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Intrinsically actuated continuum soft robots merge the features of hyper-redundant and soft

robots. The soft structure and redundancy allow the robots to conduct tasks in confined or un-

structured environments. Extensile fluidic artificial muscles (EFAMs) can be used to construct

soft actuated structures that feature large deformation and enable the robots to access large reach-

able workspaces. However, the soft robots’ low structural stiffness limits their ability to exert

force or carry payloads. This dissertation aims to improve the continuum soft robot’s spatial and

payload-carrying performance. The work seeks to accomplish the following:

1. Compare multi-segment continuum robots to understand how the number of segments and

robot geometry affect their spatial performance

2. Experimentally characterize and model EFAMs to close existing knowledge gaps in their

axial and bending behaviors



3. Investigate the impact of radial reinforcement on the payload-carrying ability of an EFAM

robot

4. Propose a modeling approach that captures the deformation of the robot under payloads

First, we described the constant-curvature (CC) kinematics of a multi-segment continuum

robot and used it to compute workspaces of one-, two-, and three-segment robots with varying

aspect ratios. We showed that two-segment robots have an enhanced workspace by 43.2–122

percent compared to one-segment robots. We also showed that three-segment robots had a better

ability to conduct tasks that require a specific end-effector orientation by 28.8–76.1 percent com-

pared to two-segment robots. The analysis allowed us to assess the influence of robots’ geometry

and the number of segments on their spatial performance.

Second, we described a manufacturing process and experimental characterization of EFAMs.

We verified a force-balance FAM model and achieved lower modeling error with hyper-elastic

constitutive models. We also described a method for characterizing the bending properties of

EFAMs. We showed that bending stiffness and damping can change four-fold over a standard

pressure range of 34.5–690 kPa. The work allowed us to model the axial and bending behavior

of EFAMs.

Third, we proposed reinforcing a continuum soft robot with bio-inspired radial supports

(ossicles). We showed that the reinforcement reduces buckling in axial loading, thereby allowing

the robot to achieve several-fold larger pushing forces while preserving the robot’s extensive

range of motion, shape, and low structural stiffness. The axial loads were 320 percent higher

for the blocked force condition for the seven-ossicle robot when compared to the three-ossicle

robot. We also demonstrated the improvement in payload-carrying capability in bending with



pictographic data. As the ossicle reinforcement reduces the influence of buckling, torsional, and

shear deformations under payload, it allowed us to model EFAM robots as structures that only

deform axially and while bending.

Fourth, we experimentally acquired poses of a one-segment robot carrying three increas-

ingly larger payloads. Thereafter, we assessed the error between a CC model, a newly proposed

model, and the experimental data. We showed that the CC model was valid for the smallest pay-

load case. In contrast, our proposed model captured the behavior of EFAM robots regardless of

the payload size. The model was entirely based on EFAM mechanical properties and the robot’s

geometry. The proposed model facilitates valid modeling of one-segment EFAM robots under

significant payloads and could be extended to a multi-segment formulation.
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Chapter 1: Introduction

The �eld of robotics has reached a stage when machines and animals (including humans)

have begun to work together and/or to compete, and even fuse [5]. Robots have also become more

resilient to environmental uncertainties, capable of moving and traversing unstructured natural

and human-designed environments. As the diversity of environments where the work of robots

can be applied expands, their conventional “hard robot” design limits collaboration with animals

and operations in unstructured environments.

Hard robots are conventionally assembled from a high-stiffness structure, which is assumed

not to deform and are powered with electrical or �uidic (pneumatic and hydraulic) actuators (Fig.

1.1). Actuators, components of a machine that are responsible for moving and controlling a

robot, are fabricated from high-stiffness materials. Although hard robots are essential for heavy

industrial applications, their hardness limits their applications outside of industrial environments.

Learning how to design robots that can, for example: safely assist humans in examin-

ing pipelines in defunct nuclear facilities [6], sample oceans to gather data to monitor climate

change [7], improve the results of minimally invasive surgery [8], deliver drugs [9], or assist

the elderly [5], thereby contributing to the world's economy. Although some solutions to these

problems exist, hard robots are typically unsuitable for performing delicate manipulation tasks in

unstructured environments, or fusion and cooperation with humans. Thus, over the last decade,
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(a) (b)

Figure 1.1: a) One of the �rst modern industrial robots: Kawasaki-Unimate 2000 b) Kawasaki-

Unimate 2000 in operation at a car factory [1]

the research interest shifted toward a new paradigm of soft robots.

For example, the soft paradigm in robotics has, changed the feasibility of hyper-redundant

robots. Hyper-redundant robots can operate in unstructured environments and feature high dex-

terity. The high dexterity of hyper-redundant robots allows for movement through con�ned

spaces. This ability is important for minimally invasive surgical procedures, painting, coat-

ing, search and rescue, reconnaissance, nuclear-plant pipe inspection, and aircraft inspection

[8, 10, 11]. However, hard hyper-redundant robots require many links to adapt to the environ-

ment, which greatly increases their structural complexity (Fig. 1.2).

The structural complexity can be reduced if we apply the soft paradigm to the hyper-

redundant robots and focus on their subgroup—continuum robots (Fig. 1.3). A continuum robot

is a hyper-redundant robot that continuously bends, with the theoretically in�nite degree of free-

dom of an elastic structure. Continuum robots have been categorized as either intrinsic or ex-

trinsic, according to where the actuation occurs—within the moving manipulator structure itself
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Figure 1.2: 3D rendering of Carnegie Mellon Biorobotics Lab's hyper-redundant snake robot

conducting a pipe inspection [2].

(intrinsic) or outside the main structure with forces transmitted to the structure through some

mechanical transmission (extrinsic) [12].

Soft actuators can intrinsically actuate the robot to merge the features of hyper-redundant

and soft robots. In this way, they serve as both the soft structure and an intrinsic actuation system

of a continuum soft robot. Thus, a soft hyper-redundant robot would combine features of hyper-

redundant robots that can operate in unstructured environments with the compliant nature and

resilience of soft robots. The softness, however, introduces new limitations to the design.

A continuum soft robot can be assembled from three longitudinally aligned and equilater-

ally spaced linear soft actuators energized with �uidic pressure. This work focuses on continuum

soft robots that are intrinsically actuated with extensile �uidic arti�cial muscles (EFAMs) (Fig.

1.5 ). EFAMs are linear soft actuators that undergo axial and radial shape changes when en-

ergized with pressurized �uids [13]. Extensile �uidic arti�cial muscles can be used as the soft

actuators. Large stroke, and axial force capabilities enable an EFAM robot to access large effec-
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(a) (b)

Figure 1.3: a) Scripps tensor arm (patented 1967). Stress on �laments actuates the arm. [3] b)

Clemson University's OctArm, a continuum soft robot [4]. Air pressure in soft actuators making

up the sections actuates the arm.

tive workspaces. However, the robot's soft structure buckles at relatively small payloads, which

limits the robot's performance.

1.1 Fluidic Arti�cial Muscles

Fluidic Arti�cial Muscles (also known as Pneumatic Arti�cial Muscles operated with air)

are soft actuators that have been shown to have high speci�c power and long fatigue life [14–16].

With much greater elasticity and tolerance to large deformations than linear or rotational electric

actuators, FAMs can be categorized as a subgroup of soft actuators. They are characterized by

their simple design, absence of parts moving through seals or bearings, and inherent compliance,

which relax the requirements for precise alignment.

FAMs were �rst patented by R.H. Gaylord (1958) [17] and later popularized by J.L. McK-
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ibben in the 1960s. Initially, due to advances in electric motor miniaturization, FAMs (also

known as McKibben's muscles) started to lose popularity in robotics and prosthetics research.

FAMs regained their popularity in the late 1980s, when a Japanese tire manufacturer, Bridge-

stone, patented its more powerful McKibben muscles and introduced the soft robotic manipu-

lators, Soft-Arms, for painting applications [18, 19]. The broad research interest in FAMs was

revived. The range of applications has been expanding ever since. However, due to their subtle

physics and outstanding performance, FAM technology remains an active research area.

Unlike contractile FAMs, which were reported to reach normalized length changes between

24and35% for pressures of up to690kPa [20,21], EFAMs can provide much larger strokes that

exceed their initial length. Theoretically, a 200% extension can be achieved at a braid angle of

22� [10]. However, in practice, stroke values of up to 80% have been reported [20,22].

The literature on FAM modeling mostly focuses on contractile FAMs because they produce

more work per cycle, develop greater actuation force, and are more ef�cient than extensile FAMs

[20]. However, in the �eld of continuum robotics, large strokes are often desired to create a robot

with greater ranges of motion [10, 23–26]. In continuum robotics, the actuator has been tested

for free extension depending on applied pressure. This testing is suf�cient when the robot does

not carry a signi�cant load. However, experimental information is lacking when the manipulator

encounters a more demanding load. As continuum soft robots often operate by extension and

bending of their structure, experimental characterization of EFAM axial and bending behavior at

the actuator level would allow for a better understanding of the robots at the system level.
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Figure 1.4: Overview of a Fluidic Arti�cial Muscle. Top: exploded view; bottom: assembly. A

FAM comprises three main components—braided sleeve, elastomeric bladder, and end �ttings.

End �ttings �x the ends of the sleeve and bladder together and seal the FAM at both ends. The

sleeve's braid angle depends on the FAM's length and its diameter.

1.2 Problem Statement

The limitations of continuum soft robots spur from the desirable features of their soft na-

ture, which render them prone to large deformations under relatively small loads. Although a soft

actuator might generate suf�cient force when supported by a hard structure, when the structure

is soft, the structure deforms and, in turn, fails to transfer the expected amount of force. This

leads to a situation where soft robots are limited not by the power of their soft actuators but by

the shear, twist, or buckling of their soft structures. Thus, preserving the compliance that comes

from the soft structure while constraining deformations that limit its force capabilities creates a

strong likelihood of soft robots being capable of manipulating heavy payloads.
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To constrain the deformations, a soft robot could be reinforced with hard structures that

would limit its resistance to shear, buckling, and twisting but not to extend or bend. Therefore, a

soft robot with the right amount of hard structures could affect the environment with signi�cant

forces and carry payloads multiple times heavier than its mass while preserving compliance.

Figure 1.5: One-segment continuum soft robot with intrinsic EFAM actuation reinforced with

radial supports.

Conceptually, a segment of the robotic manipulator on which work focuses consists of

three identical EFAMs reinforced with radial supports and two plates connecting muscles' ends.

Much like an elephant trunk , [27] the arm can tilt each section in the desired direction. The

actuators form the structure—a robot segment of the robot can be compared in behavior to a self-

actuated �exible beam of uniform cross-section. If the same pressure is applied to the FAMs and

no external forces are operational, then the segment assumes a straight pose. Then, if pressure

change is applied to one of the FAMs, it results in a length change of the actuator and force acting

on both endplates. As the three actuators are connected, the internal force in the segment creates

a constant moment, leading to constant curvature (CC) bending if no external forces are present.
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Therefore, the control of the segment can be realized by varying actuator lengths. FAMs can

obtain length change with pressure change in the actuators. With this change implementation,

the robot's desired tilt is achieved.

To model multi-segment continuum soft robots, kinematics, assuming CC of the segments,

has been a common choice for continuum robots [25]. The assumption simpli�ed the problem

and was computationally ef�cient and suf�cient for control. In theory, the assumption holds

valid when no external forces act on the robot. However, when gravitational loads are present,

the moment along the segment is not constant. The CC assumption will no longer hold if the

moment is no longer constant. In addition, because the segment is soft, it is prone to buckling,

complicating the mathematical description. In the case of relatively small loads, buckling and

moment variation might be negligible, but the impact of these assumptions is still to be quanti�ed.

Therefore, to assess the spatial performance and payload-carrying capability of the con-

tinuum soft robots, we need to accurately model: the axial and bending behavior of EFAMs,

the kinematics of the robot and the robot's static deformations when external forces are present.

Moreover, to apply the robots to diverse applications, we need to make informed choices about

trading softness and compliance for reinforcement with stiff structures and the ability to exert

force. To this end, this dissertation seeks to create those assessment abilities.

1.3 Outline of Thesis

In Chap. 2, we described the CC kinematics of a multi-segment continuum robot. Using

the model, we computed workspaces of one-, two-, and three-segment robots with varying aspect

ratios. We achieved further insights into the robots' spatial performance by introducing a metric
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of oriented workspaces. We showed that a continuum robot's two-segment design enhances its

workspace compared to a one-segment robot. We also showed that a three-segment robot has a

better ability to conduct tasks that require a certain orientation of the end-effector. However, the

kinematic model used in these analyses did not account for the deformation of the robot under

external forces. This research extends the work published in [28].

Knowledge of EFAM mechanical properties was needed to understand the robot's behavior

under payload. In Chap. 3, we described an adaptation of the FAM manufacturing process and

experimental characterization for EFAMs. With two manufactured EFAMs, we veri�ed a force-

balance FAM model and achieved lower modeling error by using new hyper-elastic constitutive

models. Finally, we experimentally acquired axial mechanical properties of the EFAMs used in

the following chapters. This research re�ects the work published in [13].

In Chap. 4, we described a method for characterizing the bending properties of EFAMs.

We conducted the characterization for an EFAM specimen. We showed that quantities, such as

bending stiffness and damping, could change four-fold over a standard pressure range of pneu-

matics. Finally, we experimentally acquired the bending stiffness of the EFAM specimens used

in Chap. 6 to model a one-segment robot. This research re�ects the work published in [29].

In Chap. 5, we proposed radial reinforcement of continuum soft robots intrinsically actu-

ated with EFAMs. We showed that the reinforcement reduces buckling in axial loading while

preserving its range of motion and low structural stiffness. We developed an extended model of

an Euler column buckling that incorporated the impact of radial supports. We showed that the

robot could withstand several-fold larger axial loads without buckling. This research will soon

be submitted for publication.

In Chap. 6, we proposed a modeling approach to a one-segment EFAM robot. We modeled
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the robot using a set of models. We used the EFAM models developed in the previous chapters

for calculating the parameters of the CC model and the planar discrete elastic rod (PDER) model.

To use the PDER model, we regarded the EFAM robot as a composite beam and applied the

transformed section method to compute its transformed bending stiffness and areal moment of

inertia. The proposed modeling allowed us to capture the static behavior of the EFAM robot

deforming under payload.

Finally, we discussed conclusions and future work in Chap. 7.
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Chapter 2: Workspace Analysis of Multi-segment Continuum Manipulators

Extensile �uidic arti�cial muscles (EFAMs) achieve large strokes of more than 200% when

pressurized. Continuum manipulators that are intrinsically actuated with EFAMs are expected

to provide a large range of motion by utilizing the stroke of EFAMs. In this chapter, workspace

features of multi-segment continuum manipulators were compared to assess the effect of dividing

a continuum manipulator into one, two and three segments. That effect was also assessed for

robots with three different aspect ratios by adjusting the radial spacing of actuators to one, two

and three times of the minimum. To generate approximations of workspace volumes, a constant-

curvature forward kinematic model was used. A metric of an oriented workspace was introduced

to provide insight into the robot's ability to conduct tasks where the end-effector orientation is

limited. The results showed that dividing the robot into two segments enhanced the reachable

workspace from 43.2% to 122% and then further from 0.4% to 6.9% when divided further into

three segments. However, for a selected case, it was shown that dividing the robot into three

segments increased the oriented workspace volume from 28.8% to 76.1% depending on the end-

effector orientation when compared to a two-segment robot. The workspace volumes decreased

with the progressively increased spacing of the actuators by 67.2% and 84.1%, however, that was

also associated with large increases of the areal moment of inertia by 261.7% and 697.7%. The

study shows that large performance improvements can be achieved with a two-segment design,
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while a three-segment design can provide increased ability to conduct tasks under end-effector

constraints.

2.1 Introduction

Robot manipulators are often composed of links connected with either serial and parallel

joints. The links are typically assumed to be rigid as their high-stiffness prevents deformation

of the robot structure. Contrary to the traditional robot manipulators, the idea behind continuum

manipulators is to replace the robot's structural backbone of a serial chain of rigid links with a

smooth and continuously deforming backbone [30]. A continuum robot is, therefore, an actuat-

able structure whose constitutive material forms curves with continuous tangent vectors [31].

Continuum robots are bio-inspired robots which change their shape by contraction, exten-

sion and bending of actuators. There have been numerous attempts to design a soft robotic arm

that can grasp and lift objects [24,32,33]. OctArm is one of the most comprehensively researched

continuum pneumatic arms and it operates using three groups of FAMs in order to move and ex-

ecute whole-arm operations [22]. A review on this design in robotics can be found in [25,34].

Continuum robots that can extend or bend have enhanced workspace and ability tighten/loosen

the grip in whole-arm grasping tasks when compared to robots that can only extend or bend [30].

This enhancement can have even larger in�uence on the workspaces when using actuators that

can generate large stroke such as EFAMs [13]. Therefore, an analysis of spatial performance of

robots constructed from EFAMs would provide insight on how to utilize their large stroke op-

timally. The results of this assessment are, thus, expected to inform future EFAM robot design

choices such that they can be grounded in qualitative and quantative features of their workspaces.
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A fundamental part in developing a theoretical tool that allows for the assessment of robot's

spatial performance is de�ning its kinematics. A kinematic model can be then used to assess the

robot's spatial performance. In past research, a constant-curvature kinematic model was used to

conduct a dexterity and workspace analysis for an EFAM-driven multi-segment manipulator [35].

The constant-curvature kinematics is a simplifying approach to the modeling of continuum

robots. It permits closed-form kinematics and facilitates closed-form Jacobian formulation. It

approximates the robot as a series of mutually tangent constant-curvature arcs (“piecewise con-

stant curvature”) [25,36]. Although the constant-curvature model including was found suf�cient

for the scope of this study, other approaches exist [37–39].

The robots considered in this chapter are composed of segments of continuously bending

and extending actuatable structures. Here, these structures were assumed to be constructed from

three tubular actuators spaced equilaterally and arranged in parallel between two mounting plates

(Fig. 2.1). It was assumed that each segment can bend with a constant curvature. The lengths of

the actuators were assumed to be controlled, and that they could bend without changes to their

length. This set of assumptions can be found essentially valid when applied to modeling of con-

tinuum soft robots intrinsically-actuated with extensile �uidic arti�cial muscles (EFAMs). Those

assumptions are also expected to be responsible for errors when modeling robots deforming un-

der signi�cant payloads due to low EFAM stiffness. However, for the scope of a theoretical study,

they were suf�cient for modeling the fundamental behavior of the EFAM robots.

Because continuum robots studied here can be composed of many segments including stiff

plates connecting the segments, a method for estimating the robot's reachable workspace that

does not assume a particular kinematic structure a priori and relies on forward kinematics com-

putations was selected. The reachable workspace of a robot is the set of all reachable Cartesian
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Figure 2.1: A continuum soft robot

end-effector positions. The employed method relied on uniformly discretizing the joint space,

and then mapping the joint space into the position and orientation of the end-effector. The posi-

tion component of the mapping was then used to approximate the reachable workspace volumes

with a propietary boundary-�nding algorithm. The orientation component was used to �lter the

reachable workspace to obtain the oriented workspaces.

Spatial performance of continuum robots with actuators capable of large stroke was ana-

lyzed. The key goal of this study was to show how the robot's geometry and its number of seg-

ments affects its spatial performance. Thus, robots of one, two, and three segments and with three

increasingly smaller aspect ratios were characterized and compared based on their workspaces.
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2.2 Methods

2.2.1 Constant-curvature kinematics of a one-segment robot

The piecewise constant-curvature curvature model allows to de�ne kinematics of a con-

tinuum robot. A one-segment robot in this work is de�ned as the three extensile and tubular

actuators connected together with two end plates. The actuators are arranged equilaterally on

the plates (Fig. 2.2). The model is de�ned with: the spacing of the actuators,Da, the actuator

diameter,d, the actuator resting length,l r , the thicknesses of the end-plates,h (Fig.2.2A-B).

For the sake of normalization, the actuator resting length is de�ned withd and the actuator

aspect ratio,kL :

l r = kL d (2.1)

The spacing of the actuators de�ned as the diameter of a circle circumscribed on the vertices of

actuator centers (Fig.2.2C):

Da = kD
2

p
3

d (2.2)

with a multiplying factorkD � 1 that equals to one for the smallest spacing allowed with the

actuator diameter,d. Let us also de�ne the segment diameter,Ds, which was used for calculating

of the robot aspect ratio. This is a diameter of a circle circumscribed about the actuators:

Ds = ( kD
2

p
3

+ 1) d (2.3)

The reason for this normalization is the assumption that the diameter of the actuator has the largest

in�uence on the actuator force output, and therefore the robot's performance. This is essentially

valid for EFAMs, as their axial force output is proportional to the square of their diameters. Thus,

the robot segment can be the fully de�ned withd, kD andkL .
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From previous work on constant curvature modeling, we can de�ne the center-curve arc

length of the segment as an average of its actuator lengths (Fig. 2.3) [25]:

l0 =
l1 + l2 + l3

3
(2.4)

and the azimuth angle,� , and the inclination angle,� , as:

� = tan � 1

 p
3 (l2 + l3 � 2l1)

3 (l2 � l3)

!

(2.5)

� =
l2 + l3 � 2l1

Dasin�
(2.6)

The curvature of the segment is expressed as:

� =
2
p

l2
1 + l2

2 + l2
3 � l1l2 � l1l3 � l2l3

Da (l1 + l2 + l3)
(2.7)

The azimuth angle,� , the curvature,� , and a length along the center-curve,s, can be combined

to form a transformation matrix,T:

T =

2

6
6
6
6
6
6
6
6
6
6
4

cos� cos� s � sin� cos� sin� s cos� (1� cos� s)
�

sin� cos� s cos� sin� sin� s sin � (1� cos� s)
�

� sin� s 0 cos� s sin � s
�

0 0 0 1

3

7
7
7
7
7
7
7
7
7
7
5

(2.8)

2.2.2 Multi-segment kinematics

Although the kinematics can be described with the transformation matrix (Expr. 2.8),

quaternion rotations with angles of� and� were employed for the multi-segment computations.
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This approach allowed for de�ning the orientations of each segment without the problems asso-

ciated with Euler angles [40, 41]. It also allowed to transform and store the orientation of each

end plate in a quaternion format.

A quaternionqk combining the angle of rotation of the next start plate relative to the pre-

ceding end plate can be formed with the rotations by angles� and� . A quaternion can be fully

de�ned by a scalar value,� , representing the angle of rotation around a vector,v, and the vector:

q(�; v) = cos(
�
2

) + sin(
�
2

)vx î + sin(
�
2

)vy ĵ + sin(
�
2

)vzk̂ (2.9)

This allows us to readily create a quaternion representing a rotation for one segment within its

local reference frame, wherek stands for the ordering of the segments andp stands for a unit

vector represting the direction of linep in Fig. 2.3 :

q0
k = q(�; k̂ )q(�; p) (2.10)

Then, we can use that rotation to arrive at the base rotation of the next segment in the robot's base

reference frame:

qk = qk� 1q0
k� 1 (2.11)

For the end-plate center position ofSk� 1 of (k � 1)th segment andT0k� 1 being the point in center

of the end plate of frame computed in the segment frame. Then, the position of the next end-plate

center point is given with:

Sk = Sk� 1 + qk� 1T0k� 1q� 1
k� 1 (2.12)

The equation can be expanded to account for a larger number of intermediate translations and

rotations between given segments. This framework allowed us to easily change the expressions

in order to be able to study different types of segment setups.
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Figure 2.2: A) Composition of a continuum robot segment. B) Dimensions of a resting segement.

C) Cross-section dimensions of a segment.

Figure 2.3: Constants and variables of the constant-curvature model of a one-segment robot.
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2.3 Workspace characterization

Workspaces are a useful measure for assesing robot's spatial performance. The workspace

of the robot was estimated based on the forward kinematic model. The reachable workspace of

a robot is the set of all reachable Cartesian end-effector positions. The oriented workspace is a

subset of points of the reachable workspace with a desired end-effector orientation.

In this analysis, an approximation of the reachable workspace was generated by discretizing

the actuator lengths with resolution,� and calculating the robot poses with their permutations.

Then, the boundary and volume of the workspace would be approximated with MATLAB®'s

boundary.m function.

The maximum number of robot con�gurations was set to 262144. This number was dictated

by the resolution of the actuator length discretization in a three-segment robot which had nine

actuators (262144 = 49). Higher resolutions were not chosen because the computation time

and required memory would make it infeasible to run the analysis on a desktop computer. Higher

resolutions were also assumed to not signi�cantly affect the results. The number of con�gurations

implies that� 1 = 64, � 2 = 8, � 3 = 4 for one-, two-, and three-segment robots, respectively.

Since an oriented workspace is a subset of the reachable workspace, it can be computed by

�ltering the reachable workspace for robot poses with the desired orientation of the end-effector.

The end-effector orientation is de�ned here by a unit vector (roll is omitted), the orientation

vector. In this study, the end-effector orientation would be constrained such that the end-effector

faces a desired direction. Twenty six points spaced with equal azimuth and inclination angles on

a unit sphere were chosen as the desired orientation vectors. To add a tolerance on the orientation,

a tolerance angle,� , was de�ned as the apex angle of a cone created around the axis of an desired
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orientation vector. The oriented workspace comprises of all the robot poses with the orientation

vectors that are within the cone. This can be described with the following condition:

(xd � xa)2 + ( yd � ya)2 + ( zd � za)2 � 2 � 2 � cos
�
2

(2.13)

where(xd; yd; zd) is the unit vector representing the desired orientation, and(xa; ya; za) is the

unit vector representing the orientation of the end-effector.

To analyze how the aspect ratio of the robot affects its workspace, workspaces of robots

with the actuator spacing multiplier,kd = 1; 2; 3 , were computed. The baseline robot had one

segment and three actuators of: diameter ofd = 1, kL = 6:464, capable of extending by63:2%

from their resting length. The extension of the actuator was chosen such that the end-effector of

the robot could rotate by a maximum of270%in the bending plane. The robot also had an aspect

ratio of L=D = 3, the actuator spacing ofkd = 1. Note that the number of segments affectskL

and thatkd affectsL=D and the maximum in-plane end-effector rotation. Note also that all the

values were in arbitrary units as this study effort is theoretical.

Becausekd implies also changes to the areal moment of inertia of the robot and, in practice,

its payload-carrying capability, a theoretical minimum areal moment of inertia,I min , was calcu-

lated for each studied case. The actuators were modeled as tubes. Then, the Steiner's theorem

gives:

I min =
1
32

�
�

3
2

(d4 � d4
i ) + 3 D 2

a(d2 � d2
i )

�

whereDa is the actuator spacing,d is the actuator outer diameter, anddi is the actuator inner

diameter.

For the sake of numerical analysis, the values for the diameters were chosen to be:d = 1

anddi = 0:75. The effects ofkd on the robot aspect ratio,L=D, and the areal moment,I min
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kD L=D I min # of seg. kL

1 3 0.788 1 6.464

2 1.953 2.85 2 3.232

3 1.448 6.286 3 2.154

Table 2.1: Left: the actuator spacing coef�cient,kd, the robot aspect ratioL=D, and the minimum

areal moment of inertia,I min . Right: number of segments and the actuator aspect ratiokL .

together with the effect of the number of segments onkL was summarized in Tab. 2.1.

2.4 Results

The number of segments that a robot is composed of has an impact on its reachable workspace

and its ability to conduct tasks. In this subsection, we used the multi-segment robot kinematics to

compute reachable and oriented workspaces of one-, two-, and three-segment robots with varying

robot aspect ratio.

Tab. 2.2 shows values of approximated workspace volumes. In the table, thekd values

increase with columns, and the number of segments increases with rows. What can be seen in

the data is that the volumes non-linearly decrease askd increases. The volumes also non-linearly

increase as the number of segments increases.

Fig. 2.4 provides a pictographic representation of the approximated workspaces for one-,

two-, and three-segment robots. The workspace volumes are represented as a transparent red

surface to better show where the surfaces overlap. The pictographic data in Fig. 2.4 allows for

qualitative assessment of the workspace and the robot's reaching capabilities. A closer inspection
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kd

# of seg. 1 2 3

1 681.4 288.4 144.13

2 1518.1 437.6 206.46

3 1622.2 442.77 207.31

Table 2.2: Approximated reachable workspace volumes for the one-, two- and three-segment

continuum robots forkd = 1; 2; 3.

of the �gure shows that the workspace shape widens and the inner empty space shrinks as the

number of segments is incremented.

In Fig. 2.7 it was shown how the mean and standard deviation of oriented workspace

volumes of the twenty six orientations change depending on the tolerance angle,� for robots

with kd = 1. As can be expected, the mean of the oriented workspace volumes increases with the

tolerance angle. The standard deviation also lowers with the increase in the angle.

To limit the number of variables, two- and three-segment robots were compared in terms

of their oriented workspace. Because the value ofkd = 1 was shown to give the largest reachable

workspace volumes, it was selected for further analysis. Furthermore, a tolerance angle of30�

was selected as it had the lowest standard deviation, and the trends in Fig. 2.7 suggested linear

behavior for larger values of� .

The two robots were compared in Tab. 2.3. The table shows the desired orientation of the

end-effector as a tuple of(x; y; z) coordinates of a unit vector. The next columns show values

for the oriented volume of a two-segment robot,V2, three-segment robot,V3 and the increase of
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Figure 2.4: A) One-, B) two-, C) three-segment robot workspace volumes shown as a transparent

red surface imposed on a random con�guration of robots withkd = 1. The �rst row shows the

workspaces in theXZ plane and the second row shows the workspaces in theXY plane.
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Figure 2.5: Oriented volumes, kd=1

Figure 2.6: A) One-, B) two-, C) three-segment robot workspace volumes shown as a transparent

red surface imposed on a random con�guration of robots withkd = 1. The oriented workspace

volume were added and shown as a transparent surface of intense red. The gray arrow repre-

sents the desired orientation of the end-effector (up). The tolerance angle for the orientation was

� = 30� . The �rst row shows the workspaces in theXZ plane and the second row shows the

workspaces in theXY plane.
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Figure 2.7: Mean and standard deviation of twenty-six oriented workspace volumes for an in-

creasing tolerance angle of one (blue), two (red), and three-segment (yellow) continuum robots

with the actuator spacing ofkd = 1.
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unit orientation (x, y, z) V2 V3
V3 � V2

V2

V3 � V2
V2

n/a n/a n/a 1518.1 1622.2 0.069
down

0.000 0.000 -1.000 162.3 252.5 0.556 0.556
downward

-0.707 0.000 -0.707 199.2 407.4 1.045

0.761

-0.500 -0.500 -0.707 205.0 332.3 0.621
-0.500 0.500 -0.707 205.0 332.3 0.621
0.000 -0.707 -0.707 174.0 339.3 0.950
0.000 0.707 -0.707 174.0 339.3 0.950
0.500 -0.500 -0.707 197.6 305.6 0.546
0.500 0.500 -0.707 197.6 305.6 0.546
0.707 0.000 -0.707 218.9 396.9 0.813

sideward
-1.000 0.000 0.000 310.3 478.1 0.541

0.606

-0.707 -0.707 0.000 303.8 485.9 0.599
-0.707 0.707 0.000 303.8 485.9 0.599
0.000 -1.000 0.000 292.8 490.0 0.673
0.000 1.000 0.000 292.8 490.0 0.673
0.707 -0.707 0.000 298.2 467.0 0.566
0.707 0.707 0.000 298.2 467.0 0.566
1.000 0.000 0.000 310.9 505.7 0.627

upward
-0.500 -0.500 0.707 288.8 429.6 0.488

0.480

-0.500 0.500 0.707 288.8 429.6 0.488
0.000 -0.707 0.707 273.7 426.4 0.558
0.000 0.707 0.707 273.7 426.4 0.558
0.500 -0.500 0.707 296.3 429.9 0.451
0.500 0.500 0.707 296.3 429.9 0.451
0.707 0.000 0.707 306.6 450.4 0.469
-0.707 0.000 0.707 311.0 428.6 0.378

up
0.000 0.000 1.000 312.3 402.4 0.288 0.288

Table 2.3: Comparison of oriented workspace volumes of a two- and three-segment robot with

the actuator spacing ofkd = 1 and tolerance angle of30� .
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the oriented workspace volume,V3 � V2
V2

. The last column shows an average of the increase in ori-

entations that were group into ”down”, ”downward”, ”sideward”, ”upward” and ”up” orientation

classes.

2.5 Discussion

As was shown in Fig. 2.4, the reachable workspace of two- and three-segment robots are

much larger than the workspace of a one-segment robot. Tab. 2.2 showed further that dividing the

robot into two segments increases the workspace volume by from43:2%to 122%with decreasing

kd value. Moreover, dividing the robot further into a three-segment robot results in an increase

from 0:4% to 6:9% of the volume when compared to a two-segments. Thus, the workspace of

a continuum manipulator can be greatly increased by employing a two-segment structure over

one-segment structure.

However, askd increases, the gains of dividing the robot into more segments decrease

(Tab. 2.2 ). When workspaces of robots withkd = 1 are taken as the baseline, the workspace of

robots withkd = 2 drops to42:3%, 28:8%, 27:3%of the baseline, and further to21:1%, 13:6%,

12:8% for kd = 3 for one-, two-, and three-segment robots, respectively. Therefore, increasing

the actuator spacing non-linearly reduces the volume of the workspaces. This effect is larger for

robots with two or three segments.

The reduction of workspace volume with an increasingkd comes, however, with an increase

in the minimum areal moment of inertia,I min . As data in Tab. 2.1 shows, the areal moment

increases by261:7%for kd = 2 and by697:7%for kd = 3. This correlates with a large increase

in bending stiffness, and therefore payload-carrying ability of the robot.
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A robot with many segments has also better ability to conduct tasks that require motions

where the orientation of the end-effector needs to be held relatively constant. Fig. 2.5 shows

how the oriented workspace of robots withkd = 1 and an orientation aligned with the Z-axis

(� = 30� ) changes depending on the number of segments. The oriented workspace was much

greater for the robots with two and three segments. The workspace of the three-segment robot

appears to have a shape that is more round than the two-segment robot.

Based on the orientation class, the three-segment robot had on average from28:8% to

76:1%larger oriented workspace volumes when compared to the two-segment robot. The largest

improvement was shown for the ”downward” orientations and the smallest was shown for the

”up” orientation. The results suggest that a three-segment robot design could have better perfor-

mance for manipulation tasks that require the orientation of the end-effector to be �xed.

2.6 Conclusions

The spatial performance of one-, two-, and three-segment continuum manipulators was

analyzed in terms of the robot's workspace. To approximate the workspaces of the robots, the

constant-curvature forward kinematic model was employed. The number of segments and the

robot aspect ratio was shown to have a signi�cant impact on the workspace volume and robot's

areal moment of inertia.

The results showed that dividing the robot into two segments enhanced the reachable

workspace from 43.2% to 122% and then further from 0.4% to 6.9% when divided further into

three segments. This result suggests that a two-segment robot design should be used if maximiz-

ing the workspace volume when keeping a small number of actuators small is of interest.
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However, if maximizing the robot's ability to conduct tasks with a �xed end-effector ori-

entation is of interest, the results suggest using a three-segment robot. The one-segment robot

presented very limited ability of conducting such tasks and was not analyzed. For a selected

case, it was shown that dividing the robot into three segments increased the oriented workspace

volume from 28.8% to 76.1% depending on the end-effector orientation when compared to a

two-segment robot.

The workspace volumes decreased with the progressively increased spacing of the actua-

tors by 67.2% and 84.1%. However, that also corresponded to large increases of the areal mo-

ment of inertia by 261.7% and 697.7%, which affects the payload-carrying ability. Because the

larger areal moment of inertia translates into larger bending stiffness of the structure, for payload-

carrying robots, it can be largely bene�cial to increase the spacing of the actuators at the cost of

the reduction in reachable workspace.

Therefore, large performance improvements can be achieved with a two segment robot,

while a three-segment robot can provide increased ability to conduct tasks that limit the end-

effector orientations.

This chapter began by describing the continuum robot kinematics and, then, argued that the

spatial performance could be affected with the number of segments and aspect ratio of continuum

manipulators. It went on to suggest that the using a two-segment robot can be bene�cial if the

robot when compared with the one-segment robot. Moreover, if the robot conducts tasks that

require �xed orientation of the end-effector, then, a three-segment robot design provides better

performance.

One of the limitations of this assesment is that it does not include robot's response to

external loading. This is found especially important for EFAM continuum soft robots as they are
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characterized with low stiffness. The chapter that follows moves on to consider the mechanical

properties of EFAMs which are required to model the EFAM continuum robot behavior under

signi�cant payloads.
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Chapter 3: Characterization and Analysis of Extensile Fluidic Arti�cial Mus-

cles

Extensile Fluidic Arti�cial Muscles (EFAMs) are soft actuators known for their large exten-

sion, low weight, and blocked forces comparable to those of pneumatic cylinders. EFAMs have

yet to be studied in a way that thoroughly focuses on their manufacturing, experimental charac-

terization, and modeling. A fabrication method was developed for production of two EFAMs.

Quasi-static axial force response of EFAMs to varying displacement was measured by testing

two specimens under isobaric conditions over a pressure range of103:4� 517:1kPa (15� 75psi)

with 103:4kPa (15psi) increments. The muscles were characterized by a blocked force of 280

N and a maximum stroke of 98% at517:1kPa (75 psi). A force-balance analysis was used to

analyze EFAM response. Prior work employing the force-balance approach used hyper-elastic

constitutive models based on polynomial expressions. In this study, these models are validated for

EFAMs, and new constitutive models are proposed that better represent measured stress values of

rubber as a function of strain. These constitutive models are compared in terms of accuracy when

estimating pressure-dependent stress-strain relationships of the bladder material. The analysis

demonstrates that the new hyper-elastic stress models have an error 5% smaller than models pre-

viously employed for EFAMs for the same number of coef�cients. Finally, the analysis suggests

that the new stress functions have smaller error than the polynomial stress model with the same
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number of coef�cients, guarantee material stability, and are more conservative about the stress

values for strains outside of the testing range.

3.1 Introduction

Fluidic Arti�cial Muscles (also known as Pneumatic Arti�cial Muscles when they are oper-

ated with air) are soft actuators shown to have high speci�c power and long fatigue life [14–16].

With much greater elasticity and tolerance to large deformations than linear or rotational electric

actuators, FAMs can be categorized as a subgroup of soft actuators. They are characterized by

their simple design, no parts moving through seals or bearings, and inherent compliance, which

relaxes the requirements on precise alignment.

FAMs were �rst patented by R.H. Gaylord (1958) [17] and later popularized by J.L. McK-

ibben in 1960s. Initially, due to advances in electric motor miniaturization, FAMs (also called

McKibben muscles) started to lose their popularity in robotics and prosthetics research. It was

not until the late 1980s, when a Japanese tire manufacturer, Bridgestone, patented its more pow-

erful McKibben muscles and introduced the soft robotic manipulators, Soft-Arms, for painting

applications [18,19] that the FAMs regained popularity and a broad research interest was revived.

The range of applications has been expanding ever since. However, due to their subtle physics

and outstanding performance, FAMs remain an area of active research.

A FAM is composed of four components: an elastomeric tube, a braided sleeve, and two

end �ttings, as shown in Fig. 3.1a. The elastomeric tube is �tted into the braided sleeve, and then

joined together at both ends with pressure-tight sealed end �ttings. One of the end �ttings has a

channel for the �uid input and is typically �xed, while the other serves as the force attachment
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point. When in�ated, the muscle changes its length, and contracts or extends depending on its

resting braid angle. This braid angle describes the angle between its radius and the �ber direction,

as shown in Fig. 3.1a. A FAM is contractile if the braid angle is larger than35:26� , or extensile if

the braid angle is smaller than35:26� [42]. The commonly modeled behavior of contractile and

extensile FAMs is shown in Figure 3.2a and 3.2b, respectively.

Contractile FAMs (CFAMs) are able to generate blocked forces that are ten times greater

than the force output of a pneumatic cylinder of comparable diameter and operating pressure.

As the braid angle approaches 0, Eq. 3.1 becomes a simpli�ed force equation for a pneumatic

cylinder. In Fig. 3.3, it can be shown that the CFAM reaches a normalized blocked force of 10 for

a braid angle lower than70� as compared to the value of 1 for a braid angle of0. The blocked force

is here de�ned as the force generated by a FAM when its length is �xed to its resting length. A

resting length is the length of a FAM when there are no external forces acting on the actuator and

its internal pressure is zero. Unlike contractile FAMs, which were reported to reach normalized

length changes between24% and35% for pressures of up to690kPa [20, 21], extensile FAMs

(EFAMs) can provide much larger strokes that exceed their initial length. Theoretically, 200%

extension can be achieved at a braid angle of22� [10], although in practice stroke values of up to

80% have been reported [20,22].

3.1.1 FAM static behavior

To understand FAMs (or McKibben muscles), let us �rst imagine an in�nitely long muscle

in which the �bers are not angled, but rather go straight from one end �tting to another. When a

straight-�ber muscle is pressurized, the interior pressure acts radially on its elastic bladder walls.
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(a) (b)

Figure 3.1:a) Overview of a Fluidic Arti�cial Muscle. top: exploded view; bottom: assembly.

A FAM is composed of three main components: braided sleeve, elastomeric bladder and end

�ttings. End �ttings �x the ends of the sleeve and bladder together, and seal the FAM on both

ends. The braid angle of the sleeve is dependent on the FAM's length and diameter.b) Half

cross-sectional view of a FAM with swaged end �ttings. The elastomeric bladder is surrounded

by a braided sleeve. The bladder and the sleeve are �xed to the end �tting by 'compressing' the

bladder and the sleeve between a swaged tube and the core of the end �tting. Pressurized �uid

�ows in and out through a threaded channel in the end �tting. The end �tting can be attached to

a load with a hollow and threaded stud with fastening it to the channel.
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The walls, surrounded by the braided sleeve, transfer this force onto the �bers, which convert

the radial force to an axial force. This axial force pulls in on the muscle's end �ttings, forcing

the system to �nd a new equilibrium with shorter length and larger diameter. As the axial force

contracts the muscle, the bladder strains both axially and radially. Though this straight-�ber

muscle generates much greater force than the McKibben muscle, as highlighted by Ferraresi et

al. (2001) [43], the resulting material strain exceeds allowable values for rubber.

The excess strain is not an issue with McKibben muscles, where the radial force is not

fully converted to the axial direction. The axial force drops as the muscle shortens and the braid

angle decreases (see Eq. 3.1). In extensile FAMs, a smaller braid angle corresponds to a greater

magnitude axial force, as opposed to contractile FAMs in which larger braid angles correspond

to larger magnitude axial forces (see Fig. 3.3). In EFAMs, when the pressure acting on the walls

transfers the force onto the �bers, only a small part of that force is converted into the pulling

force as the braid now mostly counteracts radial expansion. Since the pressure acting on the

inner surface of the end �ttings produces a greater pushing force than pulling force in the �bers,

the EFAM is forced to a new equilibrium with a greater length, larger braid angle, and smaller

outer diameter. According to, Gaylord's blocked force equation:

FBF =
P �D 2

4cos2(� rest )
(3sin2(� rest ) � 1) (3.1)

whereFBF stands for the blocked force,P stands for the FAM internal pressure,� rest stands

for the resting braid angle, andD denotes the resting outer diameter. The equation was further

described in Section 3.4.

Note that for a braid angle of35:26� , the blocked force changes its sign. This boundary

separates the extensile FAM from the contractile FAM. To put things into perspective, a pneu-
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matic cylinder of some diameter,D, would generate a normalized force equal to 1. A contractile

FAM of the same diameter,D, would generate larger blocked forces than the force output of the

cylinder for braid angles greater than45� . An extensile FAM's blocked force reaches the force

output of the pneumatic cylinder as the braid angle approaches0.

3.1.2 Literature on FAM Modeling

FAMs offer the power and reliability of electric actuators that no other chemo-mechanical

arti�cial muscles can provide [44], and have been widely used in robotic and aerospace applica-

tions [10, 15, 16, 27, 45–47]. However, the applications of EFAMs, speci�cally, have been rather

limited. Primarily, their application has been found in continnum soft robots and secondarily

in power assistive devices and soft grippers. In continuum soft robots, EFAMs can be paral-

lely bundled to create a �exible beam-like structure that bends and extends when a differential

pressure is applied to the muscles [4, 25, 26, 48]. Another approach to achieve out-of-axis mo-

tion is to constrain an EFAM from extending on one side or helically. This way FAMs with

bending and helical motions were produced, and later applied to a gripper [49] and a continuum

robot [33]. Another application was also found in an assistive exoskeleton glove where bend-

ing EFAMs were attached to the top of the glove along human test subject's major hand joint

(metacarpophalangeal) and its �ngers. It was shown that the glove reduced subject's effort in a

grasping task [50–52].

For its various applications, several analyses have been proposed to model the actuator,

with two prominent models being the energy balance model [19, 53, 54] and the force balance

model [43,55]. These models were later extended with a non-cylindrical shape at the ends of the

36



(a) Contractile FAM

� c = 70 � , � 0
c = 40 �

(b) Extensile FAM

� e = 13 � , � 0
e = 30 �

Figure 3.2: The �gure shows contractile and extensile FAMs in the undeformed and deformed

states. Here, FAMs are idealized as tubes of variable length and diameter with a geometric

constraint imposed by an elliptical thread. Different braid angles of the thread results in two

directions of motion. a) For braid angle� c > 35:26� , the innerRci and outerRco radii increase

with pressure and the FAM length decreases together with the braid angle� c. Because of the

length decrease, the FAM is classi�ed as contractile. b) For� e < 35:26� , the radii decrease with

added pressure, and the FAM length increases along with the braid angle� e to form an extensile

FAM.
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Figure 3.3: The relationship between the absolute normalized blocked force of Gaylord's model

and the resting braid angle. A FAM blocked force is non-linearly dependent on its resting braid

angle.
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actuator [56], friction force [53], strain-stiffening effect [56], pressure-dependent stress functions

[20], and actuated pressure correction (or dead-band pressure) [45,53,56]. There is a fundamental

difference between the basic energy balance model, and the force balance model employed in this

study. The standard energy balance model is de�ned using the equation [19]:

F (�; P ) = ( �R 2
0)P

�
3=tan2(� 0)(1 � � )2 � 1=sin2(� 0)

�

where� is the strain,F is the force generated by a FAM,P is the internal pressure,R0 is the

resting outer radius,L0 is the resting length,L is the length and� 0 is the resting braid angle.

As can be seen in Eq. 3.2, the model does not take into account the forces generated by the

bladder material. As far as this might be a good approximation for a variety of contractile FAMs,

extensile FAMs generate smaller forces, and the force subtracted due to bladder extension should

not be neglected. Moreover, some �nite element (FE) models have been proposed for contractile

FAMs [54, 57]. FE modeling was, however, not employed in this paper because a model that

provides direct physical insight was preferred. Thus, the bladder effect was modeled with the

force balance model.

To date, papers that employed the force balance approach modeled the hyper-elastic bladder

material using polynomial expressions [20,55,56]. Although the polynomial stress model makes

no assumptions about the bladder material besides hyper-elasticity, it is typical for FAM bladders

to be made out of rubber-like materials such as latex or silicone. Knowledge of this common

composition presents the opportunity for more targeted modeling.

It was assumed that for rubber undergoing large deformations [58,59], a constitutive equa-

tion can be employed that would account for the shape of an empirical stress trend obtained for

tensile properties of rubber [60]. If the shape of the stress function represents bladder material
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properties well, then fewer coef�cients would be needed. Thus, these assumptions may allow for

a more targeted function shape that minimizes the number of coef�cients and hopefully reduces

error. A more representative function shape could also improve predictions about stresses outside

of the tested strain region and pressure values.

Because the bladder is often treated as a tube of hyper-elastic material, its constitutive

relationship has theoretical constraints. An elastic body is reversible, non-dissipative and time

independent under isothermal conditions. In the sense of Drucker's stability, the modeled bladder

is also considered a stable material. For an elastic material, this implies that work done on the

material is stored as strain energy, which can be recovered on unloading. This means that a drop

in stress with increase in strain must be ruled out. Even if we modeled the bladder as an hyper-

elastic-plastic material, the drop must be ruled out explicitly as for a stable material:_� _� > 0,

where_� is a time derivative of stress, and_� is a strain-rate [61].

Drucker's material stability criterion was not explicitly considered by Pillsburyet al. [20]

and Hockinget al. [56] when modeling the FAM bladder hyper-elastic behavior with polynomial

terms. Although in their analyses the polynomial terms satis�ed the stability criterion, there was

no guarantee that the stress function obtained through model �tting would satisfy it. As will

be shown in the sequel, the use of polynomial terms in the constitutive equation can complicate

evaluation of Drucker's stability.

The literature on FAM modeling mostly focuses on contractile FAMs because they pro-

duce more work per cycle, develop greater actuation force, and are more ef�cient than extensile

FAMs [20]. However, in the �eld of continuum robotics, large strokes are often desired to enable

the creation of a robot with greater ranges of motion [10,23–26]. Pillsburyet al.[20] showed that

extensile FAMs of different sizes can be modeled with the force-balance model to calculate axial
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force response to varying strain and pressure. In the �eld of continuum robotics, the actuator

alone has been typically tested for free extension depending on applied pressure. This testing is

suf�cient when the robot does not carry signi�cant load, but experimental information is lacking

in cases when the manipulator encounters a more demanding load. To address this gap, experi-

mental quasi-static axial force response to varying strains over a set of pressures was shown in

Sec. 3.3.

3.1.3 Content Overview

Differences in operation and fabrication of extensile and contractile FAMs, as well as a

lack of thorough analysis for EFAMs, motivated us to combine and re-validate the current state

of knowledge on extensile FAMs. Section 3.2 highlights the difference in the manufacturing

processes for CFAMs and EFAMs. A set of constants, required measurements, and parameter

estimation methods are proposed in order to later re-validate the modeling for extensile FAMs.

We analyzed the hypothesis that modeling the bladder's material stress function using a function

that better represents the trend of the experimental data, such as by using exponential functions,

will reduce errors when predicting static axial force response as compared to stress functions used

in prior work. Use of such stress functions can lead to additional physical insight as opposed to

the parameters of polynomial stress functions. This paper also aimed to address the gap between

theoretical and practical considerations by providing more details about the design, testing, and

modeling of EFAMs than are presented in existing papers in which EFAMs are often viewed only

as a means of actuation for robotic applications. This study focused on practical modeling, while

at the same time, retaining suf�cient accuracy for soft robotics applications.
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3.2 Manufacturing

In previous studies, the design and manufacturing processes of extensile FAMs (Fig. 3.1b)

closely resembled those of contractile FAMs [16]. The main steps of the manufacturing process

were also the same. First, the end �ttings were machined, and the elastomeric tubing and braided

sleeve were cut to desired lengths. Then, the sleeve was slid onto the elastomeric bladder, and

end �ttings were inserted while epoxy was applied to the ends of the sleeve for better bonding

and sealing. Finally, the swage tubes were swaged onto the �ttings. The parts used for fabrication

of an EFAM (Fig. 3.1b and 3.4) are listed in Table 3.1. The main difference between CFAM and

EFAM fabrication was in the length of the braided sleeve [16]. For a contractile FAMs, the sleeve

can be pulled tightly around the bladder. For an extensile FAM, a sleeve much longer than the

FAM itself must be gathered onto a short latex tube. Moreover, to minimize dead-band pressure,

the sleeve must �t tightly over the bladder. Also, the friction between the latex rubber bladder and

the kevlar braided sleeve is substantial. To resolve this issue, the kevlar sleeve was gathered onto

a plastic tube of the same diameter as the bladder. Then, the bladder circumference was reduced

by wrapping it with a small diameter thread, and the bladder was inserted into the plastic tube.

Once the bladder was in place, the plastic tube was slid out while the braid and bladder were

held together. Finally, the thread was removed so that the bladder returned to its undeformed

state enveloped by the tightly �tting sleeve. The end �ttings were then inserted and the FAM was

ready for the epoxy to be applied right before the swaging process.

The braided sleeve was gathered on the bladder (Fig. 3.4), so that accurate measurement

of sleeve length was problematic. Because it was critical for modeling to fully de�ne the sleeve

dimensions, a metal tube with an outer diameter of2:22cm (or7=8 inches) was used to spread
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Table 3.1: List of parts of the extensile FAM assembly.

Part Name Qty Material Length, cm (in) Diameter, cm (in)

End �tting 2 Aluminium 2.54 (1) 2.133 (0.84)

Swage tube 2 Aluminium 2.54 (1)
inner: 2.25 (0.884)

outer: 2.54 (1)

Elastomeric tube 1 Soft latex rubber 17.78 (7)
inner: 1.9 (3/4)
outer: 2.22 (7/8)

Braided sleeve 1 Kevlar (aramid) biaxial 50.8 (20) at� = 45� 2.22 (7/8) at� = 45�

Binder/seal N/A Epoxy/hardener N/A N/A

Figure 3.4: Manufactured and cycled extensile �uidic arti�cial muscle. The excess of the sleeve

accumulated in arbitrary regions along the actuator. The diameter was not uniform along the axis

of the specimen.
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the sleeve along. Based on the data provided by the manufacturer at the braid angle of45� , the

sleeve diameter was2:22cm. The desired length was then marked on the sleeve, and trimmed

with arbitrary margins that enabled easier manufacturing. Finally, a fully-de�ned piece of sleeve

was obtained with a marked length of50:8cm and braid angle of45� at a diameter of2:22cm. A

formula to convert between sleeve lengths at different braid angles was shown in Section 3.4.

There are several geometric constants that were tracked during the manufacturing process

that are useful for modeling in Section 3.4. The constants are summarized in Table 3.2. Bladder

volume was dif�cult to measure precisely once the FAM was manufactured and cycled due to

the deformations that it underwent. Resting length and thickness of the latex tubing may change

during manufacturing and cycling, and may also change with time due to external factors such as

temperature or humidity. If that happens, it is very dif�cult (or impossible) to measure the thick-

ness of the bladder correctly. This was why bladder geometry were measured before assembly

and swaging. Witha priori knowledge of the original bladder length, the bladder volume and

bladder wall thickness for different operating conditions could be calculated, as in Section 3.4.
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Table 3.2: The table shows constants that were measured during manufacturing or provided by

components' distributors. All the constants are later used for modeling.

Constant Used To Calculate Measure

LB - bladder length Working bladder volume Before assembly

DB IN - bladder inner diameter Working bladder volume Provided by manufacturer

DB OUT - bladder outer diameter Working bladder volume Provided by manufacturer

tT H - thread thickness Working bladder volume Before assembly

L45 - braided sleeve length at� = 45� Braid angle, braid length Before assembly

D45 - braided sleeve diameter at� = 45� Braid angle, blocked force Provided by manufacturer

L rest - resting length Braid angle, blocked force When assembled and cycled

D rest - resting outer diameter Braid angle, blocked force When assembled and cycled

The resting length and resting outer diameter were measured once the FAM was manufac-

tured, and after the EFAM underwent cycling from minimum to maximum operating pressure

(here0 � 690kPa). Although the thickness of the sleeve was relatively small (0:279mm), it was

not neglected, as it was important when calculating cross-sectional areas.

3.3 Experimental Characterization

Two extensile FAMs were manufactured using the materials listed in Table 3.1 and the

manufacturing process described in Section 3.2. The testing procedure was adopted from previ-

ous contractile FAM force response testing [21,56]. The same testing machine as in the previous

studies (22 kip MTS servo-hydraulic test machine) was used. With the setup shown in Fig. 3.5,

45



the EFAMs were slowly stroked at5:1mm/s starting from their resting length, and stopping at

the maximum stroke of the MTS machine under �ve pressure levels of range0 � 517:107kPa

(0 � 75psi) with103:4kPa (15psi) increments. The test was conducted under a small number of

5 internal pressure levels. Based on the trends for a comparable extensile FAM in Pillsburyet al.

(2017) [20], it was assumed that the relationship of force to internal pressure is mostly linear, and

that no signi�cant insight would be gained with testing at a larger number of pressure conditions.

The maximum stroke of the MTS machine turned out to be at198%of EFAMs' resting length.

Unlike Hockinget al. [56], in a FAM was deformed up to its maximum contraction, in this pa-

per, the EFAMs were stroked up to the end of the displacement range of the MTS machine. The

procedure was adapted in order to observe how much force EFAMs provide for pulling motions

and how the force is affected by varying pressure values. This experiment was repeated for each

of the two fabricated EFAMs.

3.3.1 Experimental Setup

For quasi-static force response testing, a 97.9 kN MTS servo-hydraulic test machine was

used in order to achieve desired stroke pro�les, and to acquire data from displacement, pressure,

and force sensors. The MTS controller recorded time, displacement, force and pressure data.

An external load cell, Honeywell Model 31-CV, rated for1000lbs was used to achieve higher

resolution force readings. Pressure values were obtained with a nominal1380kPa (200psi) rated

pressure transducer, Omega PC209-200G5V, and were recorded by both the MTS and pressure

control systems as shown in Fig. 3.5.

If we assume that for the blocked force condition, the FAMs would produce forces similar
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a) b)

Figure 3.5: a) Test setup schematic. Dashed lines represent electric signals. Solid lines represent

pneumatic connections. Pressurized air is supplied by the air compressor and then regulated to

827:4kPa (120psi) by the pressure regulator. The proportional valve directs and tunes the air

�ow in or out of the FAM. FAM in�ation pressure is read by the pressure transducer and split

to be recorded by both the MTS Control Unit and the Arduino board. The Arduino board runs

a proportional-integral (PI) controller that is fed the error between user-set pressure value and

FAM's pressure. The PI controller sets the control signal for the proportional valve, which in turn

increases or decreases the pressure with varying air �ow. The EFAM generates compression on

the load cell which depends on both EFAM internal pressure and displacement (or stroke) of the

MTS machine. Time, compressive force, pressure and displacement are recorded by the MTS

Control Unit to form a dataset for a given experiment. b) The EFAM being tested.
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(a) FAM1 (b) FAM2

Figure 3.6: Axial quasi-static force response plot under isobaric conditions. The data shows hys-

teresis between parts of testing cycles with increasing and decreasing length change. The hystere-

sis increases with pressure, which might be the result of larger friction between the EFAM and

the constraining tube. Both experiments of similar specimens have the same trends for average

force.
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(a) Blocked force as a function of pressure. (b) Free extension as a function of pressure.

Figure 3.7: For the two extensile FAMs, the blocked force trend is strongly linear, and increases

with pressure. Free extension also increases with pressure to reach saturation above517:1kPa

(75psi). The blue and orange line correspond to FAM1 and FAM2, respectively.

to a pneumatic cylinder (see Fig. 3.3), then, for a pressure of517kPa (75psi), nominal force of

262N would be recorded under the condition that the bladder would deform after cycling to a

diameter of2:54cm. This procedure provided an estimate on what load range should be used for

the load cell.

Because soft actuators feature much lower stiffness than traditional actuators, extensile

FAMs buckle under relatively small loads. For our axial testing, the EFAM was placed in a trans-

parent plastic tube to prevent buckling (see Tube in Fig. 3.5). As seen in the static force response

(Fig. 3.6), friction between the tube and the EFAMs might be the reason for the hysteresis at

higher pressure tests and small length changes.

Maintaining isobaric conditions for each test is required to obtain accurate experimental

data. Chambers and Wereley (2019) [21] observed errors when using off-the-shelf pressure regu-
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lators for FAM testing. A custom pressure regulation system was developed in order to maintain

isobaric conditions during tests. A custom controller provides �exibility in selecting dynamic

responses of FAM-driven systems, accuracy, and re-usability for a range of experiments. For the

experiment presented in this study, an off-the-shelf pressure regulator that cancels a steady-state

error might also have been suf�cient.

The system, as shown in Fig. 3.5, was composed of an Arduino Due board running a

proportional-integral (PI) controller, a12V and24V power supply, an active low pass �lter (with

3:3V PWM to 5V Analog conversion), a signal splitter, a pressure transducer (Omega PC209-

200G5V), a high speed proportional pneumatic valve (En�eld M2d), a pressure regulator (Ex-

celeon R73G), an air compressor (DeWalt D55146), and a laptop computer to remotely supervise

the pressure readings and change the desired pressure value. The �lter and splitter were simple

custom-made circuits based on Texas Instruments' LM358N op-amps. The active �lter was im-

plemented to convert the PWM signal into a smooth signal. A passive double RC circuit was

implemented on the op-amp input with a cut-off frequency of159Hz. Then, the output voltage

level was set with potentiometer-tuned voltage divider on the output. The signal splitter was used

for buffering and splitting the pressure voltage signal to the Arduino Due Board and the MTS

data acquisition unit.

The laptop sends desired pressure values to the control board and periodically acquires

pressure data, and the control board reads the voltage from the pressure transducer. The signal

is sampled at a frequency of20kHz with 12-bit resolution. Constant sampling frequency is as-

sured by the use of the processor's general purpose timers. A PI feedback controller with an

anti-windup scheme runs its loop at50Hz, and uses an average pressure value calculated from

last 400 samples. The proportional and integral gains of the controller were found through it-
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erative testing. The Arduino board translates a �oating point control signal into a3:3V pulse

width modulation (PWM) signal with5kHz frequency and 0-100% duty cycle of 13-bit resolu-

tion. Then, the3:3V PWM signal goes through an active low-pass �lter that outputs a0 � 5V

analog signal to control the valve's inner driver. Pressure data acquired by MTS Control Unit was

characterized with a standard deviation smaller than0:7kPa.

3.3.2 Measurements

After manufacturing and cycling, resting lengths were measured using a set of calipers,

with a standard precision of0:02mm, and measured to the same accuracy. The measured resting

lengths for the FAMs were17:018cm for FAM1 and17:292cm for FAM2. The resting outer

diameter slightly varied along the length, and therefore several measurements were conducted to

obtain a range of values for modeling. In the axial direction, air pressure generates force based

on the total area perpendicular to the axis, hence, it was expected that the measured values from

the upper limit of the range were valid for modeling as they represent the largest cross-sectional

area of a FAM. For the �rst FAM, its diameter spanned from2:654to 2:896cm. For the second

FAM, the range of diameter values spanned from2:616to 2:87cm.

The obtained static force responses are plotted in Fig. 3.6. FAMs produce blocked forces

that linearly increase with pressure, which is the same trend that was observed for CFAMs [20,

55, 56]. The forces are approximately ten times smaller than those of contractile FAMs with a

similar resting diameter, agrees with Pillsburyet al. (2017) [20]. The EFAMs tested here have

slightly larger blocked forces than those previously tested in [20]. The higher blocked forces are

likely a result of the manufacturing method which keeps the braided sleeve tight on the bladder
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(as compared to the method with excess braid, which results in a gap between the bladder and the

sleeve). The fabrication method described in Sec. 3.2 also resulted in improved free extension.

For a comparable pressure value of413:7 kPa, the free extension is more than two times larger

than that reported by Pillsbury [20] and1:5 times larger than that reported by Trivedi at al. [62].

The EFAM design used here improves blocked force and free extension, and may feature good

fatigue properties similar to those of the CFAMs [16].

3.4 Modeling

In this section, the EFAM static force response is modeled together with estimation of the

bladder's hyper-elastic behavior. The analysis performed in this section validates an existing

modeling technique for use with EFAMs, gives insight to estimation of variables and constants

that appear in the model, and proposes a new modeling approach to account for bladder elasticity.

The literature on FAM modeling is extensive, focusing on two main modeling approaches:

energy [53] and force balance models [43, 55, 56]. The force-balance model (Eq. 3.2) was em-

ployed here, as it was shown that this model makes no assumption on the value of FAM's resting

braid angle. Thus, Eq. 3.2 can be used to model contractile as well as extensile FAMs [20].

F =
P � Pdb

4�N 2
(3L2 � B 2) + � z

Vb

L
� � c

tB L2

2�R oN 2
(3.2)

The variables in the equation are FAM's axial force,F , internal pressure,P, dead-band

pressure,Pdb, number of braid thread turns,N , specimen length,L, length of a braid thread,B ,

longitudinal and circumferential stress,� z and� c, bladder material volume,Vb, bladder thickness,

tB (L), and the FAM's outer radiusRo(L). With tB (L) andRo(L) being functions of FAM's
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length, and stresses� z and� c being typically functions ofL andP [20], we get an equation fully

de�ned by force, pressure, length and constants.

In the force-balance model, FAM geometry is constrained by its design and by assumptions

that simplify the analysis. The thread of the braided sleeve is assumed to be constant length and

inextensible with a negligibly small diameter. The bladder is modeled as a thick-walled cylinder

(Fig. 3.2b) with a constant volume by the assumption that the bladder material is incompressible.

Although the authors �nd this model suf�cient for the performed analysis, there are improve-

ments that can be implemented such as: relaxing assumptions on the braid thread inextensibility

and bladder incompressibility, introducing a non-cylindrical FAM shape at the ends [56], ex-

tending the model with braid-bladder friction [53], or including temperature and time-dependent

mechanical effects in� z and� c.

3.4.1 Resting Braid Angle Estimation From Geometric Properties

The assumptions and resulting geometric constraints introduce a set of constants that are

needed for modeling. In Eq. 3.2,B is the length of the inextensible braid threads. Its value can

be calculated from measurable quantities when the FAM is in its resting state:

B =
L rest

sin(� rest )
(3.3)

whereL rest is the resting working length of the FAM and� rest is the resting braid angle. Because

direct measurement of the angle is problematic (Sec. 3.2), the braid angle was obtained with the

following calculation. The number of turnsN is always constant and given by the equation [56]:

N =
L

�D tan(� )
(3.4)
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which leads us to a formula for the resting braid angle:

� rest = atan
�

D45 tan(45� )L rest

L45D rest

�
(3.5)

that uses constants that were obtained during the fabrication process such as the braided sleeve

diameter,D45, the braided sleeve length measured,L45 (where the subscript indicates that both

variables should be measured at the braid angle of45 degrees), EFAM resting length,L rest ,

and EFAM outer resting diameter,D rest . For an EFAM with a rolled-up sleeve, this value is

theoretical, as the excessive amount of sleeve gives the braid angle lots of freedom to change

over the length of the sleeve (see Fig. 3.4). The braid angle is then used to compute the number

of turns,N .

3.4.2 Working Volume Estimation

The next constant is the bladder volume,Vb, which was estimated based on the pre-assembly

geometrics of the elastomeric bladder. The bladder length, �xed by the end �tting, will not equal

its mounting channel length because the channel has different dimensions than the elastomeric

tube. The bladder was assumed to be incompressible, and therefore the excess volume of a part

of the elastomer would be pushed outside of the end �tting channel. By considering the volume

of the channel, the amount of the working bladder length that is lost in the swaged end �ttings

can be calculated.

VF IX = �
�
(RF IX OUT � tT H )2 � R2

F IX IN

�
LF IX (3.6)

� LB F IX =
VF IX

� (R2
B OUT

� R2
B IN

)
(3.7)
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WhereVF IX is the volume of the bladder clamping channel modeled as a thick-walled cylinder,

which is de�ned by its length,LF IX , (times two for both end �ttings) and radius,RF IX . The

sub-subscript() IN denotes the inner radius of the channel, and()OUT denotes the outer radius of

the channel. The braid thickness is denoted astT H . VF IX , can be used to calculate how much of

working bladder length� LB F IX was lost to �x the bladder in the end �tting. Then, the working

bladder volume can be calculated as follows:

VB = � (R2
B OUT

� R2
B IN

)(LB � � LB F IX ) (3.8)

where the inner radius of the bladder is denoted asRB IN , the outer radius of the bladder is denoted

asRB OUT and the original bladder length is denoted asLB . In the case of the studied extensile

FAMs, where� LB F IX = 1:372cm, if there were no deformations, the working bladder length

would be16:408cm. The deformations during fabrication and cycling change the resting length

and outer diameter. For FAM1 the resting length is3:7% larger and for FAM2,5:39%larger.

The resting diameter was29%larger for both FAMs than that of off-the-shelf latex tubes. The

working bladder volume for the tested FAMs was found to be0:01692liters.

3.4.3 Dead-Band Pressure Estimation

Dead-band pressure,Pdb, is the pressure required for the bladder to make substantial contact

with the surrounding braid and initiate in�ation of the FAM [45, 53, 56, 63, 64]. The dead-band

pressure was measured experimentally. According to the Gaylord model, the blocked force is

linearly proportional to FAM's internal pressure, and equals zero when pressure is not applied.

This is not the case with the experimental data. A linear �t to the experimental data in Fig. 3.7a

would yield a pressure value greater than zero for the blocked force of zero — a pressure level
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above which a FAM starts to generate force. This pressure difference between the Gaylord model

and the experimental data is the estimated value of the dead-band pressure.

The Gaylord force model [17] considerably overestimates the force of contractile FAMs,

however it was found to be accurate for estimation of FAM blocked forces [20,55], which makes

it also useful for dead-band pressure and resting braid angle estimation. Additionally, it can also

be shown that the Eq. 3.2 for blocked force conditions is equivalent to Gaylord's equation:

FBF =
(P � Pdb)�D 2

rest

4cos2(� rest )
(3sin2(� rest ) � 1) (3.9)

where the resting braid angle was denoted as� rest , the resting outer diameter asD rest , the FAM

internal pressure asP, and the dead-band pressure asPdb. The blocked force,FBF , in the exper-

imental data was observed to have a strong linear trend (Fig. 3.7a), which is justi�ed by Eq. 3.9.

With a linear �t, dead-band pressure,Pdb, is obtained whereFBF = 0. For the two FAMs, the

estimated dead-band pressures are33:62kPa and34:47kPa, as compared to75:84kPa that was

used by Pillsbury et al. (2017) [20] where the bladder material was also latex, the bladder had

the same thickness and the same or even larger diameter. It is worth noting that larger dead-band

pressure probably led to a smaller blocked force observed in their study for extensile FAMs.

3.4.4 Resting Braid Angle Estimation From Experimental Data

The previous method for estimation of the resting braid angle used only geometric proper-

ties of the bladder, the braided sleeve and the end �ttings. This allowed for calculation of the braid

angle prior to experimental characterization. To validate the previous method, another method

based on the experimental blocked force data is introduced to validate the previous one. For

the experimental method, blocked forces and dead-band pressure values can be used to estimate
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resting braid angle,� rest . The method is very sensitive to the measured resting diameter as the

blocked force is proportional to the square of the outer diameter,Do. Since there is a variation

in the measured resting outer diameter, the authors decided to pick a value from the range that

would give a reasonable �t. For both FAMs, the resting outer diameter,D rest , of 2:87cm was

found to agree well both with the experimental data and the previously estimated braid angle.

This resting diameter value is therefore used throughout the rest of this work.

A mean squared error function can be devised and used with a non-linear programming

solver such as MATLAB®'s fminsearchto �nd a braid angle that matches the blocked force data

with Gaylord's force model (Fig. 3.8). The experimental values that do not follow the linear

trend of Gaylord's model are treated as outliers. Alternatively, an average value of the tangent of

resting braid angletan(� rest ) can also be obtained from data when one isolatestan(� rest ) from

Gaylord's model. It was found that the �rst experimental method was simpler to implement,

and chose it because it directly minimizes the error, that depends on the braid angle, between

Gaylord's model and the experimental data on blocked forces. Blocked force value for FAM2 at

a test pressure of413:7kPa does not follow the trend and was treated as an outlier.

The changes for the braid angles found through minimization of the error between the

model and the data, compared to the values from the geometric method for the resting braid

angle,� rest , of 12:54� and12:73� , were2:47%and8:96%for FAM1 and FAM2 accordingly. The

small differences in the estimated resting braid angles, and the small error between the blocked

force values shown in Fig. 3.8a and 3.8b validate both methods for braid angle estimation. The

method based on geometric measurements gives the advantage of blocked force estimation prior

to the experiment. Thus, it allows for accurate predictions of EFAM braid angle with simple

measurements. With additional studies of differently sized FAMs, one could show bounds on
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(a) FAM1 (b) FAM2

Figure 3.8: For the two extensile FAMs, blocked force was plotted based on the Gaylord's force

model, Eq. 3.9. Braid angle was found based on geometric properties of fabricated FAMs, and

with error minimization to the experimental data.

the bladder's resting length and diameter change due to manufacturing and cycling. This would

allow for even more precise blocked force estimates at the design stage. Braid angles based on

geometric properties of12:54� and12:73� , were used for later analysis.

3.4.5 Calculation of FAM Outer Radius And Bladder Thickness

Variables such as generated force,F , FAM length,L and internal pressure,P, were as-

sumed to be given or measured by the testing system. SinceB, L andN are known and the

assumed thick-walled-cylinder shape of FAM fully de�nes the geometry, the FAM outer radius

Ro (which is here assumed to be equivalent to the braided sleeve radius) can be calculated as

following [55,56]:

Ro(L) =

p
B 2 � L2

2�N
(3.10)
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where the length of a sleeve thread is denoted asB, FAM length asL and number of thread turns

asN . The bladder thickness,tB , may be then obtained with [55,56]:

tB (L) = Ro �

r

R2
o �

VB

�L
(3.11)

3.4.6 Numerical Estimation of Bladder Material Stress Function

Modeling the stress as if the bladder were a thick-walled tube of linearly elastic material

yields good results (the blocked force was predicted within10%of the experimental measure-

ments) [55], however, the hyper-elastic model using a polynomial form allowed for a practical

model with smaller error. Originally, the proposed hyper-elastic model by Hocking was com-

posed by �tting coef�cients to each force response curve at different pressures [56]. The studied

axial force responses revealed that the material stress was moderately linear to the operating pres-

sure — an observation used in this study. Unlike Hocking, who studied contractile FAMs, this

study covers extensile FAMs, and so modeling methods and observations previously used for

CFAMs should be re-validated for EFAMs.

So far, all of the variables and constants in Eq. 3.2 were covered besides material stresses.

The two stress terms: longitudinal bladder stress,� z, and circumferential bladder stress,� c are

functions of strain,� , and, since the material behavior changes with pressure [59], internal pres-

sureP. The longitudinal stress is dependent on longitudinal strain,� z:

� z =
L

L rest
� 1 (3.12)

and the circumferential stress is dependent on circumferential strain,� c, that is calculated with

the cross-sectional center of the bladder to includes the variation of the bladder thickness [55]:

� c =
Ro � tB =2

Rorest � tBrest =2
� 1 (3.13)
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The �nal component to the Eq.3.2 is the bladder stress function� (P; � ). If a form of such a

function was known and it had some coef�cients de�ning the properties of the bladder material,

then it would be possible to search for the coef�cient values, comparing the axial force of the

force-balance model (Eq. 3.2) with the axial-force experimental data. Then, numerical methods

such as nonlinear programming solver could be used to �nd coef�cient values that give the min-

imum error. This coef�cient search method was employed in this study. For error minimization,

the normalized force error is summed at a number,n, of uniformly distributed normalized length

changes, averaged with division byn, and then summed for each pressure to be then averaged by

division of the number of different test pressures,Np. Model coef�cients for the stress functions

are determined usingfminsearchin MATLAB ®, the axial-force-response experimental data, and

the error cost function:

ERROR =
NpX

j =1

1
Np

0

B
B
@

nX

k=1

1
n

vu
u
u
t

0

@
(Fexperiment ) j

� L = k
n � L max

� (Fmodel )
j
� L = k

n L max

(Fexperiment ) j
� L = k

n L max

1

A

2
1

C
C
A (3.14)

whereNp is the number of test pressures (in this study,n = 5 andNp = 5). In the Eq. 3.14,

Fexperimental denotes the force measured by the testing system,Fmodel denotes the force calculated

with a model. The subscript,(�)� L = k
n L max

, denotes length change at which the force values were

acquired. The superscript,(�) j indicates the internal pressure at which a given test was performed.

The Nedler-Mead algorithm (fminsearch) was chosen for its simplicity and its familiarity

to the �rst author. MathWork'sfminsearchimplements a Nedler-Mead algorithm that starts at

one set of initial values. Use of other algorithms that have more starting points, or simply using

a multi-start version offminsearchmight increase a likelihood of �nding a better local minima.

Two groups of such algorithms are evolutionary and swarm algorithms used in population-based

optimization methods [65]. For this problem, MATLAB®'s genetic algorithm,ga, was also tried
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instead offminsearch, but surprisingly, it yielded errors that were three times larger in value than

the ones that were obtained withfminsearch.

It is hypothesized that the more important factor for this problem was picking a ”good

enough” starting point forfminsearchor ”good enough” bounds on coef�cients for the genetic

algorithm. In this study, an elastic model was used for a baseline, and was described further in

the next section. That baseline model used only two coef�cients which made the search simple.

With our other models, non-linear terms were added to the baseline model with an aim to improve

the regions of transient behavior for small, or large strains. The non-linear terms extended the

search to four coef�cients. Since the new models were an extension of the baseline model, the

coef�cient values found with the baseline could be reused as starting points for the new models.

As can also be seen in the following section, for certain models, one can �nd bounds on the

coef�cients, which makes it even easier to �nd a good starting point forfminsearch, or narrow

the search space when using another algorithm such as genetic algorithm.

3.4.7 Stress Function Model Structures

To identify the parameters, the form of the stress function,� (�; P ), is �rst needed. Since the

latex-rubber bladder stress response to strain and pressure can vary with factors like time, temper-

ature, UV light or humidity, a pressure-dependent hyper-elastic behavior of the EFAM bladder

is not fully known. In this section, four different stress function are evaluated for modeling of

this subtle EFAM bladder behavior. All models include a linear term and use fourE i parameters

that are the output offminsearch. With iterative testing, four appears to be the smallest number

of parameters that provides suf�cient degrees of freedom for a good �t of the stress function to
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measured data.

Four stress functions were selected to represent four different approaches to hyper-elasticity.

The stress functions let us gain physical insight from the trends of various parameters. A linear

stress function was selected as the baseline, and the three other stress functions added higher

order hyper-elastic terms to the linear model.

The �rst stress function, denoted as the Linear Model, assumes a linear elastic bladder with

stiffness linearly dependent on pressure [55]:

� (� ) = ( E1 + E2P)� (3.15)

whereE i referred to the coef�cients obtained by the minimization algorithm.E1 is an equivalent

of Young's modulus for rubber, and was expected to be positive and range from1 to 5 MPa. E2

was used to model the pressure effect, which was assumed to be linearly increasing [55]. Given

that the two parameters were positive and thus the positive strain derivative of stress was also

positive,d�
d� > 0, the material stability of the linear term was guaranteed withE1 > 0 andE2 > 0.

The second stress function, denoted as the Polynomial Model, assumes hyper-elastic ma-

terial with a 3rd order polynomial stress-strain relationship. This form was chosen based [20] as

it successfully modeled both, CFAMs and EFAMs . The order of the polynomial expression was

chosen through trial and error.

� (� ) = ( E1 + E2P)� + E3� 2 + E4� 3 (3.16)

The stability of this material model can be analyzed with its stress-strain derivative:

d�
d�

= E1 + E2P + 2E3� + 3E4� 2 (3.17)
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Since the linear term was shown to be positive, a constraint is introduced to guarantee material

stability:

E1 + E2P > 2E3� + 3E4� 2 (3.18)

The constraint adds complexity to the non-linear optimization procedures, which based on au-

thors' experience may lead to the end optimization at local minima that do not give a good �t.

This was even more apparent for polynomial models of higher orders that were not included in

this study. As shown later in the results, for a good �t,E3 should be negative, which runs counter

to the idea of using a simple constraint where all the coef�cients are assumed to be positive.

The third and fourth stress functions evaluated here were inspired by tensile stress-strain

relationships found for rubber in Treloar's (1944) [60] work on vulcanised data. The added terms

were chosen to directly address the non-linear effects in rubber-like materials. The third stress

function, denoted as the Exponential-Decay Model, uses an exponential term with the goal of

modeling initial 'transient' state for small strains which was observed in the data.

� (� ) = ( E1 + E2P)� + E3
�
1 � e� E4 �

�
(3.19)

The stress-strain derivative of the Exponential-Decay Model is:

d�
d�

= E1 + E2P + E3E4e� E4 � (3.20)

SinceE3 was used for scaling of the non-linear term, and becomes an added linear term when

� ! 1 , it was explicitly assumed to be positive. Additionally, the sum ofE1 andE3 should give

a value close to that ofE1 from the Linear Model. For the exponential term to vanish,E4 must

also be positive. With these two simple requirements, the stress-strain derivative is also positive,
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which makes the material model always preserve Drucker's stability.

The fourth stress function, or the Exponent Model, was inspired by Ogden's (1972) [58]

work. It is composed of terms with increasing and decreasing derivatives, which was obtained

by constraining0 < E 3 < 1 andE4 > 1. The goal of the� E3 was to model the transient effect

for the small strains, and� E4 was to model strain stiffening. The parameter,E1, appearing in all

models, was here reused for scaling of the exponential terms.

� (� ) = ( E1 + E2P)� + E1(� E3 + � E4 ) (3.21)

The stress-strain derivative of the Exponent Model is:

d�
d�

= E1 + E2P + E1E3� E3 � 1 + E1E4� E4 � 1 (3.22)

With E3 andE4 being positive values, the strain derivative of stress is guaranteed to be positive

at all times which guarantees material stability.

Note that for negative strains, the strain terms,� E i , need to be substituted withsign(� )j� jE i

to avoid imaginary values.

More variations of function structures can be studied, and many of them may need fewer coef-

�cients, or provide smaller errors. However, the important aspect of the two proposed function

structures is that the non-linear effects of choice can be added through related terms; the function

shape is based on and constrained to physical behavior; and that they guarantee material stability.

Although polynomial expressions are often used to model non-linear behaviors, their structure

may leave out degrees of freedom, which based on experimental data, or elastic material models

are unrealizable by rubber-like materials. Leaving out additional degrees of freedom for the op-

timization procedure, or introducing complex constraints, might lead to the optimization process
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converging at a local minima that give an undesirably large error. One could also consider mod-

eling the non-linear behavior with terms such as sigmoid or arccotangent functions. They could

potentially give lower errors, or �t the small strain transients better. However, for this study,

the emphasis was made on selecting terms that were considered simple and providing physical

insight.

3.4.8 Modeling Results

The maximum normalized length change was divided into �ve points,n = 5, and the

error was computed for each point. Then, the sum of the errors was taken and normalized by

the number of evaluated points and another sum was taken over a number of pressure tests,

Np = 5, as listed in Eq. 3.14. The sum was then divided byNp. Optimization results were

shown and compared in Table 3.3. The introduced constitutive models (Fun. 3.19 and 3.21)

were characterized by smaller errors than the previously-used models (Fun. 3.15 and 3.16). In

this study, the Polynomial Model (Fun. 3.16) reached a similar average error to Exponential-

Decay Model (Fun. 3.19) and Exponent Model(Fun. 3.21). Only 5% improvement was shown,

compared to the Polynomial Model.

In Fig 3.9, four sub�gures show the same axial force response of FAM1 with an overlaid

black curve representing results obtained from modeling of the axial behavior with a given stress

function structure. Although in Fig 3.9a the Linear Model gave a satisfactory �t, it failed to

model the non-linear behavior for small strains. For free extensions the �t starts to deviate for

larger internal pressure levels, although for the testing pressure range it still gives a good �t. For

all other stress function structures, the model �ts the free extensions precisely. At the cost of
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additional coef�cients in Fig 3.9b, the Polynomial Model provides a better �t for small strains

that worsens with increasing FAM internal pressure. The two new proposed stress functions

model the small strain region slightly better than the Polynomial Model. From an engineering

perspective, all the models match the data well, with the hyper-elastic ones mainly introducing

improvements in the small strain region, which might be of importance for precise actuation. The

qualitative observations were con�rmed for FAM2 (Fig 3.10), and further validated quantitatively

in Table 3.3.

For FAM1, the stress function for strain up to10% and up to400% was plotted to show

comparison between the modeled stress functions. Fig 3.11a shows how different models cap-

tured the transient state for small strains. The Polynomial Model did not capture the transient

state as well as the proposed models did, which can be further observed in the modeled axial

force response in Fig. 3.9b and 3.10b. Fig 3.11b shows stress values for strains outside of the

testing range. For large strains, the Polynomial Model can yield behavior that is unrealistic.

Here, it quickly exceeds realistic stresses for rubber, which makes it impractical for predictions

of non-measured strains.

The Exponential-Decay Model yields an almost linear increase in stress for large strains,

which is bene�cial if one needs a conservative model outside of a tested strain region. Although

the Exponent Model assumes exponential increase in stress, the modeling-error minimization

was able to 'learn the stress behavior' which resulted in stress increasing only slightly faster than

that of the Linear Model for large strains.

A high-level comparison of the stress models is shown in Table 3.5. The average error was

calculated from the average errors for the two FAMs shown in Table 3.3. Expanding the linear

model with non-linear terms led to a decrease of the average error by 50%. Among the three
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Table 3.3: Error Comparison for the four different stress function models. Two error values are

shown for FAM1 and FAM2, respectively.

Name: Linear Polynomial
Decaying

Exponential Exponent

Function Structure: (E1 + E2P)� (E1 + E2P)� (E1 + E2P)� (E1 + E2P)�

+ E3� 2 + E4� 3 + E3
�
1 � e� E4 �

�
+ E1(� E3 + � E4 )

Comparison Length Error, %

Blocked Force* 2.59, 4.02 2.59, 4.01 2.6, 3.99 2.79, 3.71

2
5 � Lmax 8.75**, 5.51** 1.82, 2.37 1.83, 2.37 1.83, 2.37

3
5 � Lmax 6.71, 4.59 3.09, 2.23 2.32, 1.51 2.26, 1.49

4
5 � Lmax 2.32, 0.72 2.17, 0.73 2.16, 0.74 2.16, 0.74

� Lmax 4.46, 1.48 1.22, 0.61 1.22, 0.62 1.23, 0.62

Average 4.97**, 3.26** 2.18, 1.99 2.03, 1.85 2.05, 1.79

*According to Eq. 3.2, for blocked force condition:� = 0, the stress terms are equal to zero,

which means that the error should be the same regardless of any stress model used. Since the

analysis is based on experimental data, the table actually shows error where� = � 5 � 10� 4. This

results in a more informative error measure of the stress models for near-blocked-force condition.

*The error was calculated close to zero force condition which resulted in a large error that does

not re�ect the �t well. The error was not included in the calculation of the average error value.
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Table 3.4: Coef�cients found through error minimization for the studied stress models.

FAM Model E1 � 106 E2 E3 E4

1 Linear 1.766 1.5717

2 Linear 1.638 2.2113

1 Polynomial 2.367 1.9749 -1822118 1151902

2 Polynomial 2.086 2.344 -1365659 947580

1 Exponential-Decay 1.479 1.9771 121646 13.0762

2 Exponential-Decay 1.468 2.3456 74976 28.7297

1 Exponent 0.538 1.9782 0.5061 1.3539

2 Exponent 0.531 2.346 0.5599 1.5233

Table 3.5: Comparison of constitutive models. Models were compared with: their average error,

if a simple expression on each coef�cient, or a multi-coef�cient expression was needed to satisfy

material stability criterion, growth rate in Big O notation and for which coef�cients boundaries

are known.Bnddstands for bounded, andlbnd stands for lower bound.

Model
Average
Error, % Stability Conditions O(� (� )) Known Coef. Boundaries

Linear 4.12 One-coeff. inequalities O(� ) E1 (bndd);E2 (lbnd)

Polynomial 2.09 Multi-coeff. inequality O(� 3) E2 (lbnd)

Exponential-Decay 1.94 One-coeff. inequalitiesO(� ) E1, E3 (bndd);E2, E4 (lbnd)

Exponent 1.92 One-coeff. inequalitiesO(� E4 ) E3 (bndd);E2, E4 (lbnd)
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(a) Linear

� = ( E1 + E2P)�

(b) Polynomial

� = ( E1 + E2P)� + E3� 2 + E4� 3

(c) Exponential Decay

� (� ) = ( E1 + E2P)� + E3
�
1 � e� E4 �

�

(d) Exponent

� (� ) = ( E1 + E2P)� + E1(� E3 + � E4 )

Figure 3.9: A quasi-static axial force response of FAM1 extensile �uidic muscles to varying strain

for incrementally increasing internal pressure. An axial force outputs of the force-balance model

employing studied stress functions are overlayed as black lines for comparison to experimental

data.
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(a) Linear

� = ( E1 + E2P)�

(b) Polynomial

� = ( E1 + E2P)� + E3� 2 + E4� 3

(c) Exponential Decay

� (� ) = ( E1 + E2P)� + E3
�
1 � e� E4 �

�

(d) Exponent

� (� ) = ( E1 + E2P)� + E1(� E3 + � E4 )

Figure 3.10: A quasi-static axial force response of FAM2 extensile �uidic muscles to varying

strain for incrementally increasing internal pressure. An axial force outputs of the force-balance

model employing studied stress functions are overlayed as black lines for comparison to experi-

mental data.
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(a) FAM1 stress function, close up to 10% strains. (b) FAM1 stress function, up to400%strain.

Figure 3.11: Obtained stress-strain relationship for zero pressure,P = 0, for FAM1.

non-linear models, the Exponent model had the smallest average error.

Next in Table 3.5, complexity of the conditions for material stability were compared. For

Polynomial Model, an inequality with different coef�cients was needed to satisfy material sta-

bility. For all the other models, one-coef�cient inequalities were needed to be evaluated, which

simpli�ed material stability analysis and optimization procedures.

Next, the models were compared with their growth rates using Big O notation. Growth

rates were found to quantify how conservative the models would be outside of the tested range

of strains. If the growth rate is big, as was the case with the Polynomial Model, then the model

might give physically unrealistic predictions of stress outside of the tested region. The most

conservative were the Linear and Exponential-Decay Models. Since in the Exponent Model

0 < E 3 < 1, its growth rate comes fromE4. Theoretically, this gives the model a potential to

become unrealistic for large non-tested strains, however, in the case of this study,E4 for FAM1

and FAM2 was1:35 and1:52 respectively. The Polynomial Model hasO(� 3), which gives the
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model a fast growth rate, and can lead to a quick stress increase as was shown in Fig 3.11b.

For �nding the coef�cients through optimization, it is important to know what the bounds

on the coef�cients are. This was summarized in the last column Table 3.5. For the Linear Model,

the bounds onE1 are known from empirical data on rubber-like material properties.E2 has to be

positive for every model as it was discussed in Sec. 3.4.6, which means that the lower bound is

known. For the Polynomial and Exponent Model, bounds onE1 are not explicitly known because

other terms affect the total stress values. For Polynomial Model, the bounds of other coef�cients

are also unknown as the coef�cients do not explicitly link to non-linear effects.

Since the Exponential-Decay Model becomes approximately linear after the exponential

term vanishes, it inherits bounds from the Linear Model and has an upper bound onE3 as it is

a fraction of Linear Model'sE1. BecauseE4 is an equivalent of the multiplicative inverse of a

time constant,� , of a stable �rst order LTI system, it has to be positive. The analogy to the time

constant also sheds some light on when the small-strain non-linear effect vanishes. After the time

of 3 time-constants, the term,1 � e� 1
� t , is 0:95, which is here de�ned as a point after which the

non-linear effect becomes negligible. This means that the non-linear effect vanishes at strains of

23% and10%, for FAM1 and FAM2 respectively.

For the Exponent Model, coef�cientE3 has a lower and an upper bound and coef�cientE4

has a lower bound based on the model's de�nition. The Linear Model was the model for which

the most was known about its coef�cient values because of its simplicity. Among the non-linear

models, however, it was the Exponential-Decay Model that gave not only the largest number of

bounds, but also the bounds that were connected to the physical behavior.
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3.5 Discussion

Little was found in the literature on differences between contractile and extensile FAMs in

manufacturing, testing and modeling as few studies dedicated speci�cally to EFAMs were found.

The �rst question in this study sought to determine whether the methods developed for CFAMs

can be adapted for use with EFAMs.

The loose sleeve on the elastomeric bladder makes braid length measurement methods of

CFAMs impractical for use with EFAMs. Two methods for braid angle estimation have been

shown (see Fig. 3.8). The �rst method is based on the design variables and geometrical mea-

surements, and the second is based on the experimental characterization of the muscles. Relative

to the �rst method, the second method showed that the differences between the braid angle val-

ues for the specimen were2:47% and8:96%, accordingly. This validated the design-based braid

angle estimation method, which was found to be useful for calculations prior to experimental

characterization.

Since the EFAM resting diameters changed after initial cycling, calculating a bladder work-

ing volume from post-cycling measurements was found to be inaccurate. A method that included

an effect of a clamping mechanism on the bladder was used and based off pre-assembly measure-

ments. After initial cycling of the two specimens, an increase of3:7%and5:3%in resting lengths

and29%for the resting diameters were observed. Although the study did not aim to examine this

effect, the measured geometrical changes were found to strongly affect the modeling results. The

modeled axial force response is especially dependent on the resting diameter, as the FAM axial

force is proportional to the square to diameter's value.

Dead-band pressure was found to be smaller than those obtained for a comparable EFAM in
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a previous study [20]. This was attributed to the tighter �tting between the bladder and the sleeve

during manufacturing process. And, as can be seen from Eq.3.9, a lower dead-band pressure

increases the blocked force of an EFAM.

One interesting �nding is that the experimental data has relatively large hysteresis when

compared to the previous studies on CFAMs (Fig. 3.6). It is hypothesized that the difference in

hysteresis might come from the friction between the plastic tube that prevented the specimens

from buckling and the braided sleeve. This hypothesis would agree with the size of the hysteresis

decreasing with decreasing FAM internal pressure and decreasing with increasing length of the

EFAM. At low internal pressure, the force acting on EFAM walls is smaller as with increased

length the braid kinematics force the EFAM outer diameter to reduce its size, relieving the anti-

buckling tube. In a future study, one could design an experimental version of an EFAM that

would be constrained from buckling with an internal rod rather than with an external tube. The

hysteresis in such case could be simpler to quantify and more readily attributed to the bladder

hysteretic behavior.

In Fig. 3.7a, an outlier point in the data was observed for FAM2. The source of that

deviation from a linear trend remains unknown. In Fig. 3.7b, it can be seen that the EFAM

reached an extension close to100%, a value which has not been reported in the literature covered

by this study. Both results might indicate that the design was improved from previous studies as

the FAMs also provided a blocked force of approximately280N and a large maximum stroke of

98% at517kPa, and low dead-band pressure of35kPa. All values indicate a better perfomance

than that of a comparable EFAM tested in Pillsbury et al.(2017) [20]. However, it should be noted

that temperature may have differed during the various tests under comparison, which may have

lead to variability in bladder properties.
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The study also focused on modeling of the bladder constitutive model non-linear terms,

because models other than polynomial could provide better �t to data, satisfy material stabil-

ity criterion, ease parameter identi�cation. All of the hyper-elastic constitutive models showed

nominal errors of2%, while having the same number of coef�cients.

Although the Polynomial Model uses the same number of coef�cients as the other non-

linear models and has a similar error, the process to obtain its �nal form proved to be dif�cult.

Following tests with different forms to minimize the number of coef�cients, a Polynomial Model

was found, but there are no implications that this form would also work for different types of

FAMs. Moreover, Fig. 3.11b shows that outside of the tested strain region, the stress rises quickly

and gives values that greatly exceed stresses reported for rubber [60], rendering the usefulness of

the Polynomial Model outside of the tested region questionable.

The Exponential-Decay Model and Exponent Model yielded only positive coef�cients

which ful�lled Drucker's material stability criterion [61] without further analysis. The Exponential-

Decay Model is the most conservative about predictions of stress-strain relationships for untested

strain values. For larger strains, the exponential term vanishes, and the model assumes a nearly

linear relationship outside of strains that are not in the range of experiments. The drawback of

the exponential term in the Exponential-Decay Model is that for larger strains, the form is not

capable of modeling the strain-stiffening effect as the decaying exponential term can only model

the initial 'transient' state. The Ogden-inspired Exponent Model, however, can model the stiffen-

ing and has small discrepancies between the coef�cients for the two tested EFAMs, which gives

it an advantage over the Exponential-Decay Model. On the other hand, the Exponential-Model

has a broader set of de�ned bounds on its coef�cient, which is advantageous when identifying

parameters of the stress function.
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3.6 Conclusion

In this investigation, the primary aim was to introduce new hyper-elastic constitutive mod-

els and revalidate methods for extensile FAMs (EFAMs) that were previously studied for contrac-

tile FAMs (CFAMs). The secondary aim of the study was to investigate manufacturing process,

measurements and experimental characterization of EFAMs as it was adapted from more exten-

sive studies of CFAMs.

Four constitutive models of an elastomeric bladder were investigated to gain physical in-

sight into the bladder behavior. An elastic model, Linear Model, was chosen as the baseline.

The other models were formed as an extension of a pressure-dependent elastic model, the Linear

Model, with hyper-elastic terms. The Polynomial Model was chosen to represent a previously

investigated approach in the literature. The Exponent Model was inspired by the work of Ogden

(1972) [58]. The Exponential-Decay Model with a vanishing non-linear term, was selected based

on experimental data showing an initial 'transient' state for small strains. As shown in Table

3.5, all studied hyper-elastic constitutive models showed relatively small errors of around2% as

compared to4:1% of the elastic model. The Linear, Exponent, and Exponential-Decay Model

required simple one-coef�cient inequalities to check for Drucker's material stability [61] as com-

pared to multi-coef�cient inequalities for the Polynomial Model. Since hyper-elastic behavior

for large strains of the bladder might be not known, a conservative model for untested strains was

considered advantageous. Among hyper-elastic models, the Exponential-Decay Model had the

most conservative growth rate ofO(� ) as compared to polynomial-order or coef�cient-dependent

growth rates of:O(� 3) andO(� E4 ) for the Polynomial Model and Exponent Model, respectively.

In order to identify stress function parameters, it was important to assess bounds on the model
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coef�cients, as listed in Table 3.5. For the Polynomial Model, only one parameter had a lower

bound. The Exponential Model and the Exponential-Decay Model had bounds or simple bounds

on every coef�cient as listed in Table 3.5.

The results revealed that for the modeling of a non-linear bladder behavior with the force-

balance model, it is bene�cial to use the newly introduced Exponential-Decay Model. The model

was shown to have the advantage of small error when compared to other models, well-de�ned

boundaries on constitutive model coef�cients and simple conditions for meeting Drucker's sta-

bility criterion. The model was also found to be conservative outside of the range of measured

strains as it converges to a linear model as the strain growths. Moreover, it allows for �nding the

range of strains in�uenced by the transient behavior.

Primarily, the �ndings of this research provide insight on selecting EFAM bladder con-

stitutive model. Secondarily, the study revalidated and adapted methods previously studied for

CFAMs in the EFAMs context. Thus, the insights gained from this study can inform research in

the �eld of soft robotics, with particular focus on EFAM-driven continuum soft robots.

The current study is not without limitations. The �ndings are not generalizable as only two

EFAMs of the same size and materials were experimentally tested. Another limitation is that the

parameter optimization relies on initial guesses of the model parameters. Moreover, the hysteretic

behavior observed in the experimental data was not addressed. Finally, an additional uncontrolled

factor was the temperature under which the experimental characterization was conducted.
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Chapter 4: Bending Properties of an Extensile Fluidic Arti�cial Muscle

Low stiffness, large stroke, and axial force capabilities make Extensile Fluidic Arti�cial

Muscles (EFAMs) a feasible soft actuator for continuum soft robots. EFAMs can be used to

construct soft actuated structures that feature large deformation and enable soft robots to access

large effective workspaces. Although FAM axial properties have been well studied, their bending

behavior is not well characterized in the literature. Static and dynamic bending properties of a

cantilevered EFAM specimen were investigated over a pressure range of 5-100 psi. The static

properties were then estimated using an Euler-Bernoulli beam model and discrete elastic rod

models. The experiments provided data for the determination of bending stiffness, damping ratio,

and natural frequency of the tested specimen. The bending stiffness and the damping ratio were

found to change fourfold over the pressure range. Experimentally validated bending properties

of the EFAM presented insights into structural and control considerations of soft robots. Future

work will utilize the data and models obtained in this study to predict the behavior of an EFAM-

actuated continuum robot carrying payloads.

4.1 Introduction

FAMs are a popular choice for soft robotic systems due to their force output, low weight

and manufacturing simplicity. The muscle is a form of soft actuation as its stiffness is magnitudes
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lower when compared to traditional pneumatic cylinders or linear electric motors ( [8]). Modeling

and testing of their axial behavior has been covered by a number of research groups ( [19,53,66–

68]). Achieving variable stiffness of the actuators was investigated in [69]. Some research group

also investigated the bending behavior for developing elephant-trunk-like manipulators ( [33]) or

to achieve larger contraction ratios ( [70]). Buckling behavior was also investigated by [71].

FAMs can be classi�ed as contractile (pullers) and extensile (pushers) based on their be-

havior when pressurized. The de�ning parameter for that behavior is their braid angle which

is the the angle between FAM lateral cross-section and the �ber direction as was shown in Fig.

3.1a. A FAM is contractile if the braid angle is larger than35:26� , or extensile if the braid angle

is smaller than35:26� ( [42]).

Unlike contractile FAMs, which were reported to reach normalized length changes between

24% and35% for pressures of up to690kPa ( [20]), extensile FAMs (EFAMs) can provide much

larger strokes that exceed their initial length. Theoretically, 200% extension can be achieved at

a braid angle of22� ( [13]), although in practice stroke values of up to 100% have been reported

( [13,22]). Our motivation to study extensile FAMs stems from their compact size and their large

stroke that is bene�cial for performance of continuum soft robots ( [35]).

Fluidic arti�cial muscles are composed of three main parts that are shown in Fig.??: a

bladder (dotted) which is an elastomeric tube typically made from latex or silicone; a braided

�ber sleeve (blue line) wound around the bladder, which is made from high-strength material

such as kevlar; and two rigid end-�ttings that bind the sleeve and the bladder together as well as

keep the muscle airtight. Since the internal pressure changes are interchangeably converted into

force or extension, the EFAM stiffness varies with the pressure. Moreover, as was shown in this

study, due to low stiffness, EFAMs are prone to large lateral deformations under loads.
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Modeling bending behavior of EFAMs is critical for continuum soft robots as they move

with deformation of their intrinsically actuated structure that is composed of EFAMs. However,

the EFAM bending behavior is not well characterized in the literature. The EFAM bending be-

havior was previously modeled in the context of: FAM-based continuum soft robots (FAM-CSR)

( [62]), modeling dynamics of a multi-section FAM-CSR ( [72]), braided continuum manipu-

lators such as STIFF-FLOP ( [73]), and the capability of decoupling stiffness in a FAM-CSR

( [74]). [75] used an Euler-Bernoulli beam model to analyze bending of a continuum soft robot,

which excluded actuator bending stiffness purported to be a source of error.

The practice in these studies was to experimentally validate analysis by either (1) com-

paring FAM models to measured axial behavior, or (2) by comparing soft robot models to mea-

surements. Although these approaches were valid for modeling many light-payload FAM-CSRs,

incorporating actuator bending stiffness into the analysis and developing a method to measure

these values is needed. Thus, the key goal of this study is to measure EFAM bending properties,

and to assess how bending properties change with EFAM internal pressure. The bending behav-

ior of an EFAM cantilevered specimen was investigated. A characterization method for bending

stiffness is proposed, as well as methods to characterize dynamic properties such as natural fre-

quency and damping ratio.

4.2 Methodology

To assess the properties of an EFAM composed of a latex bladder and a kevlar sleeve, a

method to determine static and dynamic properties of an EFAM is proposed.

An experimental setup was developed in which the EFAM was cantilevered and its shape
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and tip position were tracked with a motion capture system (as shown in Fig. 4.1). For internal

pressure values ranging from5 to 100psi with 5psi increments, the EFAM was horizontally

aligned and then released to bend under its own weight. The EFAM was then allowed to stabilize

at a static de�ection. Markers were sewn to individual �bers along the EFAM to enable tracking

with a motion capture system. The movement and the steady-state positions of markers were

tracked and recorded by the motion-tracking system. Therefore, the experiment provided us with

shape-marker and tip trajectory data.

After collecting experimental data, a static bending beam model was optimized with bend-

ing stiffness to match the data in the least-square error sense. For modeling of static bending,

a linear Euler beam model and a non-linear planar discrete elastic rod model were used to vali-

date and compare results. Dynamic properties of natural frequency and damping were extracted

assuming a second-order system.

4.2.1 Experimental Characterization

The test setup (shown in Fig. 4.1) consisted of: an EFAM specimen, a Vicon motion capture

system, a test stand to expose the markers on the specimen to the motion-capture cameras, a

custom closed-loop pressure regulator for maintaining isobaric muscle internal pressure, and a

PC computer to record, control, and supervise motion capture.

It was assumed that the motion capture system records the static position of the markers

with an error smaller than0:5 mm and a frequency of100 Hz. The assumption on the error

was found to be conservative when compared with mean absolute error value reported in the

literature for a Vicon sytem ( [76]). Additionally, the position and rotation of the base was also
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