Reinforced Elastomeric Enclosure (FREE). A single FREE 
connected to input pressurized air (top). Cross-sections of various 
FREEs (bottom)
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and input pressure is the primary interest. This problem 
has already been tackled in prior work [39] and the static 
behavior of FREEs based on design parameters was stud-
ied. In this paper, we emphasize studying the dynamics 
of the system and explore controlled time-dependent 
responses. We formulate a dynamic lumped parameter 
model that includes mass, moment of inertia, stiffness 
constants, and damping coefficients. To simplify the anal-
ysis, the FREE is assumed to be a uniform thin-walled 
tube, wound with inextensible fibers with a constant 
cross-section that are perfectly adhered to the outer sur-
face of the tube (Fig. 3). Using these simplifying assump-
tions enables the equations of motion to be derived based 
on fiber tension, elastomer force, elastomer moment, and 
the input pressure.

Figure 3 illustrates the geometric parameters of a FREE 
when it is fixed at one end. The FREE has a radius r, fiber 
winding angle γ , and length l at an applied pneumatic 
pressure P. We assume that these parameters are vari-
able depending on rotation angle φ and displacement s at 
the free end. Here lowercase notation is used for param-
eters after pressurization, and uppercase denotes the ini-
tial values. The geometrical relationships between these 
parameters is addressed in detail in [41].

The elastomer force Fe and moment Me are character-
ized by two simplifications: decoupling and linearity. 
Based on the decoupling assumption, the axial elasto-
mer force Fe depends only on the axial motion s, and the 
elastomer moment Me is purely dependent on the rota-
tion angle φ . We make these assumptions to facilitate the 
modeling procedure, and as shown later, to analyze the 
system more easily.

The elastomer is a nonlinear hyper-elastic material (see 
Finite Element Model section), which makes relating dis-
placement to force challenging. However, this non-linearity 
arises at large strains so we assume a linear relationship 
for small strains at low pressures. Hence, the force Fe and 
moment Me created by the elastomer are modeled as lin-
ear functions of the free end extension s and rotation φ and 
their derivatives:

where ke and kt are the linear and torsional stiffnesses, 
and ce and ct are the linear and torsional damping con-
stants of the FREE. The best estimates of the stiffnesses ke 
and kt are empirically identifiable as studied in [41] under 
various static axial and torsional loading, assuming a lin-
ear spring relationship for the elastomer, using Eqs.  (1) 
and (2). Our experimental measurements showed only 
small variations ( < 1% ) in the values of ke and kt over a 
range of pressures, and therefore we considered them 
to be constant. The damping constants ce and ct are also 
computable by analyzing experimental data of rotational 
and axial vibration [41] in the form of a standard vibra-
tory system [42]. Following the Newtonian relationship 
(shown in Fig. 3) between the force and moment compo-
nents at pressure P, the final equations of motion are:

(1)Fe = −kes − ceṡ

(2)Me = −ktφ − ct φ̇

(3)mls̈ = Fl − kes − ceṡ + πr2P(1− 2 cot
2 γ )

(4)Il φ̈ = Ml − ktφ − ct φ̇ − 2πr3P cot γ

Fig. 3 Schematic views of a Fiber-Reinforced Elastomeric Enclosure. We model the force contributions of fibers as a single fiber to facilitate 
the derivation of the lumped-parameter model (Constituents). Elongation s and rotation φ are the two degrees of freedom of the FREE. FREE’s 
Geometric Properties are variable and pneumatic pressure produces reaction forces and moments at the end cap (Free Body Diagrams). Note that 
the fiber itself is not depicted in the Free Body Diagrams
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where ml and Il are the mass and the mass moment of 
inertia of the end cap, respectively. We consider the rota-
tional mass moment of inertia of the FREE itself to be sig-
nificantly less than any load inertia. The above equations 
present a lumped-parameter model of a FREE under 
certain simplifying assumptions based on the relation-
ship between the applied forces, moments, and resulting 
reactions when fixed at one end and establish the rela-
tions between internal pressure and axial and rotational 
displacements. Note that Eqs. (3) and (4) are coupled. A 
variety of geometries and loading conditions can be con-
sidered by a designer to explore the dynamics of the sys-
tem. The statically measured and predicted response of a 
FREE was studied in [39] under various input pressures 
and winding angles. In the following section, we examine 
the dynamic response of a FREE with a PID-controlled 
input pressure.

Controller design
In this section, we go beyond analyzing the influence of 
design parameters and focus on developing a simple con-
troller to study the dynamic motions of a single FREE. Pre-
vious works formulated based on the infinite number of 
degrees of freedom in soft-bodied actuators have proven 
the practicality of feedback control for soft robotic systems 
[15, 43, 44]. One challenge however is the lack of a unified 
framework for finding an appropriate controller for these 
soft robotic systems [45]. For the scope of this research, 
we seek to explore using a lumped-parameter model as a 
streamlined approach to developing a PD controller for 
FREEs. Also, we emphasize that a simple controller can be 
sufficient for a FREE to follow a particular trajectory and 
minimize oscillatory behavior. This makes soft actuators 
practical in many scenarios that require compliant and 
safe interaction with the environment. For instance, imag-
ine twisting a knob using a robot arm with a FREE at the 
end-effector. FREEs are particularly capable of producing 
rotation (see Finite Element Model section) and a simple 
controller can provide an accurate and smooth motion. 
Our approach provides insight into controller development 
for FREEs and ultimately expands the understanding of soft 
robotic systems in which these actuators are used. Here, we 
elucidate controlling the rotational motion of a single FREE 
without external loading. We empirically show that using 
a simple PID (Proportional-plus-Integral-plus-Derivative) 
controller appropriately regulates the internal pressure P 
(Eq. 5) to control the rotation of a FREE over time t. This 
simple controller is given by

where Kp , Ki , and Kd are the proportional, integral, and 
derivative gains, respectively, that drive the internal 

(5)P = Kp(φd − φ)− Kd φ̇ + Ki

∫

(φd − φ) dt

pressure of FREE to achieve the desired rotation angle φd . 
Note that the axial motion of a FREE is generally not sig-
nificant compared to its rotation; therefore, we neglected 
the elongation s in developing this linear controller. Note 
that the desired angular velocity φ̇d is set to zero. Plug-
ging the terms of Eq.  (5) into Eq.  (4) results in a model 
describing the controlled rotation angle φ as a function of 
time given by:

where

Experimental determination of suitable state feedback 
gains that produce stable closed-loop pole locations for 
the system can be tedious. To facilitate the process, we 
employed the classical root-locus method to find the 
roots of the characteristic equation and initial values 
for each gain (i.e., Kp , Ki , and Kd ). In order to apply the 
root-locus method, Eq.  (6) must be linearized about an 
equilibrium state, in this case s,φ = 0 . Chapter 3 in [41] 
discusses the linearization process in detail using a Tay-
lor series expansion about the equilibrium state. After 
linearization, the radius r and winding angle γ in Eq. (7) 
are replaced with the initial constant values R and Ŵ , 
respectively. In other words, the linearized equations of 
motion do not capture changes to the FREE’s radius and 
winding angle during pressurization. Figure 4 depicts the 
block diagram of the PID control system, where the lin-
earized equation of rotational motion is used. Note that 
we assumed perfect sensor feedback (i.e., H(s) = 1 ). To 
examine the impact of neglecting changes in radius and 
winding angle on overall response, Fig. 5 presents open-
loop simulations results using both the linearized and 
nonlinear equations of motion. As the results demon-
strate, r and γ only change 2% at maximum for the par-
ticular parameters considered. The linearized model 
overestimates the required input pressure by about 
10% ; however, the overall response of the system is 

(6)Bφ̈ + Cφ̇ + Eφ + F
∫

φdt =

Dφd + F
∫

φddt +Ml

(7)



















B = Il
C = (−2πr3 cot γ )Kd + ct
D = (−2πr3 cot γ )Kp

E = D + kt
F = (−2πr3 cot γ )Ki
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+  Kd s 

-2 R3 cot Γ
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Fig. 4 Block diagram of the PID control system
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approximately the same. The model based on the lin-
earized equations of motion reaches the final rotation 
angle as fast as (within 0.2 sec) the model based on the 
fully nonlinear terms in Eq.  (6). This indicates that the 
assumptions made in the linearized model do not affect 
the system’s behavior at low pressures.

Experiment results—PID control
We have proposed a model to predict the dynamic behav-
ior of a FREE and shown that simplifying assumptions 
(i.e., constant radius and winding angle) adequately serve 
the purpose. In this section, we present experimental test 
results determined with an actual FREE and discuss the 
observed behavior as compared to simulation. We stud-
ied the closed-loop response with two types of control 
inputs. The first type delivers a step input every three 
seconds to the controller of positive 50◦ , negative 30◦ , 
and positive 60◦ . The second input is a cubic polynomial 
trajectory that generates a similar rotation angle variation 
by commanding desired rotation angles of first 40◦ , then 
10◦ , and finally 70◦ while creating a smooth rotational 
motion. The equation for the commanded trajectory is:

(8)φ(t) = a0 + a1t + a2t
2
+ a3t

3

where φ is the rotation angle of the free end of the FREE, 
and ai (i= 0,1,2,3) are coefficients based on satisfying 
the constraints of the motion. Defining tf  and φf  as the 
desired duration of the maneuver and the goal angle of 
rotation, respectively, the initial and goal position of rota-
tion are φ(0) = φ0 and φ(tf ) = φf  . Specifying the angular 
velocities at the beginning and the end of the trajectory as 
φ̇(0) = 0 and φ̇(tf ) = 0 , provides two more constraints. 
By substituting these conditions into Eq. (8) and its time 
derivative and solving for the ai , the following trajectory 
equation is obtained:

Using Eq. (9) as the controller input generates maneuvers 
in which the actuator reaches the final position smoothly. 
We tested the system using both step and trajectory con-
troller inputs and simulated the corresponding system 
responses using the dynamic model. We used a Bellof-
ram type T-1500 pressure regulator to supply air, and an 
Adafruit BNO055 IMU (Inertial Measurement Unit) to 
measure the rotation of the FREE. To control the pres-
sure regulator we used an Arduino microcontroller and 

(9)φ(t) = φ0 +
3

t2f
(φf − φ0)−

2

t3f
(φf − φ0)
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Fig. 5 Dynamic response of a FREE. Numerical solution for simulated open-loop response based on the original and the linearized model (left). 
The simulation results suggest insignificant changes in radius r and winding angle γ of the FREE before and after pressurization. Closed-loop 
response to a PID controller with step and trajectory following inputs (right). Experimental data is compared with the simulation results, and the 
trajectory-based controller produces a smoother response. All results correspond to a FREE with constant geometric properties Ŵ = 40

◦ , L = 11 
cm, and R = 0.7 cm, external forces and moments Fl = Fgravity and Ml = 0 , stiffness ke = 10110 N/m, and kt = 0.086 N/rad, and damping constants 
ce = 5 N-s/m, and ct = 0.005 N-m-s/rad that was controlled with a PD controller ( Kp = 32000 and Kd = 1200000 Pa/rad-s). See our project 
repository for the codes used in our simulations and experiments: https:// github. com/ soheil- h/ FREE. git

https://github.com/soheil-h/FREE.git
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acquired rotation data through I2C communication. 
The results of the simulations and experiments for step 
and trajectory inputs for a typical FREE are displayed in 
Fig. 5. Note that we experimentally measured the stiffness 
and damping constants of the FREE for simulation pur-
poses. Comparing experimental and simulation results 
suggests that the lumped-parameter model fairly predicts 
the motion of the FREE with the PID controller. For the 
step input response, the RMSD (root-mean-square devia-
tion) between simulation and experimental is 4% over the 
total duration of the maneuver. There are slight differ-
ences in the shape of curves, especially at the beginning 
of each step, due to 1) the sampling rate in the simulation 
being considerably higher than in data sets collected by 
the experiment and 2) the physical characteristics of the 
pressure regulator not being included in the simulation.

As was the case for the step input, the trajectory fol-
lowing experiment yielded results matching the simula-
tion, although the relatively low speed of the Arduino 
control loop created a trajectory in the experiment that 
exhibited small oscillations relative to the commanded 
path. The RMSD between simulation and experimental 
results was 3% over the total duration of the maneuver.

One important insight obtained from the trajectory 
following simulation, besides its importance to actual 
applications, is the realization that high-frequency oscil-
lations observed in the step input response are likely due 
to rapid changes in the desired angle of rotation. In the 
trajectory following maneuvers, the desired angle var-
ies gradually and the oscillations are not present. Note 
however that the oscillations can likely be minimized by 
introducing derivative feedback. In general, a trajectory 

following control input is a better alternative, especially 
in multiple FREE modules, for creating smooth motions.

Finite element model
The previous section presented a lumped-parameter 
model that predicts the behavior of FREEs and assists a 
designer in avoiding tedious and time-consuming build-
and-test processes. Our proposed mathematical model 
is quite useful for obtaining an understanding of the 
dynamic behavior of a single FREE. However, establish-
ing an idealized lumped-parameter model for multi-
ple FREEs in a module is more challenging. Creating a 
matrix formulation for equations of motion of each FREE 
in a module that converges to a numerical solution is not 
guaranteed in particular parameter regimes. More signif-
icantly, formulating the equations governing the relation-
ships between moments and forces at the end effector of 
a module is complicated and fraught with error.

Finite element analysis (FEA) has previously been used 
to study the effect of fiber orientations on FREE mechan-
ics [30, 32]. There are a variety of parameters that affect 
such an actuator’s response, including both geometric 
and material properties. We seek to study the choice of 
these parameters in designing FREEs in particular appli-
cations and in achieving desired overall response char-
acteristics. In this section, we focus our attention on 
developing a finite element model of a FREE in single and 
module configurations (Fig.  6) to explore responses, to 
consider the impact of parameter variations, and to over-
come the mathematical modeling difficulties inherent 
with multiple FREEs.

Fig. 6 Finite element model of FREE in Abaqus. The elastomer tube and cotton fibers were modeled as deformable geometries (left). The assembly 
of these constituents into a single FREE is shown before and after pressurization (middle). Note that the FREE is fixed at both ends and produces no 
rotation or elongation under these boundary conditions. The module configuration of four FREEs and their arrangement as seen in a top view of 
the end-effector is shown on the right
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Model formulation
The extent of finite element analysis of soft pneumatic 
actuators in the past has been limited and only found 
to be useful for special cases of materials and geom-
etries [46]. Generally, the research has been narrowly 
focused on the linear behavior of soft materials at small 
strains [47, 48]. Various constitutive models have been 
investigated to understand the hyperelastic behavior of 
soft materials such as the Mooney–Rivlin [49] and neo-
Hookean [32]. These models are based on linear approxi-
mations of the strain invariants and also limited to small 
strains [50].

We built our modeling approach based on a previously 
published analysis of soft actuators [32] and extended the 
analysis to capture the nonlinear behavior of FREEs. The 
geometry of our model includes three regions: a deform-
able three-dimensional elastomeric tube, rigid end caps, 
and deformable fibers wound on the exterior of the tube 
(see Fig.  6). As discussed previously, pressurized FREE 
exhibits three distinct deformations: extension, expan-
sion, and rotation. Rotation is typically the primary 
interest since other deformations generally do not con-
tribute substantially to overall behavior based on results 
achieved in our analysis [41].

Similar to our approach in developing the lumped-
parameter model, we made simplifying assumptions 
when developing the FEA model: fibers are modeled as 
perfectly connected to the elastomer tube, the effect of 
the rubber cement coating on the behavior of the FREEs 
has been neglected, and all fibers are assumed to initially 
match the prescribed winding angle. In this analysis, 
the elastomer geometry was modeled in the finite ele-
ment analysis package Abaqus with 16, 830 second-order 
hybrid tetrahedral elements. Fibers were modeled with 
1, 356 second-order truss elements, which only support 
axial tensile or compressive loads and not shear or bend-
ing. Contact and adhesion between elastomer and fibers 
were modeled with tied constraints. Desired variables of 
the FREE were carefully calculated by tracking a set of 
elastomer surface nodes as a function of pressurization. 
All models were run in Abaqus/Standard from Dassault 
Systèmes with the proximal cap face pinned and pressure 
applied to the entirety of elastomer interior surface.

Numerical modeling
To investigate FREEs’ behavior, we considered various 
constitutive models for the elastomer. These included 
a linear elastic and two different hyperelastic models: 
neo-Hookean and first-order Ogden. We first obtained 
the true stress-strain relationship for the latex elasto-
mer through both uniaxial material testing using an 
Instron 5965 with a dogbone sample and through axial 
stretching of an elastomeric tube. The resulting linear 

curve fit provided a Young’s Modulus (1.18 MPa) for 
the linear elastic model. We further checked that the 
data were in a reasonable range by calculating the elas-
tic modulus corresponding to typical Shore A hardness 
numbers for latex ( 35± 5 ). An elastic modulus of 1.18 
MPa corresponds to a Shore hardness of 30.8 based on 
the formula given in [51], which is within the expected 
range.

The Ogden model represented by Eq.  10 is a polyno-
mial [52, 53] that normally yields good results captur-
ing the mechanics of soft materials. Eq. 10 presents the 
strain density energy for a first-order Ogden model, 
where �i (i= 1,2, and 3) represent the deviatoric princi-
pal stretches, µ is the shear modulus, and α is a material 
constant.

Once the material and structural properties of the elas-
tomer were determined, we conducted experiments on a 
simple latex tube without a fiber winding [45] and evalu-
ated each constitutive model (i.e., linear, neo-Hookean, 
and Ogden). Finite element simulations of this experi-
ment led us to discover that the neo-Hookean model 
predicts a softer response than the actual FREE at high 
pressures. The linear model was not found to be suitable 
either since it completely neglects the nonlinear behavior 
of the FREE. Therefore, we focused on the use of a first-
order Ogden hyperelastic model in our analysis.

Employing an Ogden model requires the determina-
tion of the initial shear modulus µ as well as the mate-
rial parameter α that characterizes nonlinearity. Based on 
the previously determined elastomer modulus, we chose 
to fix our initial shear modulus at 0.393 MPa (converted 
from E = 1.18 MPa with ν = 0.5 ) and vary α through a 
sensitivity study. The error measurements between mod-
els and the experimental data showed that an Ogden 
model with α = 1.2 to be the best representation of the 
behavior of a coated FREE (RMSD with α = 1.2 was 50% 
less than with α = 0.8 and 85% less than with α = 2 ). 
Note that the use of other elastomer materials would 
likely yield other values of α but were not considered in 
the present work.

Fibers were modeled to have linear elastic material 
properties. Similar experiments were performed for 
cotton fibers to determine the tensile force-strain rela-
tionship. Load-strain data were acquired to provide the 
relationship between fiber strain and the product of 
modulus and cross-sectional area of the fiber (EA). This 
enabled the use of truss elements for cotton fibers in the 
finite element model. Fitting the linear region of the test 
results gave a value of structural stiffness equal to 644 
N/ǫ . As shown in [45], the exact value of EA is in fact 

(10)� =

2µ

α2
(¯�α1 +

¯�
α
2 +

¯�
α
3 − 3)
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not critical to the analysis due to the significantly greater 
stiffness of the cotton fibers relative to the latex elasto-
mer (Fig. 7).

Experiment—finite element model
We defined the finite element model formulation, in 
which linear elastic and hyperelastic Ogden models are 
used for the fiber and elastomer, respectively. Now, we 
present the model validation. This follows our previous 
work [45] where we used the model built from tensile and 
expansion data (elastomer µ = 0.393 MPa and α = 1.2 , 
fiber EA = 644 N/ǫ ) to accurately predict FREE rota-
tion. We chose rotation for validation as it is the principal 
deformation of interest for most FREEs.

Figure  6 displays curves characterizing the rotation 
per unit length ( τ ) of FREEs with fiber winding angles 
of 20◦ , 40◦ , and 70◦ as predicted by our calibrated FEA 
model along with experimentally measured rotations 
from the actual FREEs. Overall, these results confirm 
that our model has strong predictive capabilities across 
various fiber angles over a range of pressurization. At 
higher pressures, we noticed discrepancies between the 
model and experiments for the 20◦ and 40◦ cases. The 
RMSD was 11.8% for the 20◦ and 9.5% for the 40◦ cases, 
while it was 11.8% for the 70◦ FREE. Potential reasons 
for these discrepancies include slight deviations in the 
experimental winding angle, the assumption of ideal-
ized tied connectivity between the elastomer and fibers, 
the effect of the rubber cement coating on experimental 
FREE structural properties, and slight variations that may 
exist between the Ogden material model and the material 
properties of the elastomer.

Comparing our results to prior work, the research 
by Connolly et al. [32] is the most relevant to our 
work. While the material properties and our modeling 

approach differ from those used in [32], we were able to 
use the same modeling framework to develop our geom-
etry and observed similar qualitative trends. Connolly 
et al. [32] used second-order, one-dimensional beam ele-
ments to model Kevlar fibers in their actuators, which is 
appropriate because the bending stiffness of the Kevlar 
fibers contributes to the overall response. In our case, the 
cotton fibers do not support bending in response to the 
internal pressure and axial loads. Thus, we chose second-
order truss elements for the fibers, which enabled us to 
simulate FREE’s experimentally observed buckling behav-
ior [45]. Also, Connolly et  al. [32] used a neo-Hookean 
model for the elastomer (silicone) and reported conver-
gence issues at large fiber angles ( ≥ 80◦ ). To avoid these 
issues, they conducted a deformation-driven analysis by 
simulating the internal pressure through thermal expan-
sion. In contrast, we primarily used an Ogden model. 
Our implementation of an Ogden hyperelastic model 
enabled a better fit with experiments [45] results, and 
we did not observe any convergence issues. In summary, 
our approach to modeling fiber-reinforced soft actua-
tors allowed us to capture the buckling behavior of these 
actuators and resolve the convergence issues experienced 
using a neo-Hookean model.

Significance of winding angle
One of the principal motivations of creating the finite 
element model was to avoid directly measuring sys-
tem parameters (e.g., damping constant and stiffness) 
of each FREE. Otherwise, the designer has to determine 
these parameters by running experiments on every sin-
gle actuator in order to use the lumped parameter model. 
The finite element model on the other hand ideally only 
requires one-time calibration based on the properties of 
constituent materials. Additionally, our previous param-
eter studies [45] showed that only variations in elastomer 
material properties significantly influence FREE behav-
ior because the stiffness of the fiber is relatively so much 
higher. Hence, the designer is able to tune the model by 
only measuring the material properties of the elastomer.

So the question then arises, what overall contribution 
do the fibers make to the behavior of FREEs? To answer 
this question, we explored the effects of variations in 
fiber winding angle on FREEs’ behavior. Figure  8 shows 
the behavior of FREEs with winding angles Ŵ = 10◦ 
to Ŵ = 80◦ in terms of rotation per unit length τ , axial 
extension � (deformed length/initial length), and force 
and moment generation. This provides a road map for the 
designer to pick an actuator that best suits the desired 
application.

For motion analysis, we defined a pinned constraint 
at only one end of the actuator in the finite element 
model and measured the displacements of the free end. 

Fig. 7 The finite element model validation. Experimental setup used 
to measure the rotation of FREE (left). Rotation per unit length of 20◦ , 
40

◦ , and 70◦ FREEs, all 130 mm in length, 9.52 mm inside diameter, 
and 0.8 mm wall thickness (right). The curves are the results with the 
finite element model and dots are experimentally measured data



Page 10 of 16Habibian et al. ROBOMECH Journal            (2022) 9:12 

In practice, soft actuators that generate large deforma-
tions are practical from a design perspective since they 
provide a reasonable range of motion. Our results indi-
cate that as pressure increases, FREEs with winding 
angles between 50◦ and 70◦ produce the greatest rota-
tions, while winding angles between 10◦ and 20◦ lead to 
considerably smaller amounts of rotation ( 25% less than 
a FREE with a 50◦ winding angle). For extension, 70◦-to-
80◦ FREEs are most capable of generating axial motions 
( ∼14 mm), while FREEs with winding angles between 10◦ 
and 50◦ exhibit very limit axial deformation. As shown in 
Fig. 8, FREEs are best as rotational actuators rather than 
producing axial motions, particularly as compared with 
alternatives such as McKibben actuator [28]. In order 
to measure FREEs’ force and moment generation capa-
bilities, we modeled the actuator with both ends pinned 
(i.e., no rotational or axial displacements). Our analysis 
reveals that 10◦-to-30◦ FREEs produce the largest force 
magnitudes. Conversely, the axial force generated by 50◦-
to-60◦ FREEs is negligible compared to FREEs with other 
winding angles. We also found that 20◦-to-50◦ FREEs 
are more capable of producing moments than those that 
have greater or lesser winding angles. Note that we chose 

10◦ increments between different winding angles due to 
the manufacturing constraints in aligning fibers.

Looking at the results of the motion analysis, one might 
expect that the FREE that exhibits the largest deforma-
tions should produce the largest forces and moments. 
This was not observed however due to the differences in 
boundary conditions. In the displacement analysis ( � and 
τ ), the FREE is only fixed at one end, while in the force 
and moment analysis the FREE is fixed at both ends. 
Since a FREE is an underactuated system, any type of 
constraint significantly affects the behavior. We have thus 
commented on the trends across winding angles when 
interpreting the results of each analysis individually.

Our results suggest that the winding angle primar-
ily determines the behavior of a FREE because fibers are 
inherently much stiffer than the elastomer. Some wind-
ing angles exhibit particular behaviors (e.g., a 50◦ FREE 
produces nearly a pure rotation) and it is the designer’s 
choice to pick a specific winding angle for their applica-
tion. Overall, the finite element model is particularly 
advantageous for applications that require specific design 
considerations before manufacturing. This enables con-
venient tuning of various parameters, such as winding 

Fig. 8 Parametric studies of FREEs for fiber angles over the range of 10◦ to 80◦ showing extension per unit length ( �z ), rotation per unit length ( τ ), 
force, and moment as a function of applied pressure (top). Two different boundary conditions were applied to the FREE in each analysis (bottom). 
In all cases tested, FREEs are modeled with a length of 175 mm, an inner diameter of 9.52 mm, a wall thickness of 0.8 mm, and are wound with six 
fibers each
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angle and material properties of the elastomer, and prob-
ing the particular behavior of this type of actuator.

FREE module
In the previous sections, we discussed modeling the 
behavior of a single FREE. Here, we take a step forward 
in using finite element analysis and study multiple FREEs 
in a module (Fig. 6). Studying arrangements of FREEs in 
a module is particularly beneficial because, in contrast to 
a single FREE, the module can generate maneuvers in a 
three-dimensional space. Hence, FREE modules have the 
potential to become practical elements of a complete soft 
robotic arm.

The finite element model allows us to explore vari-
ous FREE winding angles, geometric arrangements, and 
actuation combinations in a module before conducting 
experiments. This section presents the results of finite 
element analyses of the motion of modules consisting 
of FREEs with 30◦ and 60◦ winding angles. In explor-
ing module configurations, we realized that the winding 
direction of the fibers is an important factor in design-
ing a FREE module. Here, we use L and R notations for 

FREEs with clockwise and counterclockwise winding 
directions, respectively. For the modules considered here, 
each module consists of four FREEs, one pair of each 
winding direction (two L and two R FREEs, denoted as 
an LR module) with each L or R FREE positioned diago-
nally across from one another. Each FREE can be actu-
ated individually within the module.

To study all possible actuation combinations, we con-
sidered a total of 5 cases. Case 1 corresponds to all four 
actuators being pressurized—one variation. Case 2 corre-
sponds to each of two diagonally opposed actuators being 
pressurized—two variations: one for each diagonal, one 
consisting of two L actuators, and one of two R actuators. 
Case 3 pressurizes one FREE at a time—four variations. 
Case 4 pressurizes two adjacent FREEs—four variations: 
each consisting of one L and one R actuator. And Case 
5 consists of pressurizing three actuators—four varia-
tions. The five cases, with a total of 15 variations, create 
the basis for determining the workspace of the module 
as depicted in Figs. 9 and 10. In all cases tested, FREEs—
arranged in the square configuration shown in Fig. 6—are 
modeled with a length of 175 mm, an inner diameter of 

Fig. 9 Orthogonal and three-dimensional views of the reachable end-effector positions for 30 LR-module. The plots show the paths taken by the 
module’s end-effector as the FREEs are pressurized from 0 to 7 psi based on actuation cases 1 through 5. The variations of each case are shown 
with activation indicators (top view of the end-effector consistent with Fig. 6) in the X-Y and X-Z planes. The plot in the bottom right illustrates the 
linearly interpolated estimate of the workspace of the module. All FREEs are modeled with 130 mm length, 9.52 mm inside diameter, and 0.8 mm 
wall thickness
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9.52 mm, a wall thickness of 0.8 mm, and are wound with 
six fibers each. Figure 6 shows a finite element model of a 
FREE module in Abaqus.

When interpreting the plots in Figs. 9 and 10, remem-
ber that the variations of each actuation case are shown 
with a unique activation indicator in the X-Y and X-Z 
planes. The activation indicator shows the module’s end-
effector from a top view (see Fig.  6): empty circles and 
filled circles correspond to unpressurized and pressur-
ized FREEs, respectively. For instance, Case 4 has four 
different variations depending on which two pairs of 
FREEs are pressurized in the module. One of the vari-
ations is shown with the blue activation indicator posi-
tioned at (20,0) and shows that the end-effector travels 
from (0, 0) to (20, 0) when two FREEs on the left half of 
the module are pressurized together.

To identify the relationship between module pres-
surization and displacement, we ran the model for two 
LR-modules, one consisting of FREEs with a 30◦ wind-
ing angle and one consisting of FREEs with a 60◦ wind-
ing angle, and explored the reachable workspace of each 
module for the five actuation cases. Figures  9 and 10 

illustrate the position of the end-effector of the 30◦ and 
60◦ modules in space, respectively. The pressures within 
the pressurized FREEs were varied from 0 to 7 psi based 
on each actuation case (as described below, results sug-
gest that cases 1, 2, and 4 are the most fundamentally 
useful in creating particular motions).

As the curves in Fig. 8 indicate, winding angles of 30◦ 
and 60◦ generate markedly different deformations in a 
single FREE: 1) a pressurized 30◦ FREE contracts while 
a 60◦ FREE elongates, and 2) a FREE with 60◦ winding 
angle rotates more than two times as much as a 30◦ 
FREE. These differences lead to different end-effector 
paths for 30◦ (Fig.  9) and 60◦ (Fig.  10) LR-modules, 
although the characteristic shapes of the case 1, 2, and 
4 paths are similar in both figures.

Based on the results in Figs. 9 and 10, we found that 
cases 1, 2, and 4 are the most fundamentally useful in 
creating axial, torsional, and bending motions. Pressur-
izing all of the FREEs (Case 1) produces pure elonga-
tion for the 60◦ LR-module and pure contraction for the 
30◦ LR-module (black paths in Figs.  9 and 10). Case 2 
produces rotation without bending in an LR-module 

Fig. 10 Orthogonal and three-dimensional views of the reachable end-effector positions for 60 LR-module. The plots show the paths taken by the 
module’s end-effector as the FREEs are pressurized from 0 to 7 psi based on actuation cases 1, 3, 4, and 5. The variations of each case are shown 
with activation indicators (top view of the end-effector consistent with Fig. 6) in the X-Y and X-Z planes. The plot in the bottom right illustrates the 
linearly interpolated estimate of the workspace of the module. All FREEs are modeled with 130 mm length, 9.52 mm inside diameter, and 0.8 mm 
wall thickness
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(cyan paths in Figs.  9 and 10). Note that the paths in 
both of these cases are overlapping vertical lines. It 
should be mentioned that we eliminated the results for 
Case 2 for the 60◦ LR-module from Fig. 9 because this 
case produces pure rotation (i.e., no elongation). Note 
that in our simulations with cases 1 and 2, we observed 
buckling in the response of the FREEs in a 60◦ LR-mod-
ule [45]. Buckling arose for these cases as a result of 
large deformations—contraction in Case 1 and twist in 
Case 2.

Pressurizing two adjacent FREEs (Case 4) causes the 
module to deform in pure bending (blue paths in Figs. 9 
and 10). The orthogonal views of the workspace show 
the projections of the paths of each case in the X-Y and 
X-Z planes. cases 1 and 2 generate one-dimensional 
lines, while cases 3, 4, and 5 result in paths generated 
through bending and twisting of the module. One 
notable observation from the results is the distinction 
between the directions of the end-effector paths for 
the two modules. The free end of the module extends 
upward for the 30◦ LR-module, while it extends down-
ward for the 60◦ one. Additionally, the 60◦ LR-module 
displays more variations in the paths of motion for 
actuation cases 3 and 5, resulting in curved projections 
in the X-Y plane that extend approximately 10 mm from 

the origin. The pure bending produced by Case 4 results 
in straight-line projections of the paths in the X-Y plane 
that extend approximately 36 mm and 20 mm from the 
origin for the 30◦ and 60◦ LR-modules, respectively. To 
approximate the entire shape of the workspace, we ran 
the model for actuation cases 3 through 5 to determine 
the lines of reachable points shown in Figs.  9 and 10 
and linearly interpolated between them to estimate the 
workspace boundaries. In the analysis described here, 
we only studied reachable points in space; the end-
effector has its own unique set of orientations in each 
case.

The three-dimensional plots in Figs.  9 and 10 show 
the points reached as the pressure within the FREEs is 
increased from 0 to 7 psi. As expected, the set of reach-
able points forms a concave-shaped workspace for the 
30◦ LR-module. The shape of the workspace is more 
complex for the 60◦ LR-module. Comparing these work-
space shapes, we found that a 30 LR module is capable 
of reaching above the neutral (unpressurized) position of 
the end-effector, while a 60 LR module’s reach is mostly 
below the neutral position. Additionally, the end-effector 
of a 30 LR module travels larger distances from the neu-
tral position: almost twice as far in the X-Y direction and 
three times as far in the Z direction.

Fig. 11 Cooking demonstration using FREEs. A single 50◦ FREE uses our proposed model-based PD controller (see Controller Design) to control the 
cooking temperature, and a 60 LR module uses a combination of cases 3 and 4 (see Fig. 10) to blend the ingredients of the bowl in a “figure eight” 
shape (cyan path). See the video of our experiment here: https:// youtu. be/ vwmvW CrHNQM

https://youtu.be/vwmvWCrHNQM
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Experimental demonstration
In this section, we present the experimental demonstra-
tion of a FREE’s real-life application (Fig.  11). We show 
how insights from both modeling approaches can be 
used in a cooking scenario, where a single FREE controls 
the cooking temperature and a FREE module blends the 
ingredients in a bowl (Additional file 1). The single FREE 
uses our proposed model-based PD controller (Control-
ler Design) to set the cooktop range knob at the desired 
temperature. Underneath the cooktop (not shown in 
Fig. 11) an IMU is attached to the range knob and feeds 
back the rotation angle to the controller. Our parametric 
analysis (Fig. 8) allowed us to find an appropriate wind-
ing angle for the single FREE: 50◦ . This winding angle is 
particularly useful since it produces a large rotation with 
minimum extension. For the stirring task, we replicated 
the widely embraced “figure eight” whisking technique 
using a 60 LR module. We employed our workspace 
study (FREE Module) and found that by combining the 
actuation combination of cases 3 and 4 (Fig. 10), a 60 LR 
module can create a “figure eight” whisking shape (cyan 
path in Fig.  11). In practice, we sinusoidally varied the 
pressure (2 psi to 10 psi) of each individual FREE within 
the module. With the sinusoidal input—over a specific 
period of time—the module is actuated with both case 3 
and case 4: one FREE has the highest pressure (10 psi), 
one FREE has the lowest pressure (2 psi), and two FREEs 
have the same mid-range pressure (5 psi). The combina-
tion of both cases allows the generation of bending and 
twisting motions. This pattern interchanges every second 
among all FREEs of the module as shown in Fig. 11.

Although FREEs are still far from functioning as dexter-
ous soft robotic arms, they present potential applications 
in individual and module configurations. This experiment 
not only demonstrated the static and dynamic motions of 
a FREE studied in our simulations but also provided us 
with further insights into FREEs’ behavior under loading. 
In the future, we plan to continue to explore FREEs’ pay-
load capacity when creating motions.

Conclusion
We formulated and analyzed two complementary mod-
eling approaches for a particular type of soft robotic 
actuator, Fiber-Reinforced Elastomeric Enclosures 
(FREEs). Our principal insight was that even though both 
models effectively predict the behavior of FREEs, each 
model does not comprehensively represent the behavior 
of the entire system. Here, we developed both a dynamic 
lumped-parameter model and a finite element model in 
an attempt to understand the practicability of FREEs for 
use in a soft robotic arm.

We first introduced a lumped-parameter model based 
on the relationship between input pressure, internal 
and external loads, and geometric properties to predict 
the dynamic behavior of a single FREE. Our simulation 
analysis suggests that a FREE’s winding angle and radius 
typically do not change more than 2% at low pressures. 
Based on this assumption, we tested the model with a 
PID controller to determine the response of the FREE 
to step and trajectory-following inputs. Both inputs 
generated responses in which the FREE successfully 
reached the desired rotation angle, demonstrating that 
a simple model is capable of predicting the motion of 
FREEs with less than 4% error. Extending the funda-
mental elements of this mathematical model to a mod-
ule of multiple FREEs operating in a three-dimensional 
space, however, presents particular challenges.

We then developed a finite element model for single 
and multiple FREE configurations. We formulated the 
model using an Ogden hyperelastic material model for 
the elastomer and modeled the fibers as linearly elastic 
with 1D truss elements. The model was examined and 
validated by replicating experimental trials of FREEs’ 
rotation. Our parametric studies indicate that FREEs 
with winding angles of 50◦ , 80◦ , 20◦ , and 30◦ dem-
onstrate the greatest rotation, elongation, force, and 
moment, respectively. Using the finite element model, 
we were able to examine the impact of nonlinear FREE 
material properties as well as estimate the workspace 
of multiple FREEs in a module. Overall, we found the 
finite element model to be an effective tool and a step 
toward understanding the design space of FREEs in the 
module configuration.

Both of our modeling approaches have their short-
comings. The simplified lumped-parameter model 
neglects the nonlinearity of the system (i.e., assumes 
constant radius and winding angle), and we recognize 
the inherent inaccuracy in predicting behavior at high 
pressures. Also, measuring system parameters (i.e., 
damping constant and stiffness) for each FREE under 
consideration is required for the lumped-parameter 
model, and this could be a time-consuming process. 
The finite element model ignores manufacturing incon-
sistencies associated with the adhesive bonding fibers 
and the elastomer as well as the FREE outer coating. 
Moreover, the finite element model can be computa-
tionally expensive requiring long execution times, par-
ticularly for large loads and strains.

In summary, both models have the potential to signif-
icantly assist in the design process and to be expanded 
upon for studies of similar soft actuators. In future 
work, we plan to combine the insights from the work-
space estimation for FREE modules with the trajectory 
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following controller that we applied to a single FREE. 
This will potentially allow the end-effector of FREE 
modules to follow a specific path in space and reduce 
oscillatory behavior. Additionally, a more sophisticated 
hyperelastic material law could be developed to capture 
the viscoelastic effects of the nonlinear elastomer that 
we observed during experiments. Finally, our results 
suggest that FREE modules have a limited range of 
bending deformations and are more effectively used for 
generating rotational motions. For our future research, 
we plan to consider using other types of pneumatic 
actuators, such as McKibben actuators, combined 
with FREEs to create a complete, multifunctional soft 
robotic arm.

Abbreviations
FREEs:: Fiber Reinforced Elastomeric Enclosures; PID:: Proportional-plus-
Integral-plus-Derivative; IMU:: Inertial Measurement Unit; RMSD:: Root-Mean-
Square Deviation; FEA:: Finite Element Analysis; L:: Clockwise Winding angle; R:: 
Counterclockwise Winding angle.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40648- 022- 00225-9.

Additional file 1 FREEs demonstrate a cooking task in the real world.

Acknowledgements
The authors would like to gratefully acknowledge the collaborative support of 
Prof. C. David Remy (University of Stuttgart), Dan Bruder (Harvard University), 
and Audrey Sedal (Toyota Technical Institute). They provided the impetus 
for our work as well as many thoughtful comments and refinements of our 
ideas. The authors also acknowledge the valuable insights provided by Prof. 
Christine Buffinton and Brielle H. Cenci of Bucknell University who contributed 
to the finite element analysis portion of the project.

Author contributions
SH and KWB conducted the research, developed the key studies, and wrote 
the manuscript. BBW co-advised students on developing the finite element 
model and contributed to the writing. SB and JS produced and analyzed the 
finite element analysis data. KWB also advised the entirety of the research 
and experiments of this project. All authors read and approved the final 
manuscript.

Authors’ information
S. Habibian is a graduate student, S. Bae and J. Shin are undergraduate 
students in Mechanical Engineering. K. W. Buffinton and B. B. Wheatley are 
professors of Mechanical Engineering.

Funding
Toyota Research Institute (“TRI”) provided funds to assist the authors with 
their research but this article solely reflects the opinions and conclusions of its 
authors and not TRI or any other Toyota entity.

Availability of data and materials
The data and source code used to support the findings of this study are avail-
able at https:// github. com/ soheil- h/ FREE.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 Was with Department of Mechanical Engineering, Bucknell University, 
Lewisburg, PA, USA. 2 Department of Mechanical Engineering, Virginia Tech, 
Blacksburg, VA, USA. 3 Department of Mechanical Engineering, Bucknell Univer-
sity, Lewisburg, PA, USA. 

Received: 16 September 2021   Accepted: 20 April 2022

References
 1. Haddadin S (2015) In: Drechsler R, Kühne U (eds.) Physical safety in robot-

ics. Springer, Wiesbaden, pp 249–271.
 2. Matheson E, Minto R, Zampieri EG, Faccio M, Rosati G (2019) Human-

robot collaboration in manufacturing applications: a review. Robotics 
8(4):100

 3. Dadvar M, Moazami S, Myler HR, Zargarzadeh H et al (2020) Multia-
gent task allocation in complementary teams: a hunter-and-gatherer 
approach. Complexity 2020:1–15

 4. Habibian S, Jonnavittula A, Losey DP (2022) Here’s what i’ve learned: asking 
questions that reveal reward learning. J Hum Robot Interact. https:// doi. 
org/ 10. 1145/ 35261 07

 5. Brown E, Rodenberg N, Amend J, Mozeika A, Steltz E, Zakin MR, Lipson 
H, Jaeger HM (2010) Universal robotic gripper based on the jamming of 
granular material. Proc Natl Acad Sci 107(44):18809–18814

 6. Morin SA, Shepherd RF, Kwok SW, Stokes AA, Nemiroski A, White-
sides GM (2012) Camouflage and display for soft machines. Science 
337(6096):828–832

 7. McMahan W, Chitrakaran V, Csencsits M, Dawson D, Walker ID, Jones BA, 
Pritts M, Dienno D, Grissom M, Rahn CD (2006) Field trials and testing of 
the octarm continuum manipulator. In: Proceedings 2006 IEEE interna-
tional conference on robotics and automation, 2006. ICRA 2006. IEEE, pp 
2336–2341.

 8. Greer JD, Blumenschein LH, Alterovitz R, Hawkes EW, Okamura AM (2020) 
Robust navigation of a soft growing robot by exploiting contact with the 
environment. Int J Robot Res 39(14):1724–1738

 9. Polygerinos P, Wang Z, Galloway KC, Wood RJ, Walsh CJ (2015) Soft 
robotic glove for combined assistance and at-home rehabilitation. Robot 
Auton Syst 73:135–143

 10. Xie Z, Domel AG, An N, Green C, Gong Z, Wang T, Knubben EM, Weaver 
JC, Bertoldi K, Wen L (2020) Octopus arm-inspired tapered soft actuators 
with suckers for improved grasping. Soft Robot 7(5):639–648

 11. Tolley MT, Shepherd RF, Karpelson M, Bartlett NW, Galloway KC, Wehner 
M, Nunes R, Whitesides GM, Wood RJ (2014) An untethered jumping soft 
robot. In: 2014 IEEE/RSJ international conference on intelligent robots 
and systems. IEEE, pp. 561–566.

 12. Wehner M, Truby RL, Fitzgerald DJ, Mosadegh B, Whitesides GM, Lewis JA, 
Wood RJ (2016) An integrated design and fabrication strategy for entirely 
soft, autonomous robots. Nature 536(7617):451–455

 13. Katzschmann RK, DelPreto J, MacCurdy R, Rus D (2018) Exploration of 
underwater life with an acoustically controlled soft robotic fish. Sci Robot 
3(16):eaar3449

 14. Kim S, Laschi C, Trimmer B (2013) Soft robotics: a bioinspired evolution in 
robotics. Trends Biotechnol 31(5):287–294

 15. Rus D, Tolley MT (2015) Design, fabrication and control of soft robots. 
Nature 521(7553):467–475

 16. Habibian S, Dadvar M, Peykari B, Hosseini A, Salehzadeh MH, Hosseini AH, 
Najafi F (2021) Design and implementation of a maxi-sized mobile robot 
(karo) for rescue missions. ROBOMECH J 8(1):1–33

 17. Hawkes EW, Blumenschein LH, Greer JD, Okamura AM (2017) A soft robot 
that navigates its environment through growth. Sci Robot 2(8):eaan3028

 18. Kier WM (1985) The musculature of squid arms and tentacles: ultrastruc-
tural evidence for functional differences. J Morphol 185(2):223–239

 19. Marchese AD, Katzschmann RK, Rus D (2015) A recipe for soft fluidic 
elastomer robots. Soft Robot 2(1):7–25

 20. Grissom MD, Chitrakaran V, Dienno D, Csencits M, Pritts M, Jones B, 
McMahan W, Dawson D, Rahn C, Walker I (2006) Design and experimental 
testing of the octarm soft robot manipulator. In: Unmanned systems 

https://doi.org/10.1186/s40648-022-00225-9
https://doi.org/10.1186/s40648-022-00225-9
https://github.com/soheil-h/FREE
https://doi.org/10.1145/3526107
https://doi.org/10.1145/3526107


Page 16 of 16Habibian et al. ROBOMECH Journal            (2022) 9:12 

technology VIII, vol. 6230. International Society for Optics and Photonics, 
p 62301.

 21. Majidi C (2019) Soft-matter engineering for soft robotics. Adv Mater 
Technol 4(2):1800477

 22. Tolley MT, Shepherd RF, Mosadegh B, Galloway KC, Wehner M, Karpelson 
M, Wood RJ, Whitesides GM (2014) A resilient, untethered soft robot. Soft 
Robot 1(3):213–223

 23. Ilievski F, Mazzeo AD, Shepherd RF, Chen X, Whitesides GM (2011) Soft 
robotics for chemists. Angew Chem 123(8):1930–1935

 24. Galloway KC, Becker KP, Phillips B, Kirby J, Licht S, Tchernov D, Wood RJ, 
Gruber DF (2016) Soft robotic grippers for biological sampling on deep 
reefs. Soft Robot 3(1):23–33

 25. Marchese AD, Onal CD, Rus D (2014) Autonomous soft robotic fish capa-
ble of escape maneuvers using fluidic elastomer actuators. Soft Robot 
1(1):75–87

 26. Shan W, Lu T, Majidi C (2013) Soft-matter composites with electrically 
tunable elastic rigidity. Smart Mater Struct 22(8):085005

 27. Bartlett MD, Kazem N, Powell-Palm MJ, Huang X, Sun W, Malen JA, Majidi 
C (2017) High thermal conductivity in soft elastomers with elongated 
liquid metal inclusions. Proc Natl Acad Sci 114(9):2143–2148

 28. Tondu B (2012) Modelling of the mckibben artificial muscle: a review. J 
Intell Mater Syst Struct 23(3):225–253

 29. Katzschmann RK, Marchese AD, Rus D (2016) Hydraulic autonomous soft 
robotic fish for 3d swimming. In: Experimental robotics. Springer, pp. 
405–420.

 30. Krishnan G, Bishop-Moser J, Kim C, Kota S (2015) Kinematics of a general-
ized class of pneumatic artificial muscles. J Mech Robot 7(4):041014

 31. Yi J, Chen X, Song C, Wang Z (2018) Fiber-reinforced origamic robotic 
actuator. Soft Robot 5(1):81–92

 32. Connolly F, Polygerinos P, Walsh CJ, Bertoldi K (2015) Mechanical pro-
gramming of soft actuators by varying fiber angle. Soft Robot 2(1):26–32

 33. Bruder D, Fu X, Gillespie RB, Remy CD, Vasudevan R (2020) Data-driven 
control of soft robots using Koopman operator theory. IEEE Trans Robot 
37(3):948–961

 34. Shih B, Shah D, Li J, Thuruthel TG, Park Y-L, Iida F, Bao Z, Kramer-Bottiglio R, 
Tolley MT (2020) Electronic skins and machine learning for intelligent soft 
robots. Sci Robot

 35. Bruder D, Sedal A, Vasudevan R, Remy CD (2018) Force generation by par-
allel combinations of fiber-reinforced fluid-driven actuators. IEEE Robot 
Autom Lett 3(4):3999–4006

 36. Trivedi D, Dienno D, Rahn CD (2007) Optimal, model-based design of 
soft robotic manipulators. In: International design engineering technical 
conferences and computers and information in engineering conference, 
vol 48094, pp 801–809

 37. Galloway KC, Polygerinos P, Walsh CJ, Wood RJ (2013) Mechanically pro-
grammable bend radius for fiber-reinforced soft actuators. In: 2013 16th 
international conference on advanced robotics (ICAR). IEEE, pp. 1–6.

 38. Bishop-Moser J, Krishnan G, Kim C, Kota S (2012) Design of soft robotic 
actuators using fluid-filled fiber-reinforced elastomeric enclosures in 
parallel combinations. In: 2012 IEEE/RSJ international conference on intel-
ligent robots and systems. IEEE, pp 4264–4269

 39. Bruder D, Sedal A, Bishop-Moser J, Kota S, Vasudevan R (2017) Model 
based control of fiber reinforced elastofluidic enclosures. In: 2017 IEEE 
international conference on robotics and automation (ICRA). IEEE, pp 
5539–5544.

 40. Sedal A, Bruder D, Bishop-Moser J, Vasudevan R, Kota S (2018) A con-
tinuum model for fiber-reinforced soft robot actuators. J Mech Robot 
10(2):024501

 41. Habibian S (2019) Analysis and control of fiber-reinforced elastomeric 
enclosures (FREEs). Bucknell University

 42. Hutton DV (1981) Applied mechanical vibrations. McGraw-Hill Science, 
Engineering & Mathematics, Berlin, Heidelberg

 43. Della Santina C, Katzschmann RK, Biechi A, Rus D (2018) Dynamic control 
of soft robots interacting with the environment. In: 2018 IEEE interna-
tional conference on soft robotics (RoboSoft). IEEE, pp 46–53.

 44. Largilliere F, Verona V, Coevoet E, Sanz-Lopez M, Dequidt J, Duriez C 
(2015) Real-time control of soft-robots using asynchronous finite element 
modeling. In: 2015 IEEE international conference on robotics and auto-
mation (ICRA). IEEE, pp 2550–2555.

 45. Buffinton KW, Wheatley BB, Habibian S, Shin J, Cenci BH, Christy AE (2020) 
Investigating the mechanics of human-centered soft robotic actuators 

with finite element analysis. In: 2020 3rd IEEE international conference on 
soft robotics (RoboSoft). IEEE, pp 489–496.

 46. Lipson H (2014) Challenges and opportunities for design, simulation, and 
fabrication of soft robots. Soft Robot 1(1):21–27

 47. Deimel R, Brock O (2015) Soft hands for reliable grasping strategies. Soft 
robotics. p 211

 48. Roche ET, Wohlfarth R, Overvelde JT, Vasilyev NV, Pigula FA, Mooney DJ, 
Bertoldi K, Walsh CJ (2014) Actuators: a bioinspired soft actuated material 
(adv. mater. 8/2014). Adv Mater 26(8):1145–1145

 49. Udupa G, Sreedharan P, Sai Dinesh P, Kim D (2014) Asymmetric bellow 
flexible pneumatic actuator for miniature robotic soft gripper. J Robot 
2014:902625

 50. Yeoh OH (1993) Some forms of the strain energy function for rubber. 
Rubber Chem Technol 66(5):754–771

 51. Gent AN (1958) On the relation between indentation hardness and 
young’s modulus. Rubber Chem Technol 31(4):896–906

 52. Destrade M, Murphy J, Saccomandi G (2019) Rivlin’s legacy in continuum 
mechanics and applied mathematics. The Royal Society Publishing

 53. Ogden RW (1972) Large deformation isotropic elasticity-on the correla-
tion of theory and experiment for incompressible rubberlike solids. Proc 
R Soc Lond A Math Phys Sci 326(1567):565–584

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Evaluation of two complementary modeling approaches for fiber-reinforced soft actuators
	Abstract 
	Introduction
	Lumped parameter model
	Controller design
	Experiment results—PID control

	Finite element model
	Model formulation
	Numerical modeling
	Experiment—finite element model

	Significance of winding angle
	FREE module
	Experimental demonstration
	Conclusion
	Acknowledgements
	References




