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ABSTRACT

TWISTED AND COILED POLYMER ACTUATORS:

DESIGN, MECHANICS, AND BIOMIMETICS

DIEGO R. HIGUERAS-RUIZ

In the past few decades, interest in novel soft actuators that can mimic the compliant na-

ture of biological muscles has grown fast. Such actuation technologies have the potential

to improve current human-machine interactions in applications such as smart exoskele-

tons and prosthetics, wearables, intelligent surgical tools, and even humanoids. To this

end, it was recently shown that inexpensive drawn polymer monofilaments, such as nylon

fishing lines, can be used to create thermally driven linear or torsional soft actuators.

These actuators are called twisted polymer actuators (TPAs), and their actuation mech-

anism relies on the anisotropic microstructure of the virgin material used for fabrication,

specifically, the axial thermal contraction and radial thermal expansion. In the past few

years, researchers have attempted to model the actuation response of TPAs; however, it

has been shown that such actuation is moisture-content- and time-dependent (viscoelas-

tic), which have limited the accuracy of actuation models for TPAs. Furthermore, the

thermal activation of TPAs is generally an inefficient and time-consuming (particularly

during cooling) driver.

This Ph.D. work first presents a literature review on soft actuators and a comparison

to biological muscles, focusing on those properties that make biological muscles highly

adaptable systems. This study helps better understand the current accomplishments

of each soft actuation technology, the remaining challenges, and future directions that

are required for soft actuation technologies to be used as successful muscle substitutes.
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Next, a study on the hygroscopic behavior and moisture content effects of TPAs actua-

tion performance is presented. This study found that TPAs made from drawn monofila-

ments of nylon 66 are hygroscopic and moisture-content-dependent. Moreover, the hygro-

scopic properties of TPAs are strongly affected by temperature changes, and temperature

changes are required for actuation, which makes TPAs challenging to model and there-

fore control in environments with different relative humidity levels. As a result of the

previously mentioned shortcomings of thermally activated twisted polymer actuators, the

rest of this Ph.D. work focuses on the conception, characterization, modeling, and initial

optimization of a new soft actuation technology inspired by TPAs named cavatappi arti-

ficial muscles. Cavatappi artificial muscles use an actuation mechanism that relies upon

specific processing of inexpensive polymer tubes to develop microstructural anisotropy,

which mimics the anisotropic mechanical properties of the precursor monofilaments used

to fabricate TPAs. These tubes can be configured as torsional actuators when twisted

or linear actuators when helically coiled, similar to TPAs. After drawing and twisting,

hydraulic or pneumatic pressure applied inside the tube results in localized untwisting of

the helical microstructure. This untwisting manifests as a contraction of the helical pitch

for the coiled configuration. Given the hydraulic or pneumatic activation source and the

constant material temperature, these new devices have been shown to outperform TPAs

with regard to actuation bandwidth, efficiency, modeling, and practical implementation.

Since cavatappi can generate high forces and power, this technology could be used in

bioengineering and robotics applications. Cavatappi show contractions greater than 50%

of their initial length, mechanical contractile efficiencies of about 45%, and specific work

and power metrics ten and five times higher than human skeletal muscles, respectively.

Finally, this dissertation also presents an actuation model that uses the material prop-

erties of the precursor structure to predict the actuation response of cavatappi artificial

muscles and validation using experimental actuation data.
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PREFACE

This section provides information about the research scope of this Ph.D. work. The dis-

sertation outline is divided into chapters in the following paragraphs, where the chapter’s

topics are briefly summarized. Furthermore, chapters 2–5 were written to appear as ar-

ticles in journals, and, as a result, some redundancy should be expected from combining

these articles within the university formatting requirements.

Chapter 1 is divided into the following four subsections: motivation, aim of research,

hypothesis, and dissertation outline. This chapter articulates the motivation of the re-

search, voids to be filled, established hypothesis, and the impact of this Ph.D. work on

the field of soft actuation. Finally, this section presents a research timeline where the

reader is provided the work progress that has been required to culminate this Ph.D.

Chapter 2 presents a literature review that compares the current soft actuation tech-

nologies to skeletal muscles. This chapter provides a comparative study between soft

actuators and biological muscles using specific performance metrics and those properties

of biological muscles that make them highly adaptable systems (tunable compliance and

impedance, morphological computation, self-sensing, muscle synergy, etc.) As a result,

this chapter presents the remaining significant challenges for soft actuators to be used as

muscle substitutes and future directions.

Chapter 3 provides a study on the moisture impact on twisted polymer actuation.

This chapter presents two moisture-related matters: moisture content impact on the

thermal actuation of TPAs and the capability of TPAs to actuate as a function of moisture

absorption at room temperature.

Chapter 4 introduces a fluid-driven muscle-like actuator fabricated from inexpensive

polymer tubes and inspired by twisted polymer actuators. These new soft actuators

xix



are called cavatappi artificial muscles based on their resemblance to the Italian pasta.

This chapter presents the fabrication procedure, a full characterization of the actuation

response, and their initial implementation in some basic bioinspired applications.

Chapter 5 establishes a model framework for predicting the actuation response of ca-

vatappi using the thick-wall pressure vessel stress analysis and the spring theory. The

presented model uses the linear elastic mechanical properties of the precursor drawn ma-

terial used for fabrication to predict the artificial muscles contraction under different

external loads. Thus, the elastic precursor material properties are also characterized in

this chapter.

Chapter 6 presents the conclusions and future directions of this dissertation.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Research Impact

Traditional electric and fluidic actuators operate effectively in many tasks where high

accuracy, repeatability, reliability, high specific power, and efficiency are required [96,

145, 148, 269], yet their rigid configuration and lack in tunable compliance and impedance

often limits their deployment in areas such as biomimetic and bio-inspired applications.

This has led many in search of new compliant and flexible actuators under the name of

soft actuators or soft robots to fill this void [42, 71, 97, 150, 195, 203, 220]. The goal of new

soft actuators is to mimic the adaptable muscle-like actuation response and properties

found in biological muscles, which could enable safe human-machine interactions with

minimal control.

This actuation field is emerging fast as new low-cost soft actuators with similar perfor-

mance to biological muscles are being reported every year and successfully implemented

in bio-inspired applications such as smart exoskeletons [57, 334], wearables [10], intel-

ligent surgical tools [48], and even humanoids [25, 52]. Some of these soft actuators

include thermally driven twisted polymer actuators (TPAs) [127, 128], electromechani-

cal carbon nanotubes (CNTs) [34, 35], dielectric elastomer actuators (DEAs) [92, 362],

hydraulically amplified self-healing electrostatic actuators (HASELs) [8, 167], electro-

static bellow muscles (EBMs) [303], electro-ribbon actuators and electro-origami robots

[317], fluid-based soft actuation technologies such as, Mckibben actuators [66], fluid-driven

origami-inspired artificial muscles (FOAMs) [189], origami-based vacuum pneumatic ar-

tificial muscles (OV-PAMs) [185], and others like water-responsive and photo-responsive

actuators [176, 256].
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Figure 1.1: Twisted polymer actuators. (a) Torsional actuator, a.k.a. straight twisted
polymer actuator (STPA).(b) Linear polymer actuators, a.k.a. twisted coiled polymer

actuators (TCPAs)

As a result of the aforementioned need for exploring new soft actuation technologies that

can mimic the actuation response in biological muscles, this work initially focused on

twisted polymer actuators (TPAs) due to their extreme performance and affordability.

TPAs were initially discovered by Haines et al. [128] and inspired by twisted/coiled

carbon nanotube actuators [105, 196, 197]. Haines et al. showed that drawn polymer

monofilaments, such as fishing line and sewing threads, can actuate when configured in a

coiled shape as a result of over-twisting the straight monofilament around its central axis

[127, 128]. These linear actuators are called “twisted coiled polymer actuators” (TCPAs)

(Fig. 1.1(b)). These same drawn polymers can torsionally actuate when they are set in

a twisted configuration but remain straight; this torsional actuator is known as “straight

twisted polymer actuators” (STPAs) (Fig. 1.1(a)) [28, 295].

The actuation phenomenon in TCPAs and STPAs (collectively called twisted polymer

actuators) is thought to be a result of the untwist that occurs about the monofilament’s
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Figure 1.2: Thermal actuation mechanisms of STPAs and TCPAs

axis due to anisotropic thermal expansions [128]. Specifically, the actuation mechanism

is thought to result from the thermal expansion in the direction perpendicular to the

internal fibers (i.e., radial direction) and the thermal contraction along the internal fibers

(i.e., axial direction). After being twisted, the expansion/contraction perpendicular to

and along the internal fibers (i.e., polymer chains) remains relatively unchanged, but the

internal fibers are no longer axially aligned. Thus, upon heating, the twisted fibers of the

STPA untwist, and torsional actuation occurs (see left diagram in Fig. 1.2). In a TCPA,

the coiling causes the untwist to manifest as an axial contraction of the helix (see right

diagram in Fig. 1.2).

The actuation mechanism might be better understood by looking at the micro-structure

models published by Prevorsek et al. [268], Choy et al. [68], Elad and Schultz [98],

and Bukosek et al. [47]. These authors present similar microstructural models of drawn

polymer monofilaments, including crystalline and amorphous regions connected in series
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and aligned with the draw direction (axial direction), known as microfibrillar regions.

These regions are connected by bridges and/or inter-fibril tie molecules (a.k.a. internal

fibers), more extended regions aligned with the draw direction. Bruno et al. [45] indicate

that negative thermal expansion along the drawn direction is due to the tension caused by

atomic vibrations in the interfibrillar molecules. Simultaneously, this effect contributes to

the expansion perpendicular to the microfibrillar region (radial direction). This negative

thermal expansion is maintained along the now helically aligned internal fibers for a

twisted monofilament with a helical orientation of its internal fibers. So too is the positive

thermal expansion perpendicular to the internal fiber direction. The thermal anisotropy

of the precursor monofilaments and their helical reorientation causes untwist in STPAs

and contraction in TCPAs.

In order to create actuation models, initial efforts focused on modeling STPAs, because

they represent the elemental unit of TCPAs. Modeling these soft actuators is crucial

for future control; thus, accurate mathematical models are required. To do so, our re-

search group focused on a kinematic closed-form material-based radial dependent model

presented by Shafer et al. that uses the thermal material properties of the precursor

monofilament to predict the untwist of STPAs under free torsion as a function of tem-

perature [296].

To this end, Swartz et al. compared torsional actuation predictions generated by the

aforementioned material-based model with experimental results. Swartz et al. also pre-

sented an area-weighted average of the Shafer et al. to eliminate the radial dependence

in the predictions. The results in this work suggested that inter-layer stresses could lead

to inaccuracies in the actuation predictions [315]. This was thought because the Shafer

et al. model does not account for internal stresses in the material. Next, Higueras-Ruiz

et al. simulated a straight twisted polymer actuator (STPA) using a finite element (FE)
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model [137] to study the internal stresses in TPAs. To do so, the linear elastic mechani-

cal properties of the untwisted monofilament as a function of temperature were obtained

experimentally, as they are needed as inputs to the FE model. Here, FE results were

compared with experimental actuation responses and the Shafer et al. model predictions.

The simulations and experiments use STPAs to generate torsional actuation under free

torsion. Under these conditions, it was shown that interlayer stresses are not the main

driver for the torsional actuation of STPAs and the FE model predicts experimental data

about as well as closed-form models. Additionally, this work interpreted the internal

stresses to understand the actuation mechanism of TPAs better and evaluate their effects

on STPAs’ torsional actuation under free torsion conditions. As a result, it was found

that most of the untwist produced in STPAs occur at the outer layers, being the center of

the monofilament a constraint for untwisting (torsional actuation); thus, hypothetically,

a hollowed filament could help to increase the performance of TPAs. This insight was

later used in this Ph.D. work to conceive cavatappi artificial muscles, later explained in

this section. Finally, and as part of this Ph.D. work, Higueras et al. presented that the

precursor monofilaments used for TPAs fabrication were highly hygroscopic and moisture

content in their microstructure causes changes in their material properties and, in turn,

in the actuation response of these soft actuators, making them moisture content depen-

dent [138]. Additionally, it was also shown that TPAs could generate actuation due to

moisture content at room temperature.

As a result of the difficulties presented in creating reliable models that can predict the

actuation response of TPAs under real-life actuation conditions and external environment

along with the current need for new biomimetic soft actuation systems, this Ph.D. work

focuses on (i) comparing the current soft actuation technologies with the performance

and properties of biological muscles, (ii) studying the moisture effects on TPAs fabricated

with nylon 66, and (iii) exploiting TPAs actuation mechanism to create a new fluid-driven
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actuator named cavatappi artificial muscle and an actuation model for future control.

1.2 Aim of research

This work both studies the limitations found in TPAs, and presents a new, low-cost,

flexible, fluidic, and soft actuation technology named cavatappi artificial muscles that

sidesteps the limitations found in TPAs. The term “cavatappi” is based on their resem-

blance to the Italian pasta (Fig. 1.3(a)). The design and development of cavatappi is

originally inspired by the mechanics of twisted polymer actuators, particularly the idea

of exploiting the material’s anisotropy to generate actuation. As previously mentioned,

TPAs are thermally driven linear or torsional actuators, whose actuation response is a

result of the anisotropic thermal properties of the precursor (untwisted) material, which

experiences axial thermal contraction, and radial thermal expansion [128]. They are in-

expensive, often fabricated from fishing lines, and have been demonstrated in areas such

as robotics [353], medical devices [202], and active textiles [127]. However, their model-

ing using the precursor material properties is a complex task as a result of the material

dependencies such as viscoelasticity [295, 315], hygroscopicity, which causes their respon-

se/performance to depend on moisture content (also part of this work) [138]. Moreover,

the viscoelastic and hygroscopic properties of TPAs are strongly affected by the temper-

ature changes, and temperature changes are required for actuation, which makes TPAs

challenging to model, and therefore control [28, 137, 165, 296, 297, 315, 356]. Addition-

ally, as previously mentioned, thermal activation generally leads to low efficiency ∼1%

and slow actuation (particularly during cooling).

The extreme performance and shortcomings of TPAs have led this dissertation to explore

new actuation modalities that mitigate inherent drawbacks yet take advantage of their

strengths by mimicking their actuation mechanism. Initially, it was surmised that internal
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Figure 1.3: Cavatappi pasta, cavatappi artificial muscles and precursor tubes. (a)
Cavatappi pasta is shaped as a helical tube. (b) Precursor undrawn tube (left) and
precursor drawn tube (right). (c) Cavatappi made from drawn tube in Fig. 1B. (d)
Cavatappi in b which has been pre-stretched and annealed after fabrication in order
to increase the helix pitch. (e) Cavatappi made from the drawn precursor tube shown
in b and coil ID of 7 mm. (f) Mini-cavatappi made from a 0.7 mm OD/0.25 mm ID
tube. (g) Bundle of cavatappi artificial muscles that simulate a human skeletal muscle
bundle. (h) Linear-parallel configuration of nine cavatappi from Fig 1c. The scale in

Fig. 1 b is used for b-f, and the scales for a, g, and h are shown in the figures.

pressure in a tube could be used to develop similar anisotropic expansion seen during

TPA heating. Pressure testing showed that soft polyvinyl chloride (PVC) tubing (Fig.

1.3(b-left)) could generate radial expansion similar to TPAs, yet the tubing developed

axial expansion, which it was known from previous TPA modeling works would reduce

actuation performance when twisted [296, 315]. The PVC microstructure was set out to

mitigate this axial expansion by enhancing anisotropy by cold-drawing Fig. 1.3(b-right).

Fig. 1.3(b-right) shows the precursor tube (left - 3.18 mm OD, 1.58 mm ID) and the same
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Figure 1.4: Cavatappi actuation response under an isotonic load of 0.2 kg.

tube (right - 1.8 mm OD, 0.85 mm ID) after the cold-drawing necessary to increase axial

stiffness relative to radial stiffness. Note the significant change in diameter that occurs

during the drawing process. After drawing, the internal pressurization induced positive

radial and negative axial strains that mimicked heated TPA precursor fibers. Next, twists

in the drawn tubes were inserted to reorient the high-stiffness molecular chains into a

helical configuration around the central tube axis while maintaining the tube’s ability to

expand radially. Such a straight-twisted tube configuration would generate an untwisting

when pressurized (torsional actuation). The twisted tubes were then helically coiled Fig.

1.3(c-h) so that the localized untwisting would manifest as linear actuation by reducing

the coil’s pitch (Fig. 1.4).

The fluidic activation source and the constant material temperature in cavatappi artificial

muscles lead these new devices to outperform TPAs with regard to actuation bandwidth,

efficiency, modeling, and practical implementation. Initial testing has shown that ca-

vatappi can perform contractions greater than 50% of their initial length, mechanical

contractile efficiencies of about 45%, and total energy conversion efficiencies of approx-

imately 23%. Furthermore, cavatappi artificial muscles can exhibit specific work and

power metrics ten and five times higher than human skeletal muscles, respectively, and
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continued development will lead to even higher performance in the future.

The flexibility of cavatappi could be used on applications over corners/joints such as

knees, elbows, or ankles since they can be placed under a curved deformation and still

actuate. Since cavatappi are fabricated from soft PVC tubing, the same tube length could

consist of sections where the drawn precursor tube is coiled-twisted, straight-twisted, or

kept as the original straight drawn configuration. As such, a single tube length, with a

coiled section in the middle, could serve as (i) the plumbing from the pressure source, (ii)

the actuator, and (iii) the tendon running to the point of the force application. Such an

implementation would decrease the overhead mass and complexity from fittings, increase

reliability by eliminating leaks, and decrease maintenance operations.

Compared to TPAs, cavatappi artificial muscles have the potential to present better con-

trollability and accuracy since modeling the actuation response of cavatappi artificial

muscle is significantly simpler as only the mechanical properties of the precursor tube are

needed, and there is no need to collect mechanical properties as a function of tempera-

ture. Furthermore, the soft polyvinyl chloride used for cavatappi presents small moisture

absorption [344]; thus, moisture dependencies do not need to be included in actuation

models. TPAs, by comparison, show a high affinity for moisture, and their mechanical

properties depend heavily on moisture, and temperature [138].

While cavatappi present similar characteristics and metrics as other soft actuators, they

are inexpensive solid-state actuators (0.20 $/ft) of easy and low-cost fabrication, whose

affordability and simplicity will contribute to their fast investigation and implementa-

tion. Under pneumatic or hydraulic actuation, they are initially shown to actuate in

milliseconds and rapidly recover to their initial position; this feature is not shown in

other actuators like TPAs or SMAs due to their thermally driven actuation mechanism.

The high ratio between the work they can deliver and their size and their negligible
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changes in volume during actuation will allow them to be combined to create new con-

figurations leading to an increase in their lifting force capacity. These configurations can

be approached by stringing tubes together. Some promising examples are smart textiles

used to assist individuals with disabilities in basic motions or smart prosthetics imple-

mented to substitute amputated limbs fully. Furthermore, cavatappi might benefit those

fields where small, lightweight, and strong actuators are required, such as microrobotics

or microfluidics.

1.3 Hypothesis

Based on the actuation mechanism presented in thermally driven twisted polymer actua-

tors, I hypothesize that new pneumatically or hydraulically driven soft actuators can be

developed using twisted and coiled extruded/drawn tubes. More specifically, I propose

using the anisotropic mechanical properties (high axial and low radial stiffness) of ex-

truded/drawn polymer tubes to create new soft torsional and linear actuators. In doing

so, the right material’s properties’ selection along with the reorientation of the poly-

meric chains by twisting the precursor structures while remaining straight will allow the

creation of torsional actuators (elemental units of a cavatappi artificial muscle). Further-

more, twisting and coiling the precursor structure around a mandrel will allow to create

linear actuators (cavatappi artificial muscles).

To validate the aforementioned hypothesis, I will characterize the actuation behavior

and metrics of cavatappi artificial muscles, as well as build several applications that

use cavattapi to demonstrate their easy implementation in the biorobotics. Next, I will

compare such actuation behavior, metrics, and implementation capacities with other soft

actuation technologies to establish and show the potential impact of this new technology

on the soft actuation field.
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In addition, and as part of this dissertation, I also hypothesize that the actuation response

of cavatappi artificial muscles can be predicted within a reasonable margin of error by

using analytical material-based models. I will formulate a model that will predict the

actuation contraction of cavatappi artificial muscles under tensile loads to support my

hypothesis. The proposed model will use the mechanical properties of the precursor struc-

ture used for fabrication, the pitch angle of the internal fibers (fiber’s reorientation), and

internal pressure as inputs. As part of this work, the model will be validated using exper-

imental actuation responses collected during the actuation characterization of cavatappi.

To use this work’s model, the mechanical properties of the precursor tube will need to

be characterized; thus, a complete characterization will also be presented in this work.

The predictions will be expected to follow the same trend as the experimental results and

provide valuable qualitative and quantitative data that can be used to accurately predict

and optimize the actuation behavior of cavatappi without previous testing thereof.

1.4 Dissertation Outline and Research Timeline

To present the scope of research and timeline, Fig. 1.5 shows a Gantt chart that provides

information about the evolution of this Ph.D. research. This timeline shows the main

research tasks, start date, number of days for the task to be completed, and a graphical

representation of the research progress and completion. Along with the research tasks,

the reader can find the journal publications for each task. In this Gantt chart (Fig. 1.5),

the literature review has been a continuous process during this Ph.D. work; thus, this

research task starts in Fall 18 and ends in Fall 2021. Next, initial TPAs modeling is also

included here. This research task was initially started during a previous M.S. conducted

by the author of this dissertation and ended during the first two semesters of this Ph.D.

work. As a result of inaccuracies in the initial TPAs modeling, research on moisture’s

impact on TPAs conducted better to understand the effects of moisture content in TPAs
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Figure 1.5: Research Gantt chart.

actuation and find potential solutions regarding this matter. This research task started

in Spring 2018 and ended in mid Spring 2020. Next, extruded polymer tubes testing,

cavatappi conception, and full actuation characterization were completed by Fall 2020.

Finally, for the total completion of this Ph.D., cavatappi modeling and initial optimiza-

tion, drawn polymer tubes properties characterization, and actuation model validation

were completed by the beginning of Fall 2021. The proposed work in the timeline was

planned to be completed by the beginning of Fall 2021; thus, the main focus of Fall 2021

was to finish writing the dissertation and preparing the dissertation defense.
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CHAPTER 2

WHAT IS AN ARTIFICIAL MUSCLE? A COMPARISON OF SOFT

ACTUATORS TO BIOLOGICAL MUSCLES

Abstract. Interest in emulating the properties of biological muscles that allow for fast

adaptability and control in unstructured environments has motivated researchers to de-

velop new soft actuators, often referred to as ‘artificial muscles’. The field of soft robotics

is evolving rapidly as new soft actuator designs are published every year. In parallel,

recent studies have also provided new insights for understanding biological muscles as

‘active’ materials whose tunable properties allow them to adapt rapidly to external per-

turbations. This work presents a comparative study of biological muscles and soft actua-

tors, focusing on those properties that make biological muscles highly adaptable systems.

In doing so, we briefly review the latest soft actuation technologies, their actuation mech-

anisms, and advantages and disadvantages from an operational perspective. Next, we

review the latest advances in understanding biological muscles. This presents insight into

muscle architecture, the actuation mechanism, and modeling, but more importantly, it

provides an understanding of the properties that contribute to adaptability and control.

Finally, we conduct a comparative study of biological muscles and soft actuators. Here, we

present the accomplishments of each soft actuation technology, the remaining challenges,

and future directions. Additionally, this comparative study contributes to providing fur-

ther insight on soft robotic terms, such as biomimetic actuators, artificial muscles, and

conceptualizing a higher level of performance actuator named artificial supermuscle. In

conclusion, while soft actuators often have performance metrics such as specific power,

efficiency, response time, and others similar to those in muscles, significant challenges

remain when finding suitable substitutes for biological muscles, in terms of other factors

such as control strategies, onboard energy integration, and thermoregulation.
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Glossary of Terms and Definitions

Actuator efficiency: The energy conversion efficiency between the energy activation

driver input and the mechanical work output ignoring elastic strain and/or electrostatic

energy.

Adaptive dynamic response: The ability of an actuator to actively change its inherent

stiffness/compliance, damping, or both in order to adjust its time-variant dynamics.

Embedded control: Actuator level sensing and feedback control, excluding supervisory

controller (brain, etc.).

Integration: The capacity to merge actuation elements like onboard energy source and

sensor in the actuator’s architecture.

Lifetime: The maximum number of actuation cycles that a soft actuator or a biological

muscle can perform without failure or degradation.

Maximum actuation strain: The maximum deformation that an actuator is capable

of performing divided by the initial length of the actuator, usually measured under non-

loaded conditions.

Maximum actuation stress: The maximum stress that an actuator is capable of per-

forming divided by the cross section area of the actuator, usually measured under blocked

force conditions.

Morphological computation: The capacity to provide a quick controlled response by

using the adaptive dynamics and morphology of the muscles or soft actuators themselves

when external perturbations occur in an uncontrolled environment.

Multi-element actuator: An actuator whose inherent stiffness and/or damping force

capacity is on the order of its blocked (isometric) actuation force capacity.

Muscle synergy: The ability to activate specific groups of muscles synergistically to

produce a particular movement, thereby reducing the dimensionality of muscle control

and improving actuation timing, control, and efficiency.
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Off-board energy: The energy located outside the actuator architecture that allows for

long duration actuation or more actuation cycles than the onboard energy. For muscles, an

example of this type of energy is oxygen supplied by the circulatory system for synthesis of

ATP. For soft actuators, examples are external batteries (electro-activation) or pressurized

tanks (fluid-driven).

Onboard energy: The energy integrated into the actuator’s architecture that allows for

short duration actuation or a limited number of actuation cycles. In biological muscle,

this includes ATP, creatine phosphate, glycogen, and fat droplets stored within the muscle

itself. In soft actuators, this level of energy integration is under development.

Performance: The level achieved by an actuator for a particular action that results

from the actuator’s properties, i.e. metrics.

Properties: The inherent or embedded attributes of the actuator.

Scalability: The ability of an actuator to work at multiple length scales due to series

and parallel operation.

Soft actuator: An actuator whose physical form and flexible material allow for actua-

tion (axial, radial, torsion, bending, and/or combinations of these) even under physical

perturbations (bending, pinching, or pulling) when energy input is applied.

Specific average power: The average power developed by an actuator divided by its

mass.

Specific peak power: The maximum peak power developed by an actuator divided by

its mass.

Specific work: The work capacity of the actuator divided by its mass.

Stiffness: A quantity that represents resistance to deformation under load.

Total efficiency: The ratio of mechanical work output to chemical/electrical/etc. energy

input to the system (robotic/biological) hosting the actuator ignoring elastic strain and/or

electrostatic energy.

Tunable-element actuator: An actuator whose inherent stiffness and/or damping char-

acteristics can be actively or passively adjusted.
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Tunable compliance: The degree to which an actuator can change length (strain) in

response to externally applied forces (stresses) when an energy input is applied. Note

that compliance is the inverse of stiffness. Tunable compliance is when compliance can

be adjusted by an input signal, e.g. activation in the case of biological muscles.

Variable recruitment: The ability to selectively recruit motor units in series and par-

allel to grade the force generated by a muscle.

2.1 Introduction

For the past few decades, human-machine interactions (HMIs) [13, 111, 182, 194, 272]

in applications such as smart exoskeletons and prosthetics [57, 334], wearables [10], in-

telligent surgical tools [48], and even humanoid robots [25, 52] have led scientists to

study new soft actuation technologies that feature properties similar to biological mus-

cles. These new soft actuators mimic the compliant nature of biological muscles and their

use aims to overcome the drawbacks of conventional actuators in bio-inspired applications

[204, 209, 329]. Conventional actuators, such as electric motors and hydraulic or pneu-

matic cylinder actuators, are widely used in robotics because they feature high accuracy,

repeatability, reliability, high specific power, and efficiency [96, 145, 148, 269]. However,

their rigidity, weight, and lack of essential properties for adaptable muscle-like actuation

make them unsuitable for many HMIs [31, 50, 150]. As a result, new bioinspired soft

actuators are being developed and incorporated into various bioinspired robotic systems

[29, 212]. These soft actuators can be fully synthetic [42, 71, 97, 150, 195, 203, 220] or

a hybrid between synthetic and biological materials, known as biohybrid or bio-syncretic

robotics [112, 274, 311, 372]. Among soft robotics, biohybrid robots constructed by the

integration of living cells such as cardiomyocytes [16, 108], skeletal muscles [199, 227],

and microorganisms [291, 301, 357] along with flexible materials can provide similar actu-

ation to that one found in nature. Although biohybrid robotics is an attractive solution
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Figure 2.1: Integration concept of soft actuators (cavatappi artificial muscles) in a
biological system (human body). Figure produced by Victor O. Leshyk.

to mimic the actuation response of biological muscles, in this work, we intend to compare

fully synthetic soft actuators with biological muscles because biohybrid robotic actuators

can inherently mimic biological muscles properties due to their biological composition.

For further information about biohybrid robotics, we direct the reader to recent publica-

tions that review several decades of this work [112, 274, 311, 372].

A cursory study of fully synthetic soft actuators highlights a number of qualitative sim-

ilarities to biological muscles, but quickly reveals deeper questions. What defines an

‘artificial muscle’ and more importantly, what properties of biological muscles distinguish

them from engineered systems? This work compares both the performance and properties

of soft engineered actuators to biological muscle in order to answer these questions.
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Figure 2.2: Muscle models. (a) Traditional model based on ‘muscles-as-motors’ has
been in widespread use for decades [323]. This model consists of a transfer function
Act(t) that converts an input stimulus into muscle force, plus modules that represent
muscle properties including passive tension, force-length and force-velocity relation-
ships. (b) Models based on ‘muscles-as-tunable-materials’ are a relatively new devel-
opment [318]. In these models, activation rotates a movable pulley in one direction,
and the pulley rotates back in the other direction during deactivation (blue arrows) to
simulate time- and length-dependent activation dynamics. The pulley translates along
the long axis of a muscle when stretched or shortened by external or internal forces
(red arrows). The length-dependent force is given by superposition of pulley rotation
and translation. SE = series elastic element. PD = parallel damping element. PE =

parallel elastic element. CE = contractile element.

Many recent reviews have provided updates on soft actuators [42, 71, 97, 150, 195, 203,

220] and some of these compare performance of soft actuators with biological muscles.

Our comparison focuses not only on performance criteria but also on investigating the

unique properties of biological muscles and comparing these inherent properties with

synthetic actuator technologies. In this work, we compare both worlds, soft and biological

actuators, to better benchmark the new technologies and determine where advances are

needed. In doing so, we refine the definitions of terms including artificial muscle and

biomimetic actuator, which have at times been applied to soft actuators regardless of

their similarities to their biological brethren. Additionally, understanding the unique

properties of biological muscles that contribute to efficient and adaptive control of human

movement [242, 246] may inspire new technologies capable not only of safe HMIs but also

of seamless integration with humans (Fig. 2.1).
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Figure 2.3: The control volume for the ‘actuator system’ is defined by the red dashed
line boundary. Because internal elements are the focus of this work, this boundary was
chosen to include only features and functions that occur within the actuator. Sensor
and control mechanisms are shown with black arrows, while energy flow is shown with
gray arrows. Biological and engineered actuators develop internal forces that, with in-
herent and tunable stiffness and damping, can affect the dynamic response of the system
(adaptive dynamic response). Supervisory inputs affect both force generation and tun-
ing. The integration of force and length sensing, embedded, control and onboard energy
storage make biological muscles a highly integrated system. Some of this integration
is available in engineered systems. All actuation systems require some external control
and rate of energy transfer for operation. The external energy sources may be used
for actuator work output or for maintaining environmental requirements for in-range
operation (temperature, moisture, removal of waste products, etc.). Inefficiencies and
damping contribute to actuator heating and cooling (waste energy flow) requirements.

Traditionally, muscles have been viewed as motors (Fig. 2.2(a)) that convert activation

input into a force output via a transfer function Act(t) [293]. The transfer functions

typically range from 1st to 3rd order systems of differential equations [186, 323, 339].

While muscle models based on this principle perform reasonably well at predicting the

force of isolated muscles in laboratory experiments [157], recent studies demonstrate that

they perform poorly at predicting muscle force during natural movements of humans [86]

and animals [186], especially at faster speeds [339] where the adaptive dynamic response
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of muscles is particularly important.

Recent models instead describe muscles as tunable active materials, similar to many soft

actuators, that produce force when deformed by applied loads [235, 243, 318]. These

models (Fig. 2.2(b)) emulate the adaptive dynamic response of muscles [241], based on

activation-dependent changes in stiffness and equilibrium length of a spring [95]. The new

models capture length-dependence of activation dynamics [72], and adapt automatically

to changes in speed and terrain [318]. At the same time that biologists were evolving their

view of muscles away from force generators to that of tunable active materials, engineers

began exploring how synthetic actuation could be achieved through material deformation

(soft actuation), an interesting convergence. A consequence is that the evolving view of

muscles as tunable materials may provide inspiration for the design and control of soft

actuators with a similar adaptive dynamic response that could provide versatility and

safety of HMIs.

To compare soft actuators and muscles, we found it useful to define an ‘actuation system

volume’ in order to better classify actuator features and delineate a system boundary

for the scope of this work. In this volume (Fig. 2.3), energy flow and sensory feed-

back are included, as both are critical to the resulting system performance. We exclude

consideration of features external to the actuator but necessary for operation, such as

off-board energy storage (e.g. lipid reserves), external sensing (e.g. vision), and super-

visory control (e.g. brain control). Other items within the actuator system boundary

may not be present for many engineered systems. For example, onboard energy storage

and embedded control are generally non-existent in synthetic actuators and are features

to strive toward. Conversely, the energy required for homeostasis is an inherent cost of

biological muscles that is not present in most synthetic actuators. This systemic view of

the actuator includes features not often considered when comparing synthetic actuator

designs, which often simply consider force generation capacity and occasionally, length
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and force sensing. Despite containing elements that may not be present in all actuation

systems, the volume presented in Fig. 2.3 helps to classify features and thus provide a

basis for comparison between disparate actuation modalities.

Based on this definition of the actuation system volume (Fig. 2.3), we compare biological

and engineered soft actuators. We begin by reviewing the latest muscle-like soft actuators

in Section 2.2, including the design, actuation mechanism, and some operational advan-

tages and disadvantages. In Section 2.3, we review the structure, actuation mechanism,

models, and inherent properties that endow biological muscles with tunable compliance

and adaptive dynamic response. This introduction to biological muscles also presents an

engineering perspective of the muscle system as a tunable-element actuator [236, 241] to

facilitate comparing the performance and properties of muscles and current soft actuators

(Section 2.4). Section 2.4 first compares performance metrics of conventional actuators,

soft actuators, and biological muscles. Next, we compare those properties that provide

biological muscles with tunable compliance and adaptability to the soft actuators pre-

sented in Section 2.2. Finally, Section 2.5 summarizes the current state of soft actuators

in terms of performance and properties, and uses this comparative study to provide addi-

tional insight on soft robotic terms including biomimetic actuator, artificial muscle, and

artificial supermuscle.

2.2 Soft Actuation Technology

The high accuracy and repeatability deployed by conventional, rigid electromechanical

and fluidic actuators have been key for their widespread use in industry for the last century

[126, 348]. However, their complexity and rigidity limit their deployment in areas such

as biorobotics and compliant structures. This has led many scientists and engineers to

search for new soft actuators that can adapt their dynamic response in a similar manner
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to actuation systems found in nature. The compliance of these new ‘soft’ actuators

[42, 71, 209, 329] (ranging from ∼0.1 to 10 MPa−1) is similar to the passive compliance

of biological muscles [247]. While new soft actuation technologies are continually being

developed, we present a review of soft technologies that have significantly impacted this

field and have similar performance to biological muscles. The soft actuators in this

section are grouped using their actuation drivers, including electrostatic, thermal, and

fluidic soft actuators. Finally, this section also briefly mentions other promising novel

technologies for artificial muscles, including electrostatic bellow muscles (EBM), electro-

ribbon actuators and electro-origami robots, water-responsive actuators (WRA), photo-

responsive actuators (PRA), and eukaryotic DNA inspired artificial muscles.

2.2.1 Electrostatic Actuators

2.2.1.1 Carbon Nanotubes (CNTs)

Carbon Nanotubes act as electrodes or counter electrodes, or both, when they are im-

mersed in an electrolyte (Fig. 2.4). During actuation, electrostatic forces are generated by

an asymmetric swelling or contraction of the CNT structure as a result of ion transport in

the material matrix (Fig. 2.4(a)) [34]. CNTs can be fabricated from a single-walled sheet

of graphite (Single-Walled Nanotubes, SWNT) rolled into a cylinder with a diameter in

the nanometer scale (Fig. 2.4(b)-left). They can also be found in a nested configuration

with more than one layer (Multi-Walled Nanotubes, MWNT, Fig. 2.4(b)-right) or a hy-

brid configuration with other materials such as nylon fibers (Fig. 2.4(c)). Despite the

different configurations, they all share the same actuation mechanism.

CNT actuators are composed of many nanotubes in the form of films and yarns. The

porosity of this material enables fast ion transport which translates into fast actuation,

strain rates, and specific power [201]. However, the mechanical properties that make
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Figure 2.4: Carbon Nanotube Actuators (CNTs). (a) Schematic illustration of charge
injection in a nanotube-based electromechanical actuator. An applied potential injects
charge of opposite sign in the two pictured nanotube electrodes, which are in a liquid
or solid electrolyte (light blue background). The different charges in each electrode are
balanced by ions from the electrolyte (denoted by the charged spheres on each nanotube
cylinder). Each illustrated single nanotube electrode represents an arbitrary number
of nanotubes in each electrode that act mechanically and electrically in parallel. De-
pending on the potential and the relative number of nanotubes in each electrode, the
opposite electrodes can provide either in-phase or out-of-phase mechanical deforma-
tions [34]. (b) Left: Single-Walled Nanotube, SWNT. Right: Multi-Walled Nanotube,
MWNT [229]. (c) Fabric knitted using nylon fibers as weft and CNT fibers as warp.
The inset shows the pattern details of the fabric [84]. (d) Chemically actuated thin
coiled silicone–CNT hybrid yarn. (e) A 500 µm thick coiled yarn contracts by 50%
under 2 MPa tensile stress when exposed to hexane. The tensile stress is with respect

to the non-coiled diameter of hybrid yarn before solvent absorption [196].

CNTs strong and stiff (tensile modulus of 1 TPa and tensile strength from 20-40 GPa

[220, 285, 365]) do not allow for high deformations, leading to a limitation in their strain

[220]. Although strains are increased in twisted and coiled CNT actuators (Fig. 2.4(d)

and (e)), similar to the twisted polymer actuators discussed in Section 2.2.2.1, their

actuation response time also increases, making them much slower than biological muscles
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Figure 2.5: Electro-Active Polymers (EAPs). (a) Operating principle of dielectric
elastomer actuators (DEAs). When a bias voltage is applied across an elastomer (soft
polymer) film coated on both sides with compliant electrodes, Coulombic forces com-
press the film in the axial direction and expand it radially [43]. (b) One degree of
freedom multifunctional electroelastomer roll (MER) actuator fabricated with two pre-
strained films rolled around a compressed central spring (the spring is located at the
center of the roll and covered by the films). (c) MERbot, a robot using a 2-DOF MER

for each of its six legs [258]. (d) FLEX 2 robot using MER actuators from b [259].

[105, 196]. In this work, we focus on single fiber CNTs as they have been most studied

and utilized in applications [219, 220]. Single fibers have been combined to form smart

textiles, which have been used to assist individuals with limited mobility [84]. Finally, it

is important to mention that extraction of carbon nanotube fibers is currently difficult,

and the fabrication process makes these actuators expensive [35].

2.2.1.2 Electro-Active Polymers (EAPs)

Electroactive polymers are capable of developing high mechanical strain in response to

electrical stimuli [30]. EAP materials exhibit some beneficial features for biomimetic
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implementations such as high strain and power density, versatility, and scalability [258].

EAPs are normally designed in a sandwich configuration with a soft insulating elastomer

membrane between two compliant electrodes. Actuation is driven by an electric field

generated by the voltage applied between the electrodes. While there are many different

types of EAPs, here, we focus on Dielectric Elastomer Actuators (DEAs) because these

display the best performance in terms of linear actuation [92, 362]. DEAs can generate

high deformations as a result of electrostatic interactions between the electrodes. The

actuation mechanism in DEAs is based on the principle of capacitors. When an external

voltage is applied, opposite charges attract in the electric field direction and repel in the

perpendicular direction. The generated Maxwell stress creates compressive forces on the

dielectric material (polyurethanes, silicones, or acrylics) along the direction of the applied

voltage, leading to an expansion of the dielectric material in the other two directions (see

Fig. 2.5(a)). The elastomers of DEAs are usually silicone or acrylic materials which

achieve large deformation due to their low elastic modulus (1 to 10 MPa). Additionally,

they also have a fast actuation response, making them suitable candidates for bioinspired

applications. Walking robots like MERbot and FLEX 2 (Fig. 2.5(c) and (d)) have been

actuated using DEAs in a roll configuration (Fig. 2.5(b)) [55, 164, 236, 258, 259, 259, 362].

However, the high voltages required for actuation can create challenges for practical

implementation of their power electronics.

2.2.1.3 Hydraulically Amplified Self-healing Electrostatic Actuators (HASELs)

Hydraulically Amplified Self-healing Electrostatic actuators are electrohydraulic activated

muscle-mimetic actuators fabricated from an elastomeric shell partially covered by a pair

of opposing electrodes and filled with a dielectric liquid. The use of hydraulic principles

in HASEL actuators results in the capability to scale actuation force and strain; features

also used in other device classes such as microhydraulic systems [283] and hydrostatically
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Figure 2.6: Hydraulically Amplified Self-healing Electrostatic Actuators (HASELs).
(a) Actuation mechanism of Peano-HASEL actuators. Each unit consists of a flexible
rectangular pouch filled with liquid dielectric. Electrodes are placed over a portion of
the pouch on either side. When the voltage (V) increases, electrostatic forces displace
the liquid dielectric, causing the electrodes to progressively close. This forces fluid into
the uncovered portion of the pouch, causing a transition from a flat cross section to
a more circular one, which leads to a contractile force [167]. (b) Three-unit Peano-
HASEL actuator shown lifting 20 g on application of 8 kV across the electrodes [167].
(c) Contractile linear actuation of six Planar-HASEL actuators lifting a gallon of water

[8].

coupled DE actuators [53]. Upon voltage application, the induced electric field generates

an electrostatic Maxwell stress that pressurizes and displaces the liquid dielectric, leading

to contraction (Fig. 2.6(a)). HASELs have been developed in different configurations:

Planar-HASELs (Fig. 2.6(c)), Peano-HASELs (Fig. 2.6(b)), Donut-HASELs and bio-

inspired designs such as a scorpion tail that can contract, curl, and twist [8, 167, 223].

However, their actuation relies on the same mechanism in which a pouch is designed and

fabricated to develop the desired actuation response under internal pressurization created

by the generated Maxwell stresses.

In this work, we mainly focus on Planar- and Peano-HASELs as their contraction actu-

ation is similar to biological muscles in almost all their metrics (Table 2.1) [8, 167]. In

addition, HASELs also have an inherent strain sensing property; measured capacitance is
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low when the actuator is fully flexed and high when fully extended. This self-sensing ca-

pacity of HASELs can be a useful feature for control, similar to the mechanical impedance

of biological muscle [144, 206]. Unlike traditional solid DEAs, which would be perma-

nently damaged due to a high electric field, the use of a liquid dielectric enables HASEL

actuators to self-heal from a dielectric breakdown. The self-healing property improves

the durability and stability of HASELs. Finally, it is important to mention that HASELs

require high voltage (>5 kV) for activation, which could lead to the risk of electroshock

of users. Although high voltage requirements usually translate into voluminous power

electronics [8, 167], new research has shown HASEL applications with portable electron-

ics and batteries (3.7 V, 500 mAh lithium polymer battery with a 5 V power booster);

however, the duration and efficiency of such set-ups has not been reported [223].

2.2.2 Thermal Actuators

2.2.2.1 Twisted Polymer Actuators (TPAs)

Twisted coiled polymer actuators are thermally driven linear actuators with a specific

work and power 64 and 84 times that of biological muscles [128, 202]. The actuation

response of TPAs results from the anisotropic thermal properties of the untwisted pre-

cursor material (Fig. 2.7(a) and (d)), which experiences axial thermal contraction and

radial thermal expansion (similar to the asymmetric response of carbon nanotubes to ion

transport). The thermal anisotropy of the precursor monofilament translates into shear

strain on the twisted elemental unit (Fig. 2.7(b)) and, in turn, axial contraction on the

coil-shaped TPA upon heating (Fig. 2.7(c) and (e)). These actuators are fabricated by

twisting a drawn polymer monofilament until the monofilament buckles in twist and coils,

or by wrapping the twisted monofilament around a mandrel to create a coil. TPAs are

spring-shaped (Fig. 2.7(e)), and can be assembled in groups to form braided structures
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(Fig. 2.7(f) and (g)) [128]. TPAs are inexpensive, often fabricated from fishing line or

sewing thread, and have been deployed in robotics (Fig. 2.7(h)) [202, 309, 360], medical

devices [202], and active textiles [143]. Although TPAs outperform skeletal muscles in

many metrics, including specific work/power and maximum stress/strain (see Table 2.1),

thermal activation is generally inefficient and slow. Additionally, most of the drawn poly-

mers used in TPA fabrication are highly viscoelastic [295, 315] and hygroscopic, which

causes their actuation response and performance to depend on moisture content of the

material [138]. Moreover, the temperature changes required for actuation affect the vis-

coelasticity and hygroscopic properties of TPAs, which leads to modeling challenges, and

therefore, a lack of accurate control algorithms [137, 297, 315, 352, 356].

2.2.3 Fluidic Actuators

2.2.3.1 Pleated Pneumatic Artificial Muscles (PPAMs)

Among fluid-based muscle-like actuators, Pleated Pneumatic Artificial Muscles—an re-

cent version of McKibben actuators—develop contractile actuation by inflating an un-

stretchable membrane surrounded by numerous pleats in the axial direction [74]. In all

McKibbens (regular and thin), the macroscopic anisotropy causes the device to contract

in length and expand radially when pneumatically loaded [65, 177]. Upon inflation, the

pleated membrane unfolds without straining the material, producing radial growth and

axial contraction of the actuator (Fig. 2.8(a) and (b)). PPAMs have the highest perfor-

mance metrics, which makes them potential candidates for HMIs (Fig. 2.8(d)) [36, 300]

and other bioinspired applications (Fig. 2.8(c) and (e)) [79, 335]. The pleated configura-

tion of McKibbens was developed to eliminate their multi-component nature that causes

frictional losses and hysteresis, which also limited their controllability [65, 129]. PPAMs

can outperform many metrics such as specific work, average specific power, and actuation
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Figure 2.7: Twisted Polymer Actuators (TPAs). Actuation response under thermal
loading of (a) an untwisted straight monofilament (precursor structure), (b) straight
twisted polymer actuator (torsional actuator), and (c) twisted and coiled polymer ac-
tuator (axial actuator). Optical images of: (d) a non-twisted 0.3 mm diameter monofil-
ament, (e) a TPA after coiling by twist insertion a 0.3 mm diameter monofilament, (f)
a two-ply muscle formed, (g) a braid formed from 32 two-ply, coiled, 102 µm diameter
fibers [128]. (h) A robot hand constructed using TPAs to execute various grasping

maneuvers using open loop control [360].

stress compared to biological muscles [74, 336]. To maintain low mass, PPAMs typically

deploy air as the working fluid for actuation. Due to gas compressibility, low pumping

efficiency, and the relatively large amount of fluid required for operation, they generally

achieve low total efficiency [213, 215, 216]. It is also important to note that the substan-

tial radial growth resulting from inflation limits the parallel operation of PPAMs, making

them useful only in volumetrically inefficient configurations. This limitation prevents

variable recruitment in bioinspired applications.
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Figure 2.8: Pleated Pneumatic Artificial Muscles (PPAMs). (a) Schematic illustration
of the actuation response of a PPAM when inflated. (b) PPAM shown at two different
actuation stages: at rest (left) and at maximum contraction (right) [336]. (c) Robotic
manipulator actuated by serially arranged PPAMs [79]. (d) KNEXO, a knee exoskeleton
prototype powered by PPAMs [39]. (e) Right half of the ‘lucy leg’ attached to a sliding

mechanism [335].

2.2.3.2 Flexible Elastomeric Actuators (FEAs)

Flexible Elastomeric Actuators are fluid-driven continuum solid structures pre-designed

and programmed to mimic the motion found in some biological systems such as octopuses

(Fig. 2.9(c)) or starfish (Fig. 2.9(b)). Their working principle is inspired by the venus

flytrap, whose flexible membranes are pressurized with fluid leading to a quick trap closure

(100 ms) [106]. FEAs are usually programmed to develop bending as their actuation

response, but other deformations such as elongation, contraction, and torsion are also

possible; however, in this work we focus on bending and contractile FEAs (Fig. 2.9(a)).
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Different subgroups of FEAs include Soft Pneumatic Actuators (SPAs) [298] and Flexible-

fluidic Actuators (FFAs) [110], but they all rely on the same actuation principle. They

are normally fabricated using 3D printing and modeling techniques, making them easy to

fabricate and affordable. In their fabrication, arrangements of extensible and inextensible

regions are conveniently designed to create specific bending, torsion, elongation, and

contraction that translates into motion when fluid pressure is applied, which allows control

of their topology. Their materials and design are the source for their actuation properties

(mechanical compliance, topology and geometry, maximum stress and strain, efficiency,

etc.), which means they can be designed to perform specific tasks (single-tasking) such

as walking, grasping, pulling, or twisting.

FEAs can change their compliance as a function of internal pressure [298], generating high

strains and block forces [42]. However, as is also true for all polymer-based soft actuators,

some of these metrics can be affected by environmental conditions such as temperature

and humidity, as the mechanical properties of the precursor materials depend on such

[42], which can hinder control. The mechanical properties of these materials and their

arrangements lead to non-linearities during actuation which are enhanced during pneu-

matic activation due to compressibility [99]. Although liquid-based devices can exhibit

more linear behavior than those driven pneumatically [134], creating closed-form models

for these actuators is still an arduous task, and finite element methods are usually ap-

plied when predicting their actuation response [228], limiting their broad adoption. The

applications include medical devices, bio-inspired applications, or HMIs where inherent

compliance and adjustable stiffness are needed [110, 210, 298, 345].

2.2.3.3 Fluid-driven Origami-inspired Artificial Muscles (FOAMs)

Fluid-driven Origami-inspired Artificial Muscles are origami-based vacuum-driven actua-

tors consisting of a repeated zigzag-pattern skeleton within a sealed bag. When negative
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Figure 2.9: Flexible Elastomeric Actuators (FEAs). (a) FEA designs and actuation
principles: bending actuator (top-left), contractile actuator (top-right). All FEAs ac-
tuate upon inflation as a result of their design and flexible materials. (b) Walking cycle
of a multigait soft robot inspired by animals (e.g., squid, starfish, worms). This soft
robot uses the pressurization of the legs’ internal membranes to create an undulation
deformation that translates into a walking motion of the entire structure. A particular
leg’s pressurization is shown (Insets) in green, and inactive legs are shown (Insets) in
red. Scale bar, 4 cm [298]. (c) Operation of an octobot autonomously alternating be-
tween actuation states (two actuation cycles). During actuation, alternating groups of
tentacles are actuated separately, blue (‘1’) and red (‘2’). When the inflatable cham-
bers in the tentacles are internally pressurized with fluid, the tentacles rise and when

pressure is released, they lay down. Scale bars, 10 mm [345].

pressure is applied to the actuator, the air inside the bag exits and the zigzag pattern leads

to contraction (Fig. 2.10(a)). The internal skeleton found in FOAMs can be designed

to develop many different actuation responses in addition to the single-degree-of-freedom

contractile motion as shown in Fig. 2.10(c). FOAMs have been fabricated at small scales

(Fig. 2.10(b)), shown to perform under water, designed to dissolve when in contact with

hot water, and onboard energy and sensors have been integrated into their skeletons

[189]. These actuators develop high strains, specific work and average power, and have

high fluidic-to-contractile energy conversion efficiencies. Although they have been shown
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Figure 2.10: Fluid-driven Origami-inspired Artificial Muscles (FOAMs). (a) Actua-
tion mechanism. Upon application of negative pressure (Pin � Pout), the zigzag-pattern
skeleton folds as a result of air exiting from the sealed bag. (b) Miniature linear actua-
tors use polyethyl ether ketone (PEEK) zigzag origami structures as skeletons and PVC
films as skins. (c) A bottle of water is gripped, lifted, and twisted by a single-channel

vacuum-driven robotic arm [189].

to perform well in portable applications using small vacuum pumps, their negative pres-

sure rate source is usually low, which leads to a slow response. Furthermore, the large

strains generated by FOAMs significantly decrease with small load increments, similar

to the muscle-length force dependence found in biological muscles [189]. Finally, as is

true for all vacuum-driven actuators, there is a theoretical limit to the stress generated in

these devices based on the difference between the pump’s vacuum capacity and the local

atmospheric pressure. Positive pressure actuators do not suffer from such a limit.

2.2.3.4 Origami-Based Vacuum Pneumatic Artificial Muscles (OV-PAMs)

Similar to FOAMs, Origami-Based Vacuum Pneumatic Artificial Muscles consist of a

sealed chamber made from polyvinyl chloride connecting a top and a bottom plate with
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Figure 2.11: Origami-Based Vacuum Pneumatic Artificial Muscles (OV-PAMs). (a)
Actuation mechanism. Upon applied negative pressure, the air inside the actuator
chamber exits and the actuator contracts [185]. (b) Folding of the corners of the actuator
and contraction [184]. (c) Portable actuation module powered by solar energy [184].

evenly spaced transverse reinforcements (Fig. 2.11(a) and (b)), rather than using an inter-

nal foldable skeleton like FOAMs. Negative pressure inside the chamber causes the PVC

film to fold and the transverse reinforcements to stack up, leading to contraction. OV-

PAMs have excellent efficiency close to one. However, their specific power and maximum

strain are approximately ten times less than those of biological muscles [184, 185]. OV-

PAMs can maintain a strain close to 100% while generating their maximum force, which

allows these actuators to generate force independently of their length, unlike FOAMs and

biological muscles. Similar to FOAMs, OV-PAMs are also vacuum activated, and their

actuation response is usually slow when using portable vacuum pumps (Fig. 2.10(c)),
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resulting in low specific power. Additionally, OV-PAMs are voluminous, and their nar-

row degree of flexibility could limit their implementation in small and flexible robotic

applications [184, 185].

2.2.3.5 Cavatappi Artificial Muscles

Cavatappi artificial muscles use a similar actuation mechanism as Twisted Polymer Ac-

tuators (TPAs), but bypass the inefficient thermal actuation driver. These devices use

anisotropic mechanical properties of drawn polymer tubes to develop contraction but em-

ploy internal pressurization rather than temperature changes for actuation. These tubes

can be configured as torsional actuators when twisted or as linear actuators when heli-

cally coiled with similar shape to cavatappi pasta (Fig. 2.12(c) and (d)). After drawing

(Fig. 2.12(a)) and twisting (Fig. 2.12(b)), hydraulic or pneumatic pressure applied inside

the tube results in localized untwisting of the helical microstructure. This untwisting

manifests as a contraction of the helical pitch for the coiled configuration (Fig. 2.12(c)).

As a result of their hydraulic or pneumatic activation and the more constant material

temperature, these devices outperform TPAs in terms of actuation bandwidth, efficiency,

and practical implementation. Cavatappi can exhibit contractions &50% of their initial

length, mechanical contractile efficiencies near 45%, and specific work and power metrics

ten and five times higher than biological muscles, respectively [140]. Small-scale cavatappi

have also been designed with an outer diameter of less than one millimeter. Activation by

internal pressurization allows configuration in parallel, and scalability similar to biological

muscle fibers without the need to isolate individual actuators to avoid interference by

the activation energy source (uncontrolled heat transfer in TPAs). In principle, these

parallel configurations (Fig. 2.12(e) and (f)) could perform variable recruitment and

muscle synergy, and be used in bio-inspired muscle-like applications. Despite the minimal

amount of fluid required for actuation (low flow rates), one drawback of cavatappi is the
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Figure 2.12: Cavatappi artificial muscles. Actuation response of Cavatappi artificial
muscles. (a) Internal pressurization produces axial contraction and radial expansion
in the drawn precursor tube, (b) untwist in the cavatappi elemental unit, and (c)
linear contraction in the cavatappi artificial muscle (coiled structure). (d) The helical
pasta-like shape of Cavatappi gives inspiration to the actuator’s name, and a cavatappi
artificial muscle (right) made from a 1.8 mm OD/0.85 mm ID drawn tube, which has
been pre-stretched and annealed after fabrication in order to increase the helix pitch. (e)
Robotic hand and arm system with cavatappi artificial muscles in place. (f) Cavatappi
used to catapult a ball to demonstrate the potential elastic energy storage capacity of

cavatappi [140].

high pressure needed for actuation (∼1.5 MPa). Although small high-pressure pumps are

available, they are expensive and reduce the economy of cavatappi in many applications.
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2.2.4 Other Promising Soft Actuation Technologies

In addition to those actuators described in the previous sections, there are several other

technologies whose actuation principles and designs might provide useful insights to

achieve successful muscles substitutes. Although the actuators described in this section

are promising in the field of artificial muscles, they still do not meet most of the perfor-

mance metrics of biological muscles or they have not been investigated yet in depth.

Along with DEAs and HASELs, other electrostatic actuators have been reported in the

past years. Electrostatic bellow muscles (EBMs) have used the previously mentioned elec-

trostatic actuation principles along with thin films, liquid dielectrics, and rigid polymeric

stiffening elements to form a circular shaped actuator capable of out-of-shape contraction

[303]. These actuators are simple-to-make and low-cost and can deploy fast actuation

strain (actuation contractions and strain rates greater than 40% and 1200%/s, respec-

tively) and efficiency similar to biological muscles. Furthermore, they can also work as

harvesting systems during inactive actuation phases which can be used to increase the

energy efficiency of the actuator. However, at the EBMs current state, some of their key

metrics are orders of magnitudes lower than those found in biological muscles. These

metrics are specific work (0.0012 kJ/kg), specific power (0.015 kW/kg), and maximum

actuation stress (0.004–0.006 MPa) [303]. Electro-ribbon actuators and electro-origami

robots use an origami fold whose opposing sides are oppositely charged. At the fold hinge,

an electric field is developed exerting an electrostatic force. Such electrostatic force is

amplified by using a small bead of high permittivity and breakdown strength liquid di-

electric, which in turn, enable useful work while the hinge closes [317]. Multiple actuator

configurations are possible using this actuation mechanism; however, the performance

metrics of these actuators strongly depend on the actuator design. For example, the de-

signs for high specific energy (0.007 kJ/kg) and high peak specific power (0.1 kW/kg) are
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different. Thus, while a specific electro-ribbon actuator might achieve high performance

in one of these metrics, there is not a generic or standard actuator that can meet all the

performance metrics of biological muscles [317].

Others have focused their effort on soft actuators that generate mechanical motion in re-

sponse to changes in the moisture content in their natural or synthetic material structure,

the driver being usually the external relative humidity (RH) [256]. These soft actuators

are called water-responsive (WR) actuators and have been found to be great candidates

for energy-related applications. Some of these applications are weather-responsive archi-

tectural systems that can autonomously adjust their openings upon changes in local RH

[146, 217] or smart textiles that open and close in response to human body’s sweating to

facilitate comfort [161, 230, 343]. The same actuation mechanism has been deployed in

actuation systems. Overall, these actuators can perform similar actuation performance

metrics as biological muscles; however, most of these actuation technologies require of

long times to generate an actuation cycle [12, 161, 173, 354]. Additionally, environmental

relative humidity is a driver difficult to control, which makes these actuators face multiple

challenges in some bioinspired applications.

Photoresponsive materials have also been used to generate actuation [176]. In this soft ac-

tuation subfield, photochemical transformation and photothermal heat generation are the

most exploited actuation mechanisms. Although these have been shown to be promising

in fields like micro-robotics [371], similar limitations as the ones found for WR actuators

are presented when they are deployed as artificial muscles. Their timescale of deformation

typically on the order of seconds or longer due to light propagation, interplay between

isomerization kinetics, and mechanical properties of the matrix [176]. Furthermore, pho-

toactuation on smaller length scales for the miniaturization of photomechanical devices

remains a challenge as a result of limitations in light delivery in such scale [176].
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Finally, the thousandfold contraction mechanism of eukaryotic DNA into the cell nucleus

was used to create artificial muscles under the name’s work: dual high-stroke and high-

work capacity artificial muscles inspired by DNA supercoiling [305]. These soft fiber

actuators could generate contractions close to 90% and maximum specific works 36 times

higher than biological muscles when immersing the actuators in base and acid solutions

[305]. However, and similar to WR and photoresponsive soft actuators, their actuation

response is slow and their driver is difficult to use in some bio-inspired applications.

In conclusion, the above soft actuation technologies have not been extensively reviewed

in this work because there are still challenges present to meet some of the key metrics

of biological muscles as such technologies are found in their early stages. However, the

aforementioned soft actuators might help to inspired future soft actuation technologies.

2.3 Biological Muscles

Animal and human muscles and the bodies that contain them integrate multiple com-

ponents, such as power source (ATP), actuators, strain and force sensors [144, 206], and

control circuits in the spinal cord and brain, into a relatively compact material archi-

tecture [242]. The unique structure of biological muscles provides these actuators with

several properties that are usually limited in conventional actuators. Therefore, compared

to robots, animals exhibit remarkably agile, versatile, adaptable and efficient movements

[87]. In terms of versatility, any muscle can function as a motor, brake, strut or spring

depending on the activation and strain that it experiences during movement. In terms

of adaptability, muscles instantaneously adjust their material properties in response to

unexpected perturbations [246], becoming less stiff and more damped when stepping into

a hole [78], and more stiff and less damped when encountering an obstacle in the path of

movement [77]. This section presents a top-down, multi-scale introduction to biological
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Figure 2.13: Structure of biological muscles. (a) In vertebrate animals and humans,
skeletal muscles are connected to bones via tendons. (b) Most of the cross-sectional
area of muscles is composed of muscle fibers consisting of numerous sarcomeres (c)
arranged in series. (d) Sarcomeres are organized into near-crystalline arrays of actin
(e) and myosin (f) filaments.(g) Displacement of the thin filament. Figure produced by

Victor O. Leshyk.

muscle structure and function, actuation mechanism, control, and key properties that

make muscles unique and would be useful to incorporate in soft actuators.
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2.3.1 Structure and Function

Skeletal muscles of vertebrate animals and humans are connected to bones by collagen

fibers that form tendons or aponeuroses (Fig. 2.13(a)). When a muscle is activated, its

force is transmitted through the tendons to the bones to produce a torque about a joint.

When this torque overcomes opposing loads (antagonistic muscles and external loads),

actuation is achieved by changing the distance between the anchor points. Although

nerves, blood, and lymphatic vessels are woven throughout, muscles mainly consist of

bundles of fibers, 5 - 100 µm in diameter, connected in parallel (Fig. 2.13(b); [289]).

Muscle fibers can reversibly contract by up to 50% in isolation and 30% during natural

movements. Muscle fibers are composed of mitochondria, which supply the sarcomeres

with energy for contraction in the form of adenosine triphosphate (ATP), and parallel

subunits called myofibrils (Fig. 2.13(c)), typically about 2 µm in diameter, which extend

from one end of a muscle fiber to the other and consist of longitudinally repeated units

called sarcomeres. The scalability property allows biological muscles to function as actu-

ators at scales ranging from micrometres (sarcomeres) to meters (elephant trunks). The

sarcomere is the functional unit of actuation in biological muscles (Fig. 2.13(d)). This

core unit contains thick and thin filaments packed at high density into a nearly crystalline

lattice [132]. The high specific work and power of muscles comes largely from the dense

packing of actin and myosin proteins into muscle sarcomeres. The thin filaments (Fig.

2.13(e)) consist largely of actin, troponin and tropomyosin proteins. The thick filaments

(Fig. 2.13(f)) consist mainly of myosin. The myosin protein has a pair of heads, 5

nm in diameter, which protrude from the thick filament backbone. Early studies from

electron microscopy demonstrated that the myosin and actin filaments slide past each

other during muscle contraction [151, 153]. Later studies showed that myosin heads form

cross bridges with adjacent thin filaments during muscle contraction. Swinging of myosin

cross bridges attached to actin associated with hydrolysis of ATP was identified as the
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mechanism of filament sliding [152, 207], and was consistent with a simple model linking

muscle energetics and mechanics [142].

2.3.2 Actuation Mechanism

When an action potential, generated by a motor neuron in the brainstem or spinal cord,

arrives at a muscle fiber, a burst of Ca++ is released from the sarcoplasmic reticulum.

The Ca++ binds to troponin, which rotates the tropomyosin molecule to expose sites on

the thin filaments to which cross bridges can bind. Rotation of the myosin heads, initially

charged with ATP, pulls the thin filaments toward the thick filaments [273], resulting in

actuation via muscle contraction. As the myosin heads rotate, they generate tensile force

from the chemical energy released as ATP splits into ADP (adenosine diphosphate) and Pi

(inorganic phosphate). The ADP and Pi are then released from the myosin head, and the

cross bridge remains bound to the thin filament until a new ATP molecule binds to start

the cycle over again. The total force generated by a muscle is determined by the number

of attached cross bridges. However, the number of cross bridges that can attach to actin

at a given instant depends on muscle length, the so-called ‘force-length relationship’ [122].

As sarcomeres are stretched, overlap between thick and thin filaments is progressively re-

duced. Cross bridge attachment also depends on the availability of Ca++, which increases

in response to an action potential and “activates” the thin filaments. The sliding-filament

swinging-crossbridge theory of muscle contraction led to the view of muscles as actuators

that produce a force when activated; analogous to how an electric motor that, given an

input voltage, produces a torque [294] or how elemental units of cavatappi articial mus-

cles or twisted polymer actuators generate a torque when internally pressurized or heated,

respectively. [128, 140]. An important feature of biological muscles, not explained by tra-

ditional cross-bridge theories, is that their viscoelastic properties (stiffness and damping)

depend not only on the level of activation, but also on strain history [7]. Muscles develop
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more force during and after active stretching (force enhancement), and less force during

and after active shortening (force depression), than the “isometric” force that develops

at the same final length. Force enhancement and depression allow for instantaneous ad-

justments of muscle impedance during unexpected perturbations, such as stepping on

a stone or into a hole, when a muscle’s force and stiffness change instantaneously, long

before reflex feedback or supervisory commands from the nervous system can change the

level of muscle activation [76–78, 246]. The importance of strain history in muscle force

production has led to the idea that a critical element might be missing from theories of

muscle contraction and models based on them [198], specifically a viscoelastic element

whose stiffness and free length depend on activation [241, 245]. Recent research suggests

that the giant titin protein (Fig. 2.13(d)) is the missing tunable spring [95, 198, 241].

This giant protein forms a continuous fiber from one end of a half-sarcomere to the other

and transmits cross-bridge forces from the myosin filaments to the actin filaments in the

Z-disk [198]. New evidence demonstrates that titin binds to actin in the presence of Ca++,

increasing stiffness and decreasing equilibrium length [95]. This mechanism can explain

the strain-history dependence of muscle force production [240] as well as the adaptive

dynamics response of muscles to unexpected perturbations [246]. The emerging view of

titin as a tunable viscoelastic element leads to a different view of muscle as an active,

composite material that actuates movement by developing force in response to combined

effects of activation—which tunes the muscle’s viscoelastic properties—and deformation

by applied loads caused by interactions with the environment [235]. From this viewpoint,

titin is a viscoelastic element in muscle sarcomeres that computes, morphologically, the

effects of activation and deformation. By using ‘morphological computation’ to adjust

viscoelastic properties, titin plays an important role in tuning impedance and stabiliz-

ing unexpected perturbations. This view of muscle as an active material with tunable

stiffness and equilibrium length [241] provides new ideas for bio-inspired design of soft

actuators.
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2.3.3 Control

Control of actuation by biological muscles occurs at three levels: 1) supervisory feedfor-

ward commands from the brain (supervisory control); 2) embedded control provided by

sensory feedback loops, between proprioceptive length and force sensors in the muscles

and tendons, and pattern-generating circuits in the spinal cord; and 3) the adaptive dy-

namic response provided by the tunable material properties of the muscles themselves.

Neuromechanics is the study of how muscles, sense organs, motor pattern generators, and

the brain interact to produce controlled movement under varying environmental condi-

tions [242]. Accurate control and adaptability of movement result from direct coupling

between the neural system and the muscles. These systems communicate by a series of

transformations of information, from brain and spinal cord to muscles to body, and back

to brain. The control depends on the transformation of information (transfer function)

and, in turn, on the dynamic behavior of each subsystem. To better explain how the

interplay between the neural and mechanical systems occurs at all levels of biological

organization, we use the example of a “goalkeeper catching a ball”. Our goalkeeper must

accomplish many tasks to catch the ball, including running toward the ball, adopting

a suitable position for catching the ball, and eventually catching the ball. All of these

tasks involve the interplay between sensorimotor properties of the nervous system and

mechanical properties of the musculoskeletal system during locomotion. The higher level

supervisory functions plan the sequence of movements required to intercept the ball,

whereas embedded control via feedback from length and force sensors in the muscles

and tendons themselves [237] regulates mechanical impedance by coactivating antagonist

muscles that actuate the same joint [206, 242], while the adaptive dynamic response via

tunable compliance at the level of the muscle itself provides versatility and adaptability,

for example associated with unexpected changes in terrain (e.g., when the goalkeeper

steps on a bump or into a hole on the playing field).
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Muscle synergy: Whereas the brain plans sequences of movement relative to a goal

or task, spinal reflexes and sensory feedback loops activate specific groups of muscles

synergistically to produce a desired movement. A muscle synergy is a pattern of activation

of a group of muscles that work together to produce a particular movement, such as knee

flexion. For example, when the goalkeeper crouches to prevent a goal by the opposite

team, the muscles at the ankle and knee joints that work together to flex the knee are

activated in a particular pattern called a ‘muscle synergy’. Reflex loops and central

pattern generators in the spinal cord produce the synergies, which provide actuation

timing and control of the group of muscles as a unit, which improves coordination and

efficiency [32, 63, 102, 190, 306, 320]. A single muscle can be part of multiple muscle

synergies, and a single synergy can activate various muscles. Muscle synergy leads to

a reduction in the dimensionality of muscle control, akin to asking an orchestra to play

a particular song rather than telling each musician which notes to play. The force can

also be modulated by varying the number of fibers that are activated in parallel (variable

recruitment). This grading of force enables efficiency to be maximized over a wide range

of loads and contraction velocities, in addition to enabling control of acceleration and

force.

Morphological Computation: In biological muscles, the giant titin protein enables

the adaptive dynamic response of muscles by morphologically summing the effects of

activation (i.e., commands from the nervous systembrain) and strain (i.e., deformations

produced by interactions with the environment). These morphological computations un-

derpin the embedded control which lead to the versatility and adaptability of biological

muscles. As a result of this morphological computation, muscles have a tunable compli-

ance. Compliance tuning is the way soft structures (natural or artificial) interact adap-

tively with their environment. Common examples include octopus arms—which can bend
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around objects, squeeze through small gaps, or stiffen selectively when used as a modifi-

able skeleton or strut—and elephant trunks function similarly to transmit high forces, for

example when lifting a tree. Tongues in general and human lips are other examples. To

perform these different functions, muscles have the ability to adapt their impedance (i.e.,

stiffness and viscosity) instantaneously when loading conditions change [242]. Returning

to our example of the goalkeeper, morphological computation by the muscles themselves

can be seen when the goalkeeper catches a soccer ball that contains high momentum.

The adaptive dynamic response inherent in the tunable compliance of biological muscles

will provide the arm of the goalkeeper with time-varying compliance to adapt the ball’s

impact and modulate its momentum. Low compliance of arm muscles would lead to a

large impulse as the ball makes contact, providing less time to grasp the ball, while a very

compliant arm would not bring the momentum to zero and stop the ball. Conventional

actuators could perform similarly, when using control strategy with fast feedback control,

but would not benefit from the computational efficiencies achieved through morphological

computation. By instantaneously adjusting their stiffness and damping, muscles perform

more work when an obstacle is encountered in the path of movement, whereas more energy

is dissipated (damping) when muscles are rapidly unloaded [78, 87]. The tunable mate-

rial properties of biological muscles [241] provide adaptive control of impedance without

requiring sensing or feedback [242, 246], in contrast to conventional robots in which the

impedance of every joint output torque is typically sensed and controlled using feedback.

In biological systems, muscle synergy, morphological computation and adaptive dynamic

response offload some of the computations normally attributed to supervisory control,

reducing requirements for sensing and information transfer, and thereby off-loading com-

putational burden from the nervous system. Although this offloading is computationally

efficient for the supervisory controller (brain), it is not without drawbacks. Training

muscle synergies requires learning over developmental or evolutionary time scales. For

example, human babies typically require two years of learning to develop the synergies
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necessary for walking and while most ungulate species are able to walk quickly after birth,

eons of evolutionary learning bestow them with pre-programmed movement sequences.

In both cases, the efficiency and adaptability inherent to biological muscles requires time

to learn and points to learned actuation response as an important area for continued

research in the field of soft actuation [58, 264].

2.3.4 Energy Sources and Temperature Control

In biological muscles, actuator, power source (mitochondria), and fuel (ATP, creatine

phosphate, glycogen) are found within the same structure, which more or less exempts

organisms from carrying voluminous fuel reservoirs. This self-contained power source ca-

pability allows biological muscles to exhibit high overall specific work (0.04 kJ/kg) and

power (0.28 kW/kg; [163]) since their power source weight is low compared to those

of conventional and soft robotic actuators [195]. However, the energy source for work

and power of biological muscles depends on the intensity and duration of activity [33].

For short duration, high intensity, anaerobic activities like sprinting, energy comes from

onboard supplies of ATP and creatine phosphate, which can fuel cross-bridge cycling

without requiring oxygen or glucose (onboard energy). As the duration of sustained ac-

tivity increases, muscles depend increasingly on de novo ATP synthesis by mitochondria,

which additionally requires oxygen supplied by the circulatory system, and glucose from

breakdown of fat droplets and glycogen stored within the muscles or liver (off-board en-

ergy). If glycogen and fat stores become depleted, for example when “hitting the wall”

during a marathon race, glucose must be delivered from the circulatory system in addi-

tion to oxygen. The definition of metrics such as specific power, specific work, and even

efficiency become less clear at the systems level. For example, the specific work, power

metrics, and efficiency of isolated muscles is similar to the overall efficiency of human

walking (∼0.2 -0.4) but the efficiency achieved during running is substantially higher
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(∼0.5-0.65) due to increased storage and recovery of elastic energy by the muscles and

tendons [347]. The circulatory system plays additional roles in removing waste products

that accumulate during exercise, as well as in temperature regulation. When waste prod-

ucts, such as inorganic phosphate and lactic acid, accumulate in muscles faster than they

can be removed by the circulatory system, muscles experience fatigue, a decline in force

for a given level of activation [104]. Fatigue of biological muscles is a major limitation

compared to artificial muscles. In addition to providing oxygen and fuel and removing

waste products such as carbon dioxide and lactate, the circulatory system of animals also

provides temperature control for muscles, which like conventional actuators and artificial

muscles produce heat as a byproduct of oxidizing fuel. While muscles function well over a

fairly wide range of temperatures [156], their function can decline rapidly if they become

too hot or too cold. Like biological muscles, many soft actuators also exhibit temperature

dependence of their actuation performance metrics (Section 2.4.2).

2.3.5 Limitations of Biological Muscles as Actuators

The length- and velocity-dependence of biological muscles and their slow actuation re-

sponse times are often cited as limitations [109]. As noted previously, the force, work and

power of biological muscles depends on their length and velocity [7, 18, 142]. Biological

muscles produce maximum force at intermediate lengths that represent optimal overlap of

the thick and thin filaments in muscle sarcomeres [122], and the force of biological muscles

falls faster with shortening velocity than that of electric motors [50, 142]. In contrast,

conventional actuators such as electric motors with feedback control can deploy a constant

maximum torque and/or stress during actuation independent of their joint angle and are

capable of maintaining useful stress and power as a function of velocity [96]. Additionally,

conventional actuators are bidirectional and symmetric, in contrast to biological muscles.

However, the asymmetrical function of biological muscles is critical to their versatility.
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They function as struts when their length is constant, as brakes or springs when stretched

actively, and as motors or shock absorbers during active shortening. Models of biologi-

cal muscle actuation have been shown to provide accurate predictions using springs and

dampers. The combination of elastic and viscous elements makes them produce actuation

forces slowly compared to electric motors under isometric (constant length) conditions.

However, their response time depends on both strain and strain rate, decreasing during

stretch and increasing during shortening [72], making biological muscles suitable for any

application where fast actuation is required. Most electrical and fluidic soft actuators

are built from viscoelastic materials with relatively slower actuation response times, but

most of them can also perform fast actuation responses [8, 140].

2.4 Comparative Study

The latest research conducted on the actuation of biological muscles [203, 234] sets stan-

dards useful for evaluating the actuation performance requirements of suitable muscle

analogs. From the conventional robotic and soft robotic literature, it has been estab-

lished that artificial muscle technologies need to meet several crucial prerequisites, such

as flexibility (soft), durability, and light weight [31, 42, 50, 71, 150, 203]. However,

soft actuators could also mimic other properties of biological muscles such as morpho-

logical computation, adaptive control, adaptive dynamics response, self-contained power

source capacities (onboard energy), scalability, muscle synergy and variable recruitment

[87, 144, 206, 242, 243].

As engineered systems, soft actuators may even be able to outperform muscle in areas

such as time response, specific power, efficiency, fatigue, aging, etc. [211, 244]. However,

the performance of soft actuators can vary widely depending on the conditions of oper-

ation. This section evaluates actuation performance for a set of conventional actuators,
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soft actuators, and biological muscles (Section 2.4.1). We compare key metrics, including

average and peak specific power, specific work, maximum actuation strain and stress,

lifetime, power cost, actuation driver and magnitude, actuator and total efficiency, and

response time. In Section 2.4.2, we use the inherent properties of biological muscles to de-

velop a comparative study of soft actuators and biological muscles. Section 2.4.2 presents

the latest advances in the soft actuation field regarding self-sensing, modeling, adap-

tive dynamic response, morphological computation, variable recruitment and scalability,

energy source and temperature control, and length and velocity dependence. Addition-

ally, Section 2.4.2 also briefly describes why conventional actuators cannot achieve such

properties.

2.4.1 Performance metrics

For any soft actuator to qualify as an artificial muscle, it should achieve similar perfor-

mance metrics to biological muscles. However, this is not the only requirement (see Sec-

tion 2.4.2). To contextualize their performance, soft actuators are compared to each other,

conventional actuators, and biological muscles. Table 2.1 compares non-dimensional and

specific actuation metrics for some conventional actuators (electro-mechanical and piston-

cylinder actuators), soft robotic technologies (see Section 2.2), and biological muscles (see

Section 2.3). The metrics include average and peak specific power, specific work, maxi-

mum strain and stress, lifetime, material cost per power unit, activation method (driver)

and magnitude, efficiency, and response time. Although the scope of this work is limited

to the actuator system (see Fig. 2.3), Table 2.1 also includes a “total-system efficiency”

metric that considers off-board energy storage to output work, as some literature only

reports these values. For soft-actuators, this is the electrical energy to mechanical work

conversion, and for biological muscles this is chemical free energy to mechanical work.
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As a point of reference, electric motor and piston-cylinder actuators (Table 2.1) have high

specific power metrics, high efficiencies of 80% (excluding pneumatic piston-cylinder

actuators), and actuation stress of 0.6 MPa [96, 148, 204, 226]. Many soft actuators

also possess advantageous metrics (Table 2.1). Electro-Active Polymers (EAPs) exhibit

excellent metrics, including specific work and power, maximum actuation strain and

stress, and efficiency [43, 174, 203, 362]. Earlier prototypes were prone to wear or damage

as a result of dielectric breakdown when operating in high electric fields, which initially

limited the lifetime of these actuators. However, recent EAPs have life spans up to millions

of cycles [80, 91, 281]. It remains uncertain whether DEAs can achieve a lifespan of billions

of cycles as biological muscles do. Carbon nanotubes (CNT) have maximum actuation

stresses of 26 MPa, actuation response times <10 ms, strain rates of 19%/s, and specific

power of 0.270 kW/kg [201, 220, 285]. However, they exhibit low strain ( 3%) and low total

efficiencies (0.5%), which are key factors in developing suitable artificial muscles [197, 203].

Additionally, CNTs are difficult to extract and fabricate, which makes this technology

expensive (high purity samples cost about $750/g) [35]. As a basis of comparison, TPAs

and cavatappi cost about $0.005/g and $0.05/g, approximately 100,000x and 10,000x less

expensive, respectively. HASELs can generate high strains (∼60%) and full-cycle system

efficiency of 21%. Finally, and this is true for all soft actuators, the time response depends

on the power source, system, and energy deployed for actuation. With this consideration,

in Table 2.1, we report a qualitative assessment of time response based on their actuation

drivers.

Twisted polymer actuators (TPAs) develop specific work of 2.5 kJ/kg and average specific

power of 27.1 kW/kg. However, thermal activation requirements limit their response time,

control, and efficiency [128, 202]. The electrical-mechanical energy conversion efficiency

for TPAs is thought to be similar to that of shape-memory metals, which is approximately

1-2% [128].
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Fluid-based actuation has been investigated extensively for the last 70 years and is a

potential candidate for significant applications in human-mimetic robots. McKibben

actuators, the grandfather of muscle-like fluidic actuators, are pneumatically or hydrauli-

cally driven artificial muscles (PAMs or HAMs) widely used in robotics and wearables

[36, 249, 279, 330]. Pleated Pneumatic Artificial Muscles (PPAMs) are a recently im-

proved embodiment of conventional McKibben actuators that can develop a specific work

of 1.1 kJ/kg and contractions of 38% [215, 336]. The design of PPAMs has also improved

efficiency by limiting frictional losses and actuation hysteresis characteristic of conven-

tional McKibbens. However, all McKibbens suffer from inefficient volumetric growth

during inflation limiting parallel operation and scaling.
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Table 2.1: Comparison of metric for various conventional actuators (three first columns or blue columns), soft actuators
(next eight columns or orange columns), and skeletal muscles (last column or green columns). Electro-mechanical actuators
(EMA) [4, 148, 204], Hydraulic Cylinder (HC) [2, 148, 226], pneumatic cylinder (PC) [4, 148, 226], Electro-Active Polymers
(EAPs) [43, 80, 174, 203, 218, 281, 362], carbon nanotube (CNT) [34, 35, 197, 201, 203, 220, 220, 285, 322], Twisted polymer
actuators (TPAs) [128], Pleated Pneumatic Artificial Muscles (PPAMs) [74, 215, 336], Flexible Elastomers Actuators (FEAs)
[42, 88, 345, 377], Fluid-driven Origami-inspired Artificial Muscles (FOAMs) [189], Origami-Based Vacuum Pneumatic Artificial
(OV-PAM) [184, 185], Cavatappi [140], Hydraulically amplified self-healing electrostatic actuators (HASELs) [8, 167], and
biological muscles [163, 203, 234]. Time actuation response is qualitatively evaluated using Harvey balls. Bolded metrics

outperform those metrics of skeletal muscles.

Metrics EMA HC PC EAP CNT TPA PPAM FEA FOAM OV-PAM Cavatappi HASEL
Skeletal
Muscle∗

Avg/Peak
Specific Power†

(kW/kg)

0.3-5
/––

20-200
/––

2-20
/––

∼0.4
/0.1-0.6

∼0.1
/0.27

27
/50

1
/ ––

1
/––

∼1
/∼2

0.02
/0.02

0.8
/1.42

0.36
/0.59

0.05
/0.28

Specific Work
(kJ/kg) –– 0.09 0.15 0.1-0.75 0.7-2 2.48 1.1 –– ∼0.25 0.19 0.11-0.38 0.07 0.04

Maximum
Actuation
Strain (%)

–– ∼35 ∼35 >100 ∼5 49 38 ∼30 90 >90 ∼50 ∼60 >40

Maximum
Actuation

Stress (MPa)
–– 50 0.7 5 26 ∼100 0.16 1.5 ∼0.6 0.04 ∼0.70 0.3 0.35

Power Cost
(USD/W) ∼3 ∼0.02 ∼0.03 ∼7 ∼6.5×103 ∼3×10−4 ∼5 ∼0.02 ∼0.2 ∼1.25 ∼0.06 ∼0.055 ––

Actuator
Efficiency (%) –– 90–98 30–40 –– –– –– ∼57‡‖ 25-46 59§‖ ∼99‡‖ ∼45§‖ –– ––

Total System
Efficiency (%)

50-90 40-45 3-4 25-80 ∼0.5 ∼1 ∼5‡‖ 11-23 2-5§‖ 16‡‖ 10-22§‖ 21§¶†† 20-40

Driver
–

Magnitude

Electrical
–

6-80
V

Fluid
–
20

MPa

Fluid
–

0.8
MPa

Electrical
–

1-6
kV

Electrical
–

0.1-10
V

Thermal
–

25-250
°C

Fluid
–

0.4
MPa

Fluid
–

0.2-0.5
MPa

Fluid
–

-80
kPa

Fluid
–

-80
kPa

Fluid
–

1.8
MPa

Electrical
–

5-10
kV

Chemical
–
––
––

Lifetime
(Cycles) ∼104 >106 106 ∼106 ∼105∗∗ >106 >105 ∼106 >104 –– >104 >105 >109

Time
Actuation
Response

∗Skeletal muscles specific metrics include the weight of auxiliary components (onboard energy source and sensors). †This value is limited to the energy rate provided
by the energy source. ‡Pneumatic. §Hydraulic. ¶Full-cycle analysis of actuator efficiency (includes energy recovery). ‖Actuators’ energy
conversion contractile efficiency (without energy recovery). ∗∗33% reduction in strain. ††Efficiency for a donut-HASEL.
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Due to the muscle-like response of McKibbens, other fluid-driven soft actuators have

been developed and investigated with the goal of better emulating the properties of bio-

logical muscles. Flexible Elastomer Actuators (FEAs) generate contractions up to 28%,

blocked forces of 10 N, and specific power of 1 kW/kg [42]. FEA metrics depend on their

configuration, and they can be programmed and designed to achieve specific metrics.

Origami-based vacuum-actuators have also been developed for soft robotic applications.

Fluid-driven origami-inspired artificial muscles (FOAMs) develop contractions of up to

100% and have a mechanical-to-mechanical energy conversion efficiency of 23 and 59%

when pneumatically and hydraulically tested, respectively. However, similar to biological

muscles, the large contractions by FOAMs significantly decrease with small load incre-

ments [189]. Although not as drastically in FOAMS, the force of most soft actuators

(DEAs, CNTs, TPAs, PPAMs, FEAs, Cavatappi, and HASELs) typically depends on

length and velocity [8, 127, 140, 189]. The related Origami-Based Vacuum Pneumatic

Artificial muscles (OV-PAMs) solve the previous strain-stress ratio limitation of FOAMs

by maintaining a strain close to 100% while generating maximum force. However, OV-

PAMs are voluminous, limiting their implementation in small applications [184, 185].

Finally, cavatappi were conceived as a hybrid of twisted polymer actuators and McK-

ibbens [140]. The metrics of cavatappi exceed those of biological muscles (Table 2.1).

However, as is true for all fluidic soft actuators, cavatappi require a micro-pump along

with a battery as energy sources, leading to an increase in total system weight, hindering

but not preventing their implementation in portable applications.

Compared to biological muscles, conventional and soft actuators (Table 2.1) can actuate

for a high number of cycles (life-span) without sacrificing performance, accuracy, and

repeatability (CNTs are an exception). In contrast, biological muscles suffer from fatigue

when they are cyclically actuated, leading to a drop in performance [26].

At first glance, various soft actuators achieve or even outperform metrics of biological
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Figure 2.14: Comparison of selected metrics of conventional actuators, soft actuators,
and biological muscles. (a) System efficiency versus specific power. (b) Maximum strain
versus maximum stress. (c) Efficiency versus cost per unit power. In figures a and b,

the green area indicates the performance region of biological muscles.
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muscles (Table 2.1). However, unlike the soft actuators’ metrics, the metrics for biological

muscles also more or less account for the weight of auxiliary components like power

source (ATP or onboard energy) and sensors (proprioceptors), which could lead to an

improvement of the specific metrics of biological muscles compared to soft actuators. It

is crucial to clarify that soft actuators mostly use off-board energy sources for actuation;

thus, conducting an exhaustive comparison between soft actuators and biological muscles

specific metrics is not realistic because the capacity to integrate onboard energy sources

in soft actuators architecture is still very limited. Additionally, specific values for metrics

that account for the weight of energy sources and sensors of soft actuators are largely

unreported in the literature.

Figure 2.14 shows a graphical representation of some of the metrics presented in Table

2.1. The actuators are grouped into three categories; conventional, soft, and biological

muscles. Performance varies widely within these categories; however, correlations are

found when looking at the driving mechanisms. Thermally driven and ion transport

actuators (TPAs and CNTs, respectively) have low efficiency and high maximum stress.

Pneumatically driven actuators exhibit average maximum stress and strain, efficiency, and

specific power. These actuators normally fall inside the muscle performance region (Fig.

2.14 (a) and (b)). Hydraulically and electrically driven actuators have higher maximum

stress, efficiency, and specific power than pneumatically driven actuators, and they fall

into a performance region located to the top-left from skeletal muscles. Finally, in terms

of their efficiency versus cost-per-unit-power relationship, most actuators are found in the

center region of the plot (Fig. 2.14 (c)) and can be considered inexpensive technologies.

TPAs fall to the bottom-left of the plot as a result of low efficiency, and CNTs fall to the

bottom-right due to their high extraction cost.
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2.4.2 Control and Properties

The unique properties of biological muscles allow these living actuators to respond adap-

tively to perturbations by virtue of their embedded control, which off-loads computation

from the brain via morphological computation, and onboard energy. Here, we investi-

gate how soft actuation technologies emulate these properties. This section compares

current soft actuation technologies to biological muscles in terms of control, self-sensing

capabilities, modeling, tunable compliance and damping, variable recruitment, morpho-

logical computation, energy sources and temperature regulation, and length and velocity

dependence.

2.4.2.1 Control Strategies

Unlike conventional robots, biological organisms have evolved to survive in environments

characterized by rapid changes, high uncertainty, and limited information. Although con-

ventional robots display highly repeatable and accurate actuation, a remaining challenge

is to endow them with adaptive dynamics that would maintain stability and control in

response to unexpected perturbations. Many roboticists have used advances in compu-

tation and data analysis to overcome this drawback in conventional actuators [52, 60–

62, 107, 113, 183]; however, actuators that can adjust their dynamic behavior would aid

this effort. A new trend is to use ideas from biology and self-organizing systems to inform

the design of dynamically adaptive robots [212]. Although many challenges remain, bio-

inspired robotics will eventually enable researchers to engineer robots and actuators for

the real world that will perform like biological organisms in adaptability, control, versa-

tility, fast-response, and agility. Similar to biological muscles, actuator control can occur

at three levels: 1) supervisory feedforward commands from an external control module
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(brain in a biological system) to process sensed information, generate an output by ac-

tively adjusting the actuator dynamics, and even learn from experience [242, 260, 364];

2) sensory feedback loops between proprioceptive length and force sensors in the actuator

architecture; and 3) adaptive dynamic response provided by the passive tunable material

properties (compliance and impedance) of the soft actuators themselves (morphological

computation). The supervisory and embedded (feedback) control strategies will depend

on the actuator’s modeling, self-sensing capacities, tunability of the elements, variable

recruitment, and morphological computation [115].

Self-sensing: Several soft actuators have self-sensing or partial sensing properties, in-

cluding CNTs, TPAs, EAPs, FEAs, McKibbens, FOAMs, and HASELs. CNTs with

graphite-carbon nanotube hybrid films [20] have used decoupling of electrothermal stim-

ulus and strain sensation to provide real-time feedback [20, 117, 368, 370]. Another

strategy is to combine CNT films sandwiched between two polydimethylsiloxane (PDMS)

layers that function as a self-sensing soft actuator [368]. Twisted polymer actuators also

integrate self-sensing abilities, including closed-loop control through self-sensing of joule-

heated TPAs based on inductance [332]; adding conductive and stretchable nylon strings

into TPAs to estimate strain from resistance [41, 310], or even integrating stretchable op-

tomechanical film sensors into TPAs, which provides a simple strategy for dynamic strain

sensing [373]. The predominant sensing mechanism of EAPs uses the actuator-sensor

reversibility property; a sensor-actuator design is coupled in a parallel configuration to

create self-sensing [149, 342].

Fluidic elastomer actuators (FEAs) also have the capacity for proprioception. FEAs

with flexible or stretchable sensors within the soft bodies feature self-sensing with limited

hindrance to motion. Different sensing technologies have been used, including resistive,

magnetic, capacitive, optoelectronic, and even conductive working fluids [135, 340, 358,

367]. Although sensors have not been integrated into PPAMs, McKibbens have embedded
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microfluidic sensing [257]. The McKibben was composed of three main components: an

elastomer air chamber, embedded Kevlar threads, and a helical microchannel filled with

a liquid conductor. During contraction, the microchannel can detect the shape change

of the actuator by sensing the expansion of the air chamber. FOAMs were built with

a nylon-based linear zigzag actuator (60-degree folds) with a reflective optical sensor

(TCRT1000, Vishay Semiconductors) attached on its skeleton [189]. This optical sensor

reads the distance between the two plates of one fold, which is used as a contraction sensor

for the linear configuration. Finally, HASELs also serve as strain sensors and actuators

simultaneously. The equivalence of HASELs to a resistor-capacitor circuit allows them

to transiently measure the capacitance directly related to the actuation strain [8]. Most

soft actuators are compatible with sensor integration. For example, cavatappi could take

advantage of some of the sensing techniques used in other soft actuators, like stretchable

optomechanical film sensors in TPAs or conductive working fluids in FEAs. Many soft

actuators could sense by coactivating antagonist actuators similar to biological muscles

[144]. In addition to strain sensing, self-sensing capabilities also include force sensing

(similar to biological muscles), which could be achieved using material models. In terms

of implementation, most of these sensing techniques have been characterized, modeled,

and used in close-loop control strategies, facilitating the estimation of deflection and

force [149, 189, 310, 332, 340]. This has helped to lay a foundation for control using

the integrated sensing properties of soft actuators and provides insight for controlling

untethered soft robots.

Modeling: In contrast to conventional actuators made from rigid components, soft ac-

tuators are fabricated from soft materials like polymers, whose properties are usually

challenging to characterize and model. These soft materials can be sensitive to external

environmental factors such as temperature, humidity, or UV light [19, 138, 363], which

can encumber accurate models for actuation predictions. Additionally, most of the soft
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actuators discussed here are viscoelastic [262, 304]. While the time-dependence of vis-

coelastic materials adds complexity to models, this viscoelastic behavior provides soft

actuators with the potential benefits of tunable-element actuators and potentially adap-

tive dynamic response. This may enhance other advantageous properties such as tunable

compliance and impedance, energy absorption (using passive mechanical dynamics), and

morphological computation as in biological muscles. These features can significantly im-

prove control and the capability of soft robots to adapt to unexpected perturbations

[70, 265, 333]. Despite the modelling challenges discussed above (temperature, humidity,

and UV light dependencies), initial quasi-static and dynamic material-based models have

been achieved for DEAs [346, 372], CNTs [276], TPAs [119, 165, 179], PPAMs [74, 79],

OV-PAMs [185], and FOAMs [121].

When modeling the motion of soft robots, two different strategies have been used, de-

pending on the type of application: 1) articulated robots actuated with contractile soft

actuators; and 2) continuum soft robots with multiple degrees of freedom (continuum

soft actuators). Contractile actuators are normally deployed in articulated robots that

use kinematic linkages (rigid bodies) to couple multiple joints together, similar to the

skeletons of vertebrates. The actuation response of single DOF contractile soft actua-

tors usually mimics biological skeletal muscles (EAPs, CNTs, TPAs, PPAMs, FOAMs,

OV-PAMs, Cavatappi, and HASELs). The similarities of articulated applications of soft

robots with those of conventional robots have led to modeling control schemas of low and

mid-level operating spaces, using inverse kinematics and dynamic operations as the basis

for classical rigid robotic models [17, 82, 125, 200, 277, 286, 337, 361].

Applications where the entire robot body is a soft deformable material capable of multiple

degrees of freedom (FOAMs, HASELs, EAPs, and FEAs), like an octopus (invertebrates)

present many challenges [99, 134, 282, 298]. For these cases, conventional robotic mod-

els are not suitable because of the continuum nature of these actuators, which makes it
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Figure 2.15: Progress and future directions in tunable compliance versus damping.
Actuators as a function of their capacity to tune compliance and damping. (Left) Soft
robots with tunable compliance that increases from bottom to top [79, 84]. (Middle)
Soft actuators with tunable compliance and damping, from left to right and top to
bottom [85, 128, 193]. (Bottom) Soft robots with little or no tunable compliance that
increase their tunable damping capacities from left to right [259]. (Top-right-corner)

High adaptive dynamic level of biological muscles and goal for soft actuators.

unclear how to represent the state variables, dimensions of design, and parameters at dif-

ferent body postures of the systems. Thus, continuum mechanical models are necessary.

Although control models for these systems are very challenging to develop and imple-

ment, these actuators’ advantages and muscle-like behavior are pushing researchers to

find innovative bio-inspired continuum solutions to model and control these soft-bodied

robots [58, 59, 82, 93, 94, 115, 166, 232, 233, 290].

Adaptive dynamic response: Although most materials used for soft actuators are in-

herently compliant, they also allow variations in compliance and, often, damping, meaning

they can perform adaptive dynamic actuation [42, 209]. This property is a requirement

in safe HMIs [42, 54, 71, 124, 209, 287, 329, 349] and is one of the principal motiva-

tions for creation of soft robots. The capacity of soft actuators to tune their compliance
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and impedance allows for adapting their dynamics during actuation and yielding power

and control to the human when necessary. Furthermore, and similar to biological mus-

cles [241], they allow deviations from the equilibrium position depending on the applied

external force, allowing modulation of load capacity.

Although conventional actuators can also achieve tunable compliance using rapid feedback

control loops, this adds complexity to the system. Moreover, feedback control only works

correctly if the actuator bandwidth is adequate to the applications’ conditions [49, 89].

For this reason, compliant soft actuators, made from flexible materials such as polymers

with similar elastic and rheological properties to soft matter found in nature, have been

designed to make HMIs safer and improve control [205, 341].

The system’s equilibrium position depends on the combination of the equilibrium posi-

tions of the constituent elements, so in some cases, it is possible to actuate the individual

units while leaving the whole system at rest. This feature allows independent control

of the compliance, damping, and equilibrium position of the system. The soft actuators

presented in Section 2.2 have been implemented in this antagonistic-agonist configuration

to modulate the joint compliance or just in applications where variable compliance was

required. Variable compliance is normally a property of most soft actuators as they have

in common that their actuation response is a result of changes in the compliance of their

soft material or structure.

Dielectric elastomer actuators (DEA) have been laid out in a series of counter-opposed

configurations to achieve variable compliance without shifting the equilibrium or zero

force point, and even variable damping when using a variable capacitance connected be-

tween the counter-opposed DEAs to resist motion by dissipating electrical energy (see Fig.

2.15 bottom-right diagram); [259]). Additionally, DEAs have been deployed in dynamic

hand splints for rehabilitation to help patients affected by motor disorders of the hand

and have residual voluntary movements of fingers or wrist. DEAs have also been used
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in active orthoses that allow for real-time control of the training exercise by modulating

the mechanical compliance [54]. Although PPAMs are challenging to arrange in parallel

and are less flexible than many other soft actuators, they have been used in a com-

pliant antagonist-agonist actuator configuration for walking and running robots. The

variable compliance provided by PPAMs in these applications contributes to absorbed

and softened impacts during walking and effectively stores and releases energy during

the phases of bending and stretching [74]. FEAs were fabricated with different modes of

actuation using integrated adjustable compliance layers. Each layer was provided with

a microheater and thermistors to modulate its temperature and stiffness, which allowed

tunable compliance of the overall actuator [103]. Although not mentioned in their work,

the adjustable temperature potentially allowed for changes in damping. Soft actuators

configured in a helical shape such as TPAs and Cavatappi inherently provide tunable

compliant features due to their variable spring design [128, 140, 196, 197, 202, 270, 322].

Twisted and coiled polymer actuators have been combined with silicone skin in a com-

pliant haptic finger wearable device to provide lateral skin stretch sensations [64] or even

used as twisted string actuators (TSA) to increase their compliance and maximum strain

[41]. Finally, straight carbon nanotubes have been combined with dielectric elastomers

made from polydimethylsiloxane and carbon grease to create compliant electrodes with

large deformation under applied voltage [238].

The capacity to rapidly tune an actuator’s dynamic response can also improve perfor-

mance and efficiency in activities like walking [154, 168], running [147], and jumping [22].

The ability of muscles and tendons to act as springs enables storage and recovery of

strain energy which saves metabolic energy. The benefits of this property in biological

muscle have also led researchers to promote the addition of elastic elements in conven-

tional robots to increase efficiency [288, 292]. This property could also be exploited in

soft actuators [140, 223, 254, 321].
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Actuators differ in terms of their tunable compliance and damping (see Fig. 2.15). Con-

ventional actuators have null tunable compliance and damping compared to biological

muscles with high tunable compliance and damping, representing the spectrum of adap-

tive dynamics. In Fig. 2.15, starting from the bottom-left, moving up leads to higher

tunable compliance and moving right to higher tunable damping; the goal being to achieve

the adaptive dynamics represented by biological muscles. Improving the muscle-like tun-

ing of soft actuators will benefit bioinspired applications and robotics, including wearable

haptics in gaming, health, virtual reality, prosthetics, and humanoid robots.

Morphological Computation: Biological muscles reduce the computational burden

of the control system (brain) by using the adaptive dynamic response of the muscles

themselves when external perturbations occur in an uncontrolled environment [242, 263–

265]. This property has been defined as morphological computation and is an inherent

property of biological muscles that simplifies control.

One of the fundamental control problems of rapid locomotion in conventional walking

or running robots is that feedback control loops are too slow to adjust the system when

quick perturbations occur. As morphological computation sidesteps this shortcoming,

conventional actuators implemented this property by adding elastic elements. This addi-

tion contributed to exploiting interaction with the environment for rapid passive adaptive

dynamics [263–265]. The morphological computation in these cases was the result of the

complex interplay among agent morphology, material properties (in particular the added

springs), control (amplitude, frequency), and environment (friction, shape of the ground,

gravity).

To develop robotic technologies that can share the rapid adaptability benefits of biolog-

ical muscles, morphological computation becomes another important property in novel
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artificial muscle technologies. The main advantage is that complicated control archi-

tectures can be simplified using highly tunable element actuators (soft actuators), and

interactions with objects or the environment derive from the passive tunability of the

agent itself. Furthermore, to feature morphological computation in soft robotics, the soft

actuation technologies must be purposely designed to meet specific requirements such

as mechanical properties, morphological design, high integration of components (sensors

and actuators), which push soft robotics technologies forward [369].

Morphological computation and tunability of soft or flexible materials has been used

in robots to simplify control tasks that involve adapting to unstructured environments

[85, 123, 133, 180, 331, 374]. An octopus-like robot capable of mimicking the real octopus

arm behavior is one example of morphological computation in soft robotics [51, 69, 181].

These robots use a system of contractile shape memory alloy springs and motor-driven

tendons that are capable of adaptation. The soft nature of the robot allows the arms

to change their mechanical properties and exert forces on the environment. The soft

octopus-like arm has been shown to implement motor control primitives (such as the

ones found in the real octopus), which, together with the geometrical shape of the arm,

demonstrated the possibility to perform effective and energetically efficient movements

with a low computational burden.

Another example of morphological computation by soft robots involves soft lithographic

microactuators. The microactuators combine conducting polymers to provide the ac-

tuation with spatially designed structures for a morphologically controlled, user-defined

actuation. Soft lithography was employed to pattern and fabricate polydimethylsiloxane

layers with a geometrical pattern for use as a construction element in the microactuators.

These microactuators achieve multiple bending motions from a single fabrication process,

depending on the morphological pattern defined in the final step [331].
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This soft robot application shows how morphological computation can be used with soft

actuators. Here, the mechanical properties of the materials and geometrical design are

used to passively tune compliance and damping to simplify the system control behavior.

Although morphological computation has been primarily investigated in soft continuum

actuators using spring-shape memory alloys and soft lithography microactuators, there is

no reason to think that similar spring-shape soft actuators presented in Section 2.2, such

as CNTs, TPAs, and Cavatappi, or soft continuum actuators such as FEA, HASELs, and

FOAMS could not feature morphological computation.

Muscle Synergy, Variable Recruitment, and Scalability: Pattern generators in

the spinal cord can activate specific muscle groups synergistically to achieve desired

movements and reduce control dimensionality [32, 63, 102, 190, 306, 320]. The con-

cept of synergy has been successfully implemented in conventional robotic control models

[14, 15, 155, 316]. These new control methods improve control of robots with high degrees

of freedom. Although these control strategies require complex algorithms and computa-

tional cost, they are based on neural-engineering principles and show promise for use

in soft robots. Artificial muscles share many biological muscle properties such as adap-

tive dynamic response, morphological computation, and element tunability, which will be

advantageous when using muscle synergy-based control models. To perform variable re-

cruitment, soft actuators require the capacity for fabrication at small scales (scalability),

like biological muscles, allowing parallel arrangements.

CNTs, TPAs, thin McKibbens, FOAMS, cavatappi, and HASELs can be fabricated and

maintain their performance metrics over a range of scales, and like muscle fibers, can

be arranged in series and/or parallel [8, 128, 140, 167]. Series arrangements amplify

strain and strain rate, whereas parallel arrangements increase contractile forces and allow

for variable recruitment. Several design features of soft actuators can interfere with or

prevent deployment in parallel arrangements, including large volumetric changes during
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actuation (PPAMs) [79] or heat transfer in TPAs that requires isolation or wide spacing

between actuators [170].

Variable recruitment has been studied extensively on McKibbens [46, 56, 81, 158, 171,

214, 215, 278]. As an attempt to mimic the selective recruitment of motor units in a

human muscle, a variable recruitment control strategy was implemented using a parallel

bundle of miniature McKibben actuators [81]. This bioinspired control strategy allowed

muscle bundles to operate the fewest miniature McKibbes necessary to achieve the de-

sired performance objective, improving the operating efficiency while also increasing force

generation and displacement [81]. Additionally, a passive recruitment control approach

using McKibben actuators was investigated [56]. This approach used a uniform applied

pressure to all McKibbens while creating differential pressure responses and threshold

pressures via tailored bladder elasticity parameters. They developed a model that uses

elastic bladder stiffness to control an artificial muscle bundle with a single valve. This

control strategy was compared to a bundle of McKibbens with both low and high thresh-

old pressure units and a single fluidic artificial muscle of equivalent displacement and

force capability. The results of this analysis indicate the efficacy of using this control

method; it is advantageous in cases where a wide range of displacements and forces are

necessary and can increase efficiency when the system primarily operates in a low-force

regime but requires occasional bursts of high-force capability [56].

Although variable recruitment control strategies have mostly been investigated for PPAMs,

there is no reason to think that other actuators that allow for parallel arrangements could

implement similar variable recruitment techniques. Moreover, with PPAMs, the arrange-

ments were voluminous, limiting the bioinspired applications at the human scale; however,

this limitation could be mitigated by using other soft actuators.
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Figure 2.16: Progress and future directions in self-sensing versus onboard energy
integration. Autonomos soft robots and actuators as a function of their level of self-
sensing and onboard energy integration. (Left) A range of soft robots with levels of
onboard energy integration and self-sensing capacities that increase from bottom to
top [90, 210, 223]. (Middle) Soft robots that merge onboard energy and self-sensing,
from left to right and top to bottom [90, 324, 345]. (Bottom) Soft robots with little or
no self-sensing capacities with increasing onboard energy integration from left to right
[159, 160, 189]. (Top-right-corner) High onboard energy integration and self-sensing of

biological muscles and goal for soft actuators.

2.4.3 Energy Sources and Temperature Regulation

Biological muscles integrate onboard energy sources in ATP, creatine phosphate, and

glycogen, allowing for short-duration actuation, but also use off-board energy sources

outside the muscle for long-duration actuation. In a similar manner, when directly com-

pared to biological muscles, artificial muscles could integrate onboard energy sources

for short duration actuation. Although FEAs have onboard energy capabilities using

catalyzed chemical decomposition of hydrogen peroxide [251, 345] and FOAMs can add

solar panels and electronics to the skeleton [189], onboard energy has not been extensively

implemented in soft actuators. In this section, we review the most promising methods
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to integrate onboard energy in soft robots. In doing so, we distinguish the different ac-

tuators in terms of their energy input (activation mechanism) and focus on fluid-driven

and electro-activated actuators. We also briefly review off-board energy sources of soft

actuators for long-duration actuation. Finally, in this section, we also review one more

energy aspect of biological muscles and soft actuators; temperature control a.k.a. ther-

moregulation. Temperature regulation plays an essential role in controlling soft actuators

as their actuation response and performance is temperature-dependent, and temperature

changes are unavoidable in unstructured environments.

Fluid-driven actuators such as FEAs, PPAMs, and Cavatappi are usually activated us-

ing external high-pressure tanks or portable pumps/compressors along with batteries

[21, 23, 90, 140, 210, 271], while OV-PAMs and FOAMs require vacuum pumps for

portable applications [185, 189]. In contrast, electro-activated soft actuators such as

HASELs, TPAs, EAPs, and CNTs portably operate with just external batteries [223, 284].

These well investigated and widely used conventional energy sources are normally too

large to be integrated into the actuator architecture. Onboarding energy in the actuator

architecture would augment the degree of integration, decrease actuation time delay, and

avoid cumbersome auxiliary components.

Although many chemical pressure generation methods are candidates for achieving on-

board energy sourcing in fluid-driven soft actuators [9, 252], catalyzed chemical decompo-

sition of hydrogen peroxide is the most promising method as it can quickly deploy a wide

range of pressure (from 0 to 30 MPa) while keeping a high volumetric flow and specific

energy density [9]. This method releases energy through exothermic chemical reactions

in the presence of a catalyst. The decomposition of hydrogen peroxide produces an in-

crease in pressure in the actuator, which allows for powering portable mobile soft robots

[120, 172, 251, 345]. Stretchable microsupercapacitors have been used as onboard energy

sources in electro-activated soft actuators. These are promising candidates due to high

69



power density, miniaturization, and feasibility of embedding in the actuator architecture

[255]. Fig. 2.16 shows the progress of self-sensing versus onboard energy integration in

the field of self-contained soft actuation. Here, the left column shows soft robots with low

onboard energy integration and the bottom soft robots with low self-sensing capabilities.

Self-sensing and onboard energy increases when moving toward the top-right corner of

the graph.

Finally, developing soft actuators that can perform homeostasis similar to biological sys-

tems is crucial to improving functionality and efficiency in unstructured environments

[208]. One key factor is thermoregulation. Generally, most soft materials (polymers)

used for soft actuators are temperature sensitive, leading to changes in properties, per-

formance, and time-variant dynamics which could reduce feedback control performance.

Although changes in the actuation response due to temperature could be modeled, these

models would be complex, resulting in cumbersome control strategies. A thermoregu-

lation technique has been proposed using passive perspiration in 3D-printed hydrogel

actuators [222]. The chemomechanical response of the hydrogel materials used for fab-

rication was such that, at temperatures below 30°C, the pores were sufficiently closed

to allow for pressurization and actuation. In contrast, at temperatures above 30°C, the

pores dilated to enable localized perspiration in the hydraulic actuator. These sweat-

ing actuators exhibit a 600% enhancement in cooling rate (i.e. 39.1°C/min) over similar

non-sweating devices. Combining multiple finger actuators into a single device yielded

soft robotic grippers capable of mechanically and thermally manipulating various heated

objects. The measured thermoregulatory performance of these sweating actuators (∼107

W/kg) dramatically exceeded the evaporative cooling capacity found in the best animal

systems (∼35 W/kg) at the cost of a temporary decrease in actuation efficiency. In

general, minimal research has been conducted on temperature control of soft actuators

(except for thermally activated actuators), and further research will be needed to inform
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whether automatic perspiration mechanisms can be successfully used in other soft actua-

tors. Similar to biological muscles, new materials used in soft actuators should have the

capacity to sense and regulate their temperature.

2.4.4 Length and velocity dependence

From an actuation perspective, length- and velocity- dependence of biological muscles is

considered as a limiting factor, as important metrics like stress, specific power, work, and

efficiency vary with muscle length and velocity. [7, 18, 142]. Conventional actuators such

as electric motors can deploy a constant maximum torque and/or stress during actuation

independently of their joint angle or position, and are still capable of maintaining useful

stress and power as a function of velocity [4, 96]. Similar to biological muscles, the force

of soft actuators usually depends on length and velocity [8, 127, 140, 189]. There are

some exceptions, such as OV-PAMs, which can hold constant force/torque independently

of length [185].

2.5 Conclusions

Soft actuators and robots have been an important focus of study in the last decades to

improve HMI, for example in individuals with gait disorders, limited mobility, amputated

limbs, or even augmented performance. In this review, we developed an understanding of

progress in soft actuation technologies compared to biological muscle performance, prop-

erties, and control. In doing so, we review advances in understanding of biological muscle

properties that contribute to their high adaptability and compare them with some of the

newest soft actuation technologies. The reviewed soft actuators with compliances ranging

from ∼0.1 to 10 MPa−1 that perform contractile or bending actuation are the focus of our

study as these are the most common actuation motions found in biological muscles. For
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Table 2.2: Qualitative evaluation and comparison of muscle and soft actuator proper-
ties using Harvey balls. The red border in Harvey balls indicates that those properties
have been initially implemented in control strategies. (Note that conventional actuators

are excluded as they are not the focus of this comparison).

Muscle
Properties EAP CNT TPA PPAM FEA FOAM OV-PAM Cavatappi HASEL

Skeletal
Muscles

Onboard
Energy –– –– –– –– –– –– ––

Temperature
Control –– –– –– –– –– –– ––

Self
Sensing –– ––

Tunable
Compliance –– –– ––

Tunable
Damping –– –– –– –– ––

Morphological
Computation –– –– –– –– –– ––

Length/Vel. Force
Dependence ––

Variable
Recruitment ––

example, skeletal muscles develop contractile actuation while octopus tentacles develop

bending actuation. Our comparative study shows that most soft actuators have perfor-

mance metrics that are similar to those of biological muscles. Most soft actuators have

tunable material properties (compliance and damping), integrate sensors in their archi-

tecture, and potentially feature variable recruitment. However, some muscle properties

are still lacking in soft actuators. Remaining challenges include implementing morpholog-

ical computation and muscle synergy in control strategies, as well as integrating onboard

energy and thermoregulation in the actuator architecture.

Many previous reviews have focused on comparing the performance metrics of soft actua-

tors and biological muscles [150, 195, 203, 220]. These works have shown that the current

soft actuators’ metrics differ from one technology to another, but, in general, are similar

to those of biological muscles. The performance comparison in these works have also been

used for selecting soft actuators for applications, where the goal is to find the actuator

with the metrics that best fit a particular application. However, as shown here, metrics
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(such as those in Table 2.1) are not the only requirements for soft actuators to mimic

biological muscles. To perform safe HMI, soft actuators should also focus on featuring

other muscle intrinsic properties (such as those in Table 2.2) that are fundamental for

fast adaptation under external perturbations and robust control of the actuation system.

Some of these properties are adaptive dynamic response, self-sensing, morphological com-

putation, scalability, variable recruitment, onboard energy, and thermoregulation (Table

2.2) [87, 144, 206, 242, 243]. Furthermore, while some actuation technologies may have

the capacity for a particular property (e.g. tunable compliance), not all technologies have

yet exploited that property through their control strategies. Developing successful con-

trol strategies that can optimize actuation while integrating all the exclusive properties

of soft actuators is a key factor for implementation, and the reason why this should be

a large focus of future research. Those soft actuators that can better match biological

muscle properties are closer to what should be considered a suitable candidate for muscle

substitute or “artificial muscle”.

Soft actuators and robots have been used in a wide variety of applications, only some

of which would benefit from muscle-like actuation. Yet, the terms biomimetic actuators

and artificial muscles have been extensively used in the soft robotics literature. Consider-

ing only applications for which a muscle-like response is desirable, particularly for many

HMI and wearable applications, it is useful to clarify the meaning of these terms. On

one hand, it seems that biomimetic actuators should feature metrics or properties that

are intentionally designed to resemble biological muscles. On the other hand, it seems

that artificial muscles could go one step beyond in terms of muscle mimicry by featuring

some properties of biological muscles (e.g., tunable compliance) that simplify control and

enhance adaptability. Artificial muscles should achieve specific metrics (Table 2.1) and

properties (Table 2.2) that enable them to perform well as muscle substitutes. Artifi-

cial muscles have been previously defined as “open-loop stable systems that follow the
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Hill force-velocity curve” [325]. Once again, in addition to their muscle-like actuation

response, we reiterate that artificial muscles should focus on including those properties

of biological muscles that simplify control strategies and improve adaptability. However,

although Hill models successfully predict force in biological muscles under constant length

(isometric) or constant load (isotonic) conditions, the force predictions typically have low

accuracy at predicting muscle force during in vivo movements [86, 182]; thus, using the Hill

force-velocity relationship as a criterion for artificial muscles might be misguided. Other

features, such as adaptive dynamics, which is a crucial property of biological muscles

[243] might be a better criterion for artificial muscles. This review identified several soft

actuators that have the potential to sidestep most shortcomings of the current technolo-

gies and even outperform biological muscles (Tables 2.1 and 2.2, Fig. 2.3). We propose

that these hypothetical “artificial supermuscles” would inherently feature the properties

of biological muscles (Table 2.2) while also outperforming their metrics (Table 2.1), and

bypassing their limitations (Section 2.3.5). Artificial supermuscles could motivate more

sophisticated HMI or even allow for human-machine interaction and integration (HMII,

see Fig. 2.1).

The changing view of muscles as tunable materials provides new directions for investiga-

tions geared toward emulating the intrinsic properties of biological muscles.

Conventional actuators have made notable advancements in self-contained and wearable

robots. Some examples are all-terrain quadrupedal robots [3, 183, 355], humanoid robots

[1, 25], and modular prosthetic limbs [267]. However, as the scale of these autonomous

robots decreases, conventional actuators cannot be implemented, and highly integrated

soft actuators are needed. A high degree of onboard energy sourcing, sensing, and in-

tegration in actuator architecture is crucial for simplifying mobile bio-inspired robots.

Self-contained robots must be capable of carrying themselves (energy source, body/frame,
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control system, manipulators, and drivetrain) while still achieving high performance met-

rics (Section 2.4.1). We suggest that specific performance metrics, such as those in Table

2.1, should include the weight of onboard energy sources and sensors, not just the weight

of the actuator for fair comparison with muscles [50, 144].

Control of soft actuators, in particular, could benefit from emulating control of biological

muscles, including self-sensing, adaptive dynamic response, morphological computation,

and variable recruitment. These properties simplify control compared to conventional

robotic systems [17, 82, 125, 337, 361]. However, some concerns remain regarding how

to properly design feedback controllers without altering the natural compliance of the

robot [286], and how to excite the robot’s natural dynamics efficiently [124]. In addition,

soft actuators’ tunable compliance and damping should be characterized, modeled, and

integrated into control strategies for applications. As most soft actuators are viscoelastic,

predictive models will require characterizing the viscoelastic behavior of the soft materials,

which is more complicated than for elastic materials. Neuro-inspired control models for

soft robots appear to be ideal for integrating adaptive dynamics in control strategies, as

initial efforts have already been successfully implemented in conventional [52, 60–62, 113]

and soft actuators [27, 118, 275, 299, 307] and machine learning techniques have been

used to continuously improve control [130, 162, 312].

In conclusion, future work in the field of soft robotics should focus not only on designing

novel actuator technologies with specific performance metrics, but also on developing and

deploying inherent properties of biological muscles such as adaptive dynamics. Only then

can these actuators be successfully used as substitutes for biological muscles.
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CHAPTER 3

MOISTURES SIGNIFICANT IMPACT ON TWISTED POLYMER

ACTUATION

It was recently shown that inexpensive drawn polymer monofilaments, such as nylon fish-

ing line, can be used to create thermally driven actuators. These actuators are called

Twisted Polymer Actuators (TPAs). TPAs can produce linear actuation when they are

both twisted and coiled. In this configuration, these actuators are called Twisted Coiled

Polymer Actuators (TCPAs). These same drawn polymers can be used to create torsional

actuation when the precursor monofilament is twisted but still remains straight, known

as Straight Twisted Polymer Actuators (STPAs), which is also thought to be the elemen-

tal unit of TCPAs. The torsional thermal actuation of STPAs is primarily a result of

the anisotropic thermal properties of the virgin material (axial thermal contraction and

radial thermal expansion), which manifests as linear actuation in the coiled configuration

(TCPA). This paper presents two moisture related matters: moisture content impact on

the thermal actuation of TPAs and the capability of TPAs to actuate as a function of

moisture absorption at room temperature. For the former, we first present moisture de-

pendencies of the axial thermal contraction and axial modulus of the precursor (straight,

untwisted) monofilament. This study is conducted because closed-form and finite ele-

ment models often use the physical properties of the precursor monofilament as inputs

to predict the thermal actuation of twisted polymer actuators. The results show that,

both, axial thermal contraction and axial modulus, are strongly dependent on moisture

content. Second, we present the experimental thermal actuation for STPAs and TCPAs

at different moisture content percentages. We present torsional actuation responses for

three different pitch angles STPAs (36, 25, and 15◦) at two percentages added moisture

by weight (0 and 4%). Similarly, we study the linear thermal actuation of TCPAs under
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an isotonic tensile load at the above moisture percentages. The results show an increase

in actuation for those samples at 4% moisture content of approximately 100% for STPAs

at 75◦C and a 50% for TCPAs samples at 100◦C. Finally, we report for the first time, that

twisted polymer actuators can be hygroscopically actuated. Here, we present torsional

actuation responses under free torsion conditions for a 36◦ pitch angle STPA as well as

axial contraction of a TCPA under an isotonic tensile load as a function of moisture ab-

sorption and show that moisture absorption can cause a similar actuation responses as

seen when a thermal load is applied. Like the thermal actuation, we expect this hygro-

scopic actuation of TPAs is produced by a combination between the swelling that occurs

on the precursor monofilament during moisture absorption and its anisotropic nature.

3.1 Introduction

Twisted polymer actuators (TPAs) are inexpensive drawn polymer monofilaments, such

as fishing line, that can linearly actuate when they are configured under a coiled shape as a

result of over-twisting the straight monofilament around its central axis [128]. These coil-

shape actuators are known as Twisted Coiled Polymer Actuators (TCPAs) [296, 315],

a.k.a. artificial muscles due to their potential to be implemented as such. However,

these same twisted monofilaments can generate torsional actuation when they are set

under a twisted configuration, but remain straight; these torsional actuators are known

as Straight Twisted Polymer Actuators (STPAs) [28, 295]. The thermally driven actu-

ation mechanism in STPAs is believed to be a result of the untwist that occurs about

the monofilament’s axis driven by the anisotropic thermal properties of the precursor

monofilament—an untwisted monofilament with axially aligned internal fibers—which

present axial thermal contraction and radial thermal expansion. In turn, the same un-

twist generated in the STPAs is responsible for the actuation in TCPAs, which manifests

as a contraction of the helical configuration [28, 127, 296, 315].
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In order to control and predict the linear and torsional actuation responses, many re-

searchers are putting their effort on modeling these novel actuators. Some TPA models

are based on the twisted or coiled monofilament properties (e.g. [165, 179, 191, 319, 366]),

but such models do not allow for design of the initial twist. Other works use the prop-

erties of the precursor monofilament to predict the actuation response of STPAs and

TCPAs. Shafer et al. [296] and Aziz et al. [28] developed models to predict the STPA

actuation using the precursor monofilament’s properties as inputs. Furthermore, Sharafi

and Li [297] and Yang and Li [356] have published a multi-scale models that predict

TCPA actuation using the fundamentals of the STPAs structure and in turn, can predict

STPA/TCPA actuation behavior using the precursor monofilament’s properties. The

above models that use the precursor monofilament’s properties allow for the design of the

initial twist of the actuator and potentially the design or selection of properties which

improve performance.

To accurately predict the thermal actuation response of TPAs using precursor properties,

a full characterization of the precursor material is required. The properties of these pre-

cursor monofilaments have been investigated by Higueras-Ruiz under the linear elastic

assumptions [136] and Swartz under the linear viscoelastic assumption [314]. The works

presented by Higueras-Ruiz and Swartz used a preparation protocol that consists of stor-

ing the tested samples in desiccant for a total of three days and thermally precycling at

110◦C for 30 minute before testing. This preparation protocol was done to keep all the

tested samples under the same initial conditions and it was followed to obtain consistent

mechanical/thermal property results. This protocol was followed because polymers are

hygroscopic materials and they present significant dependencies of their mechanical and

thermal properties as a function of moisture [19, 100, 253, 359, 375]. Pai et al. showed

that nylon 6,6 could absorbed a maximum moisture content of 7.77% at a temperature of
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10◦C after 65 days, leading to a drop of mechanical properties (tensile strength and mod-

ulus) and heat resistance (softening temperature) [253]. In addition, they also showed

that increases in temperature increases the moisture absorption behavior. This reported

hygro-thermal behavior of nylon led us to realize that TPA’s actuation could be affected

by water and moisture, since they are thermally driven by: free convection using an oven

[28, 127, 193], force convection using hot/cold air (heat gun) [225, 295, 315] or hot/cold

water (water jet) [127, 128], and conduction by using conducting thread of nylon 6,6 or

covering with conductive silver paint [221, 353, 360]. Some of these activation methods

can lead to high rates of moisture absorption on the TPA’s material, which in turn means

a change in the actuation response due to the great changes that moisture content pro-

duces on mechanical and thermal properties of the precursor monofilament. Furthermore,

the moisture absorption rate does not only depend on the heating method, but also on

the relative humidity (%RH) of the environment where TPAs operate. Thus, the same

TPA will develop a different actuation response in an arid environment, such as Arizona,

than a humid environment, such as Florida.

This moisture dependence causes the modeling of TPAs to become arduous because the

model’s inputs are also moisture dependent, and requires characterizing the mechanical

and thermal properties of the precursor monofilament as a function of moisture content

as well as the precursor monofilament hygroscopic behavior as a function of temperature

and relative humidity. In addition, during thermally driven actuation cycling, the TPA’s

moisture levels would also change, which will lead to a higher complexity when modeling

these actuators.

The previously mentioned affinity of nylon with moisture has led our team to investigate

the effect of moisture content on the thermal actuation response of twisted polymers.

To do so, we first studied the moisture absorption/desiccation behavior of the precursor

material at room temperature in order to quantify its hygroscopic behavior. Second, we
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investigated two physical properties of the straight nylon monofilament: axial thermal

contraction and axial mechanical modulus as a function of moisture content to observe its

dependencies. Having observed that the two previous material properties were strongly

dependent on moisture content, we investigated the torsional actuation of different pitch

angle STPAs (36, 25, and 15◦) at two different moisture levels (0 and 4%) under an iso-

tonic torque. The actuation response reported on these tests showed an overall increase

in torsional actuation of 2× for those samples that had a moisture added percentage by

weight of 4%. Similarly, we tested the axial thermal actuation of TCPAs at the two

moisture levels mentioned above, as a result, we observed an increase of approximately

1.5× for those samples with a 4% moisture content after 60◦C. Additionally, while study-

ing the hygroscopic behaviour of the precursor material, we observed that the straight

monofilament swelled in the radial direction during moisture absorption. This observa-

tion made us think that twisted polymer actuators could have the potential to actuate

during moisture absorption. Thereupon, we have reported and discussed the ability of

TPAs to generate slow actuation as a response to moisture absorption under constant

temperature conditions (room temperature).

3.2 Mechanics of Actuation

3.2.1 Micro-structure of the precursor monofilament

The source of the actuation mechanism of TPAs can be explained by looking at the micro-

structure of the drawn polymer monofilaments used for fabrication. In this work, we used

the Berkely Trilene® Big GameTM 80 lb precursor monofilament (0.89 mm diameter) for

STPAs and 15 lb (0.38 mm diameter) for TCPAs fabrication. This material is the same

product used by Shafer et al. [296] and Haines et al. [128] to fabricate TPAs. The micro-

structure of precursor drawn monofilaments provides the fundamentals to understand
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the different actuation mechanisms of twisted polymer actuators. Fig. 3.1 shows how

the anisotropic behavior of the precursor monofilament is related to the micro-structure

of the material. Choy et al. [68], Prevorsek et al. [268], Elad and Schultz [98], and

Bukosek and Prevorsek [47] all published very similar models for the micro-structure of

drawn polymer monofilaments. All these models conclude with a micro-structure that

consists of three main domains of different properties: crystalline regions (a.k.a. crystal-

lites) aligned with the draw direction, amorphous regions between crystallites (together

amorphous and the crystallites are thought to form micro-fibrils), and bridges and/or

inter-fibril tie molecules (a.k.a. internal fibers). The interfibrillar tie chain molecules are

aligned with the draw direction, located between the micro-fibrillar regions, and have the

role to connect adjacent micro-fibrils as shown in Fig. 3.1. The interfibrillar tie chain

molecules provide the micro-structure of high strength and stiffness in the axial/drawn

direction while the physical properties in the direction perpendicular to the drawn di-

rection (radial direction) lack of such strength, resulting of a highly anisotropic material

[261]. Furthermore, it is known that the oriented deformation from drawing leads to an

increase in the number of formed tie molecules and in turn the anisotropic behavior of the

polymer [268] and actuation of twisted polymer actuators (as it will be seen in Section

3.2.2 and 3.2.3).

3.2.2 Principle of thermal actuation

The thermal actuation phenomenon in TPAs is also a result of the anisotropic nature of

the precursor monofilament. Specifically, the thermal actuation mechanism is thought to

be caused by the thermal expansion in the direction perpendicular to the internal fibers

(i.e. radial direction) and the thermal contraction along the internal fibers (i.e. axial

direction). The asymmetric micro-structure shown in Fig. 3.1 was used by Bruno et

al. [45] to explain the anisotropic thermal properties of drawn polymers. Specifically,
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Figure 3.1: Prevorsek et al. micro-structure model for drawn polymers along with
moisture absorption mechanisms.

they attribute the negative thermal expansion in the drawn direction (axial direction)

to the tension produced by excited atomic vibrations in the interfibrillar molecules that

are caused by thermal loads. Simultaneously, this effect contributes to the expansion

perpendicular to the microfibrillar region because the connections between micro-fibrillar

and interfibrillar are weaker in this direction. Thus, as shown in Fig. 3.2, the untwisted

monofilaments expand radially and contract axially when heated. For a twisted monofil-

ament with a helical orientation of its internal fibers, this negative thermal expansion is

maintained along the now helically aligned internal fibers. So too is the positive thermal

expansion perpendicular to the internal fiber direction. Thus, the new twisted orientation

of the internal fibers causes shear deformation of the STPA when a thermal stimulus is

applied. This shear deformation manifests as axial contraction of the coiled configuration

(TCPA), where the untwist of the STPA generates a change in pitch on the TCPA due

to its coiled geometry.
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3.2.3 Principle of hygroscopic actuation and moisture absorption

To understand the hygroscopic actuation principle, we look at the moisture absorp-

tion mechanisms and the swelling effects that it has on the micro-structure of precursor

monofilaments. Fig. 3.1 shows the two main moisture absorption mechanisms in poly-

mers: the Fickian diffusion and relaxation processes. During Fickian diffusion the water

molecules (blue circles in Fig. 3.1) move randomly and occupy the voids (moisture stays

in free-volumes) leading to a null contribution to hygroscopic swelling [101]. During the

relaxation process, the polar water molecules interact with the polymer network and form

hydrogen bonds that are responsible for hygroscopic swelling [101, 280]. These bounded

molecules of water in the polymeric matrix and the anisotropic mechanical properties

(explained in Section 3.2.1) cause the precursor monofilament to expand more in the ra-

dial direction than the axial. Fig. 3.2 shows this anisotropic response for an untwisted

monofilament (precursor monofilament). The new helically orientation of the internal

fibers for a STPA translates the high radial and low axial expansion of the precursor

monofilament into shear deformation. Finally, the same asymmetric dimensional growth

that generates the shear deformation in STPAs is the responsible of the axial contraction

(or change in pitch) of the twisted coiled configuration (TCPAs) as a result of its new

coiled configuration. Additionally, this hygroscopic actuation is enhanced by the magni-

tude reduction of the mechanical properties of the precursor monofilament as a result of

the plastification process that occurs in the material during moisture absorption. This

leads to lower the internal-stresses in the material and facilitate the motion between the

the internal layers of the material. More specifically, plasticization is a micro-structural

process that occurs when the Van Der Waals bonds between polymer chains are interfered

by water molecules in the free-volume. These interruptions increase the distance between

polymer molecules which leads to a lowering of the interfacial strength of the polymer

chains causing the polymer molecules to move more freely [350, 375]. Thus, we believe
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Figure 3.2: Thermal and hygroscopic actuation mechanisms of STPAs and TCPAs.

the relaxation process resulting from moisture absorption is responsible for the swelling

and, as a result, TPA hygroscopic actuation.

Finally, it is important to mention that hygroscopic and thermal actuation share the

same actuation principle as seen in Fig. 3.2. Both amplify the anisotropy of the material

through twisting and coiling. With both thermal and hygroscopic actuation, the change

in volume (mostly radial growth) creates torsional (STPA) or linear (TCPA) actuation

because of the geometry of the actuator.
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3.3 Moisture absorption and desiccation behaviour

In this section, we present the method used to obtain the experimental moisture absorp-

tion and desiccation behavior of the precursor monofilament, experimental results, and

discussion.

3.3.1 Experimental Set-up: Moisture absorption and desiccation behaviour

With the goal of obtaining the moisture absorption and desiccation characterization of

the precursor monofilament used for the fabrication of TPAs, we began using a spool of

precursor monofilament material that was previously annealed at 120◦C for 20 minutes,

to be consistent with the annealing process used in previous works [136, 295, 314, 315],

and placed it on a bed of silica desiccant for several days. At this point, it is assumed that

moisture content of the specimen is approximately zero. After annealing and desiccating,

the spool was set in a 100% relative humidity (RH) controlled environment and kept at

a constant temperature of 25◦C, while measuring the mass every ten minutes (Fig. 3.3,

Phase 1). To measure the mass, a Sartorius ENTRIS822i-1S precision balance with a

resolution of 0.001 grams was used. The balance was combined with a desktop machine

running a MATLAB script, taking measurements every ten minutes. After about five

days, the rate of change of the sample’s mass slowed significantly (see Fig. 3.4) and

it was assumed that the sample was nearly fully saturated with moisture. Then, the

spool of precursor material was set in a new dried controlled environment at a constant

temperature of 25◦C with silica desiccant to remove the moisture from the air and sample

(Fig. 3.3, Phase 2). After five days the mass of the sample was changing very slowly

and the trend did not show evidence that the material would recover to the initial mass

(orange solid line in Fig. 3.4). In order to totally desiccate the sample and reach the

initial mass, the temperature was raised to 70◦C to enhance the moisture desiccation of
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Figure 3.3: Experimental set-up for moisture absorption/desiccation. Moisture ab-
sorption at 25◦C (Phase 1), desiccation at 25◦C (Phase 2), and desiccation at 70◦C

(Phase 3).

the sample (Fig. 3.3, Phase 3). The sample’s mass then returned to the initial mass of

the dried sample after 10 hours, showing full recovery.

3.3.2 Results and Discussion: Moisture absorption and desiccation behaviour

In order to quantify the moisture absorption and desiccation behavior of the precursor

material used in this work, we have characterized such behavior as a function of time.

During the first five and a half days, a logarithmic moisture absorption rate of the pre-

cursor monofilament at room temperature is exhibited (Fig. 3.4). Here, fast moisture

absorption takes place during the first day, in fact, the precursor monofilament exhibits

strong hygroscopicity during the first hours when it is exposed to a humid environment,

reaching 2.4% moisture content during the first ten hours of exposure (Fig. 3.4). This

behavior is followed by

M(t) = 2.983 (1− e−0.173t) 0 ≤ t < 10 (3.1)

where t is the time in hours and M is given in %.

After the first ten hours (fast absorption behavior), the moisture absorption rate slows

down (relax) and the monofilament is relatively saturated with a moisture content of

approximately 6.20% after five days. Such behavior is followed by
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M(t) = 6.514− 5.160e−0.024t 10 ≤ t ≤ 130 (3.2)

where t is the time in hours and M is given in %.

Once the sample is saturated with moisture, it is set in a dry environment. Similarly, an

exponential decrease is observed with a quick moisture desiccation during the first day

and a tendency to reach an asymptote after five days. However, Fig. 3.4 shows that

this desiccation process lacks reversibility at room temperature; the moisture content

has a tendency to become constant at approximately 1.4% during desiccation. In order

to reach the initial state of the precursor monofilament (M = 0%), the sample is set

to a constant temperature of 70◦C for ten hours. During this desiccation process, the

sample exponentially dries and approaches the initial state after 10 hours. This last step

in the desiccating process allows us to observe a strong temperature dependence of the

moisture desiccation behavior of the precursor monofilament. For example, if using a

TPA in a humid environment, the heat used to actuate the TPA is likely to also increase

the moisture, while the converse is likely to occur in an arid environment, leading to less

predictability in the response of the TPA. Moreover, these results suggest that desiccation

procedure used by Swartz [315] may not have led to samples in the fully desiccated state.

However, assuming that the temperature remained constant during desiccation, then the

samples in this works all should have had a similar moisture content at the end of the

so-called “desiccation” procedure.

Since TPAs are thermally driven actuators, these indications lead us to think that the

temperature dependencies of moisture absorption and desiccation of polymers might have

an impact on TPAs actuation.
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Figure 3.4: Moisture absorption behavior of a precursor monofilament at room tem-
perature, followed by the desiccation behavior process of the precursor monofilament

at room temperature and 70◦C.

3.4 Moisture Effects on Thermal Actuation

3.4.1 Axial thermal contraction and elastic modulus

In this section, we present the experimental set-ups used to obtain axial thermal con-

traction, εT11, and axial elastic modulus, E1, data as well as the results and discussion of

moisture content effects on such properties.

3.4.1.1 Experimental Set-up: Axial thermal contraction and elastic modulus

The axial thermal contraction, εT11, of the precursor monofilament was measured using

three systems: the Polytec OFV-5000 Vibrometer controller with the OFV 534 optics

head to measure displacement, the FLIR A300-Series thermal camera with an IR 10

mm focal lens to measure temperature, and the Sparkfun Electronics 303 D heat gun to

manually control changes in temperature, similar to other works [315]. Fig. 3.5(a) shows

a 1.5 cm long sample vertically clamped by the top end to a fixed point and hanging

freely at the bottom end with an approximately 1 gram mass to ensure that the sample
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stays straight. The mechanical strain produced by the 1 gram mass was calculated to

be approximately two orders of magnitude less than the axial thermal contraction and

therefore considered negligible. The sample was manually heated using the Sparkfun

Electronics303D heat gun with an attached 30 cm long insulated copper tube. To ensure

a consistent temperature over time and space the tube was preheated for 20 minutes

before running the test. A screen inserted inside the copper tube created a turbulent flow

and thus a more uniform temperature profile. Aerodynamic forces resulting from the

application of this hot air were calculated to be almost null (four orders of magnitude less

than the axial load created by the hanging mass). The vibrometer was warmed up for

30 minutes to eliminate any drift effects on the displacement data. The thermal camera

was placed perpendicular to the sample and out of the flow stream of the heat gun to

avoid damage. The vibrometer was positioned directly below the sample with the laser

reflecting off the bottom of the attached mass at the end of the sample. Here, the thermal

camera was used to measure temperature, the vibrometer to measure axial displacement,

and the heat gun to control the temperature input. For this test, the sample preparation

consisted of three precursor monofilaments with different moisture concentrations of 0%,

3.61%, and 6.01%. The samples were initially stored in desiccant and annealed at 120◦C

for 20 minutes (same preparation protocol used by others [295, 315]). Then, they were

stored in a 100% RH environment for several days until they reached the prescribed

moisture content (0 days for 0%, 1 day for 3.61%, and 4 days for 6.01% based on mass).

In order to calculate the heating rate, we did a thermal analysis by using the lumped

capacitance method (after validating the Biot number). In this analysis, we obtained

that, based on our experimental set-up and testing material, the heating rate required

for the heat to be transferred from the hot air to the core of the monofilament is 10◦C/s.

In all our experimental set-ups where changes in temperature were involved, we set a

heating rate of approximately 3.75◦C/s to ensure that the heat transfer homogeneously

occurs and that the actuation response is correctly recorded as a function of temperature.
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Figure 3.5: Axial thermal contraction and axial modulus experimental set-ups. (a)
Experimental set-up for axial thermal contraction of a precursor monofilament; (b)

Experimental set-up for the axial modulus of a precursor monofilament.

To obtain the elastic axial modulus, a TA Instruments Hybrid Discovery Rheometer 2

(HR-2) along with a torsional accessory were used to obtain stress-strain curves for three

precursor monofilaments with different moisture content (see Fig. 3.5(b)). For each

specimen, a total of five mechanical cycles (tension and compression) were conducted

using a script in the TA instrument software to ensure convergence and avoid first cycle

effects. The last converged cycle was used to calculate the axial modulus, E1. Similarly to

the axial thermal contraction test, samples with 0%, 3.61%, and 6.01% moisture content

were prepared and tested. Every sample was fixed at the bottom end and clamped

from the top end to a torsional collet, which in turn was attached to the HR-2 head.

The HR-2 head applied a controlled change in axial strain of approximately 1% (this

strain was found to not induce permanent deformation in the material), with a strain

rate of 0.075%/s (this strain rate was found to induce minimal viscoelastic effects on the

material) while measuring the mechanical stress on the sample. This test was conducted

in an uncontrolled humidity environment. Therefore, the entire test was run in only

two and a half minutes, limiting the amount of time that the sample was exposed to an

uncontrolled environment.
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Figure 3.6: Axial thermal contraction and axial modulus for three samples at 0, 3.61,
and 6.01 % moisture content. (a) Axial thermal contraction; (b) Axial modulus. The

legend for both is in (b).

In this section, we present the axial thermal contraction and stress-strain curves of the

precursor monofilament for the following moisture absorption concentrations: 0%, 3.61%,

and 6.01%. Here, three thermal cycles were conducted where the first cycle behaved

differently than the following two cycles which showed convergence. This “first cycle

effect” matches that seen in the literature [192, 295]. The last converged cycle is used to

plot axial thermal contraction, εT11, over temperature (Fig. 3.6(a)). Fig. 3.6(a) shows a

strong dependence of the axial thermal contraction, εT11, as a function of moisture content.
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Comparing sample 1 (0% moisture content) with sample 3 (6.01% moisture content), the

latter shows an increase in axial thermal contraction six times higher at 85◦C.

Fig. 3.6(a) also shows a drop of the glass transition temperature, Tg, as a function of

moisture content. Here, the glass transition temperature is defined at the temperature

where the monofilament starts contracting. This fact is important because the precursor

monofilament shows a great increase in the axial thermal contraction magnitude after

the glass transition temperature. This effect suggests that TPAs with high moisture

content will develop higher actuation performance, since high moisture content precursor

monofilaments are shown to generate higher thermal contractions in the axial directions

and in turn, a greater anisotropy of the material.

The increase of the thermal monofilament’s contraction at high moisture contents is a

result of the drop in the glass transition temperature that occurs with the rise in moisture

content as a result of the plasticising effect that moisture absorption has on nylon [169]

and the softening that happens in polymers when heated above their glass transition

temperature [11]. Thus, the drop in glass transition temperature promotes the axial

contraction to occur sooner for humid samples than desiccated samples (Fig. 3.6(a)) and

the material softening to increase the magnitude of the axial thermal contraction.

Fig. 3.6(b) shows stress-strain curves for various moisture content precursor monofila-

ments at room temperature and their linear fits. Here, the linear fits have been used to

calculate the axial modulus:

• E1 = 4 GPa at 0% added moisture by weight

• E1 = 1.6 GPa at 3.61% added moisture by weight

• E1 = 0.7 GPa at 6.01% added moisture by weight
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Figure 3.7: Predicted axial modulus at room temperature and axial thermal strain
at 80◦C as a function of time when set in a 100% relative humidity environment.

If we compare the axial modulus of sample 1 with the one of sample 3, we can see a

drop in axial modulus of approximately six times. Higueras-Ruiz et al. reported an axial

modulus of 3.8 GPa for a desiccated sample [136], similar to the 4 GPa axial modulus

found in this study. Insufficient desiccation time/temperature could have led to some

moisture content control error during preparation [136].

These drops in axial modulus could be explained by the plasticization effect that free water

molecule diffusion can induce in polymers. Recall, plasticization is a micro-structural

process that occurs when the Van Der Waals bonds between polymer chains are interfered

by water molecules in the free-volume. These interruptions increase the distance between

polymer molecules which leads to a lowering of the interfacial strength of the polymer

chains causing the polymer molecules to move more freely [350]. As discussed for the

axial thermal contraction results, the strong moisture dependence shown for the axial

modulus could potentially affect the actuation responses of TPA, as well as their actuation

predictions by models. In fact, high moisture content could lead to a contribution on the

actuation response of TPAs because low axial modulus will reduce the internal stresses

in the material.
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Finally, Figs. 3.4 and 3.6 have been used to predict axial thermal contraction and axial

modulus as a function of time for a dry sample placed within a 100% RH environment.

Fig. 3.7 shows axial modulus at room temperature and axial thermal strain at 80◦C for

times equal to zero, one, and four days, which corresponds to a moisture content of 0,

3.61, and 6.01%, respectively. This shows an exponential drop of axial modulus as a

function of time. This drop can be predicted using the exponential fit given by

E1(t) = 0.7 + 3.3 (e−1.3t) (3.3)

where t is the time in days and E1 is given in GPa. Fig. 3.7 also shows a decrease in

axial thermal strain as a function of time. A linear fit is used to predict this decrease in

axial thermal strain and it is given by

εT11(t) = −(0.1816 + 0.1687t) (3.4)

where t is the time in days and εT11 is given in %.

Both of these properties would be approximately 6× higher at zero days than after four

days.

3.4.2 Moisture content effects on STPAs under an isotonic torque

In this section, we present the torsional actuation response of three different pitch angle

STPAs (36, 25, and 15◦) at two different percentages added moisture by weight (0 and

4%) to show the moisture dependencies on STPAs thermal actuation.
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Figure 3.8: Torsion actuation set-up used to measure torsional displacement. (a) Side
view with a 17.5 mm STPA set in place; (b) front view along with the IR camera, heat

gun, and the vibrometer head.

3.4.2.1 Experimental Set-up: Moisture content effects on STPAS under an isotonic

torque

A experimental set-up, similar to that used by Shafer et al. [295], was designed to measure

torsional displacement under an isotonic torque (1 Nmm) using an aluminum frame, two

ball bearings, a torque spool, a collet, and a weight, as shown in Fig. 3.8(a). The torsional

actuator was fixed on the right by the collet. On the left, the actuator was glued into a

torque spool, which was set in the bearing pair and free to rotate and move in the axial

direction. A mass hung from the spool by a Kevlar chord generated a constant torque

load on the STPA.

The position of the weight was measured using a Polytec OVF-5000/VF-534 vibrometer

controller and sensor unit, along with DD-900 Digital Displacement Decoder unit. This

vibrometer output was recorded by a National Instruments PXI-6361 multifunction data
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acquisition card, which was manually synchronized with average temperature measure-

ments recorded by the the FLIR A300-Series thermal camera with an IR 10 mm focal

lens. Changes in temperature were applied manually with a Sparkfun Electronics 303D

heat gun controller.

After setting a approximately 17.5 mm sample in place (Fig. 3.8(a)) the heat gun was used

to apply an initial thermal load to approximately 90◦C (thermal precycle) along with three

more thermal cycles from room temperature to approximately 80◦C, while measuring the

weight’s displacement with the vibromenter under the settings of 0.2 mm/V and a slow

tracking filter. Thermal ramps with a heating rate of 3.75◦C/s were conducted (after

applying the lumped capacitance method thermal analysis explained in Section 3.4.1.1)

and the last converged cycle was used to present torsional actuation as a function of

temperature.

3.4.2.2 Results and Discussion: Moisture content effects on STPAs under an isotonic

torque

To show the moisture content dependencies on the thermal actuation of STPAs, we tested

the torsional actuation response of different pitch angle STPAs (36, 25, and 15◦) at 0 and

4% added moisture by weight. Fig. 3.9 shows the torsional actuation of three STPAs for

each pitch angle/moisture content condition, with the exception of the 15◦ pitch angle

STPAs where only two samples are shown (Fig. 3.9(c)). In these tests, a first thermal

cycle was conducted where the monofilament was heated from room temperature to a

temperature of approximately 90◦C. This first cycle was conducted to eliminate first

cycle effects that have been previously shown in other works [295, 315] where the first

thermal cycle shows a response bigger in magnitude than the consecutive cycles. After

the first cycle, three more thermal cycles were conducted with a change in temperature

from room temperature to a temperature slightly bellow 80◦C. The torsional actuation
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response of the three following cycles converged, and this data was used to plot Fig. 3.9.

Figs. 3.9(a)–(c) show the torsional thermal actuation of STPA pitch angles of 36, 25,

and 15◦, respectively, for desiccated STPAs (M = 0%) and 4% moisture added by weight.

The torsional actuation generated by the 4% moisture content STPAs was approximately

twice as much than that one generated by the desiccated STPA samples when evaluated

at a temperature of 75◦C. This increase in torsional actuation is observed for each pitch

angle STPA presented in Fig. 3.9, thus a first order approximation could suggest that

thermal actuation is linearly proportional to moisture level.

3.4.3 Moisture content effects on TCPAs under an isotonic tensile load

In this section, we present the axial contraction actuation response of a TCPA made of a

precursor monofilament of 0.38 mm diameter at two different percentages added moisture

by weight (0 and 4%) to show the moisture dependencies on TCPAs thermal actuation.

3.4.3.1 Experimental Set-up: Moisture content effects on TCPAs under an isotonic ten-

sile load

To measure linear actuation of a TCPA as a function of temperature under a load of

300 grams, similar to the experimental methodology used for axial thermal contraction in

Section 3.4.1.1, the vibrometer, heat gun, and thermal camera were used. Fig. 3.10 shows

a very similar set-up as seen in Fig. 3.5 but with a TCPA connected in place instead of

a precursor monofilament. In addition, during the TCPA actuation tests, the samples

were also constrained from rotation at the end of the sample by adding a small rod to

the hanging weight which contacted the vertical beam, adding only negligible amounts

of friction to the actuation. The heating rate applied during the test was 3.75◦C/s. This
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Figure 3.9: Torsional thermal actuation under an isotonic torsional load of 1 Nmm
at 0 and 4 % added moisture by weight. (a) Torsional thermal actuation for a 15◦ pitch
angle STPA; (b) Torsional thermal actuation for a 25◦ pitch angle STPA; (c) Torsional

thermal actuation for a 36◦ pitch angle STPA.

was the same rate used for the STPAs, since the diameters of the two materials were

quite similar (0.89 mm for the STPA and 0.91 mm for the TCPA).

3.4.3.2 Results and Discussion: Moisture content effects on TCPAs under an isotonic

tensile load

A TCPA fabricated from a precursor monofilament of 0.38 mm diameter was used to

generate axial actuation under a tensile load of 3N at 0 and 4% added moisture by
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Figure 3.10: Experimental set-up for axial thermal actuation of a TCPA.

Figure 3.11: Axial thermal actuation of a TCPA at 0 and 4% added moisture by
weight.

weight. Fig. 3.11 shows the axial actuation of two TCPAs at 0% moisture content and

two TCPAs at 4%. As before, a first thermal cycle was conducted where the TCPA was

heated from room temperature to a temperature of approximately 110◦C to eliminate any

first cycle effect. After the first cycle, three more thermal cycles were conducted with a

change in temperature from room temperature to a temperature slightly bellow 100◦C.

The axial actuation response of the three following cycles showed convergence, and this

data was used to plot Fig. 3.11. Fig. 3.11 shows an increase in thermal actuation of
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approximately 50% for the M = 4% samples as compared to the desiccated TCPAs at a

temperature of 100◦C.

It should be noted that the multiple thermal cycles in a non-humidity controlled envi-

ronment likely dried out the sample some during the tests. Therefore, addition actuation

with both STPAs and TCPAs may occur if the moisture content was controlled to re-

main at 4% for the duration of the test. However, the fast heating rate used in these tests

makes us to believe that any resulting errors are minimal.

3.5 Hygroscopic actuation

In this section, we present the set-ups used to collect hygroscopic actuation data, experi-

mental hygroscopic actuation responses of a STPA and TCPA, and discuss the mechanism

that drives such actuation.

3.5.1 Experimental Set-up: Hygroscopic actuation

The methodology used to record the experimental hygroscopic actuation of a straight

twisted polymer actuator (STPA) under free torsion conditions consisted of a controlled

environmental chamber with a camera installed on top used to film the change in twist

produced during moisture absorption. A water reservoir was set into the environmental

chamber to create a 100% RH environment, along with a vertically aligned STPA (Fig.

3.12(a)). The STPA was constrained in rotation at the bottom using a collet fixed to the

ground, and set free to rotate at the top with an attached flag that was used to monitor

the actuation response (Fig. 3.12(b)). Before collecting the hygroscopic actuation data

as a function of time, the water reservoir was set inside the chamber two hours previous

to the test to ensure 100% RH, then the STPA was placed in the chamber for 20 hours
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Figure 3.12: Experimental set-up for free torsion hygroscopic actuation. (a) Front
view; (b) Top view.

while the camera captured pictures of the sample every ten minutes. The images were

processed as a function of time to obtain angular displacement-time actuation data.

In order to select the STPA pitch angle to be tested, we planned to use the maximum

performance pitch angle for STPAs under free torsion conditions calculation presented

by Swartz et al. using their closed-form model. This pitch angle was found to be 63.2◦

to the axial axis [315]. However, a pitch angle of 36◦ was used because all attempts to

insert any more initial twist resulted in coiling or failure during fabrication. Therefore 36◦

may be considered the largest practical pitch angle, which should lead to maximization

of actuation in a STPA.

A similar test set-up as the one above was used to collect axial contraction of a TCPA

as a function of time (see Fig. 3.13). For this experiment, the camera was installed in

front of the TCPA and axial actuation was recorded as a function of time. As shown in
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Figure 3.13: Experimental set-up for axial hygroscopic contraction of a TCPA under
an isotonic load.

Fig. 3.13, a 65 mm TCPA was set in a 100% RH environment under an isotonic load

for 22.5 hours. The sample was attached vertically at the top and constrained in axial

and torsional displacement by a collect. The bottom end was loaded with a mass of 300

grams (26 MPa) in order to create an initial pre-strain condition and allow it to move in

the axial direction (free to contract) but constrained in rotation by adding a small rod to

the hanging weight which contacted the vertical beam, adding only negligible amounts of

friction to the actuation (see Fig. 3.13). Both, STPA and TCPA’s hygroscopic actuation

data was processed to report the hygroscopic actuation responses as a function of time

and moisture content.

3.5.2 Results and Discussion: Hygroscopic actuation

The actuation developed by a STPA with a 36◦ pitch angle during moisture absorption

was observed during this test to be of the same magnitude as the actuation response from

temperature changes. As mentioned in Section 3.5, a 2 cm sample was set in a 100% RH

environment for a total of 20 hours. Fig. 3.14(a) shows a linear relationship between
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Figure 3.14: Hygroscopic actuation on twisted polymer actuators. (a) Hygroscopic
actuation response of a 36◦ pitch angle STPA as a function of time (orange, left) and
moisture content (blue, right); (b) Hygroscopic actuation response of a TCPA as a

function of time (orange, left) and moisture content (blue, right).

angular displacement, θ, and time during this test. Here, an angular displacement of

almost 200◦ (0.28 rev/cm) was generated during moisture absorption for 20 hours. Using

the previous moisture absorption behavior plot (Fig. 3.4), the angular displacement is

also plotted as a function of moisture content in Fig. 3.14(a). Angular displacement as

a function of moisture content seems to follow an exponential relationship similar to the

moisture absorption functions observed in Fig. 3.4.

Next, we consider the hygroscopic actuation responses for a TCPA. Fig. 3.14(b) shows a

similar linear response between time and axial actuation strain, ε. Fig. 3.14(b) shows a
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total axial contraction of 4% after 22.5 hours. In other words, the actuator was capable

of developing a specific work of 0.02 kJ/kg after almost a day of being exposed in a 100%

RH environment. Similarly, the axial actuation is plotted in Fig. 3.14(b) as a function of

moisture content to show the hygroscopic actuation response of the tested TCPA.

After the moisture absorption actuation test, both samples were placed in a dry envi-

ronment with desiccant and recorded for 20 hours at room temperature. During this

time, the STPA and TCPA did not show any sign of actuation and recovery was not

observed. As previously mentioned in Section 3.2.3, the hygroscopic actuation in twisted

polymer actuators is a combination between the anisotropic mechanical properties of the

precursor monofilament and swelling due to moisture absorption. The axial modulus of

the precursor monofilament has been reported to be an order of magnitude higher than

the radial modulus at room temperature [136], which means that under the same amount

of hygroscopic swelling, the precursor monofilament in the radial direction experiences a

greater growth than the one in the axial direction.

In order to understand what moisture absorption mechanisms produce swelling in the

sample and, consequently, hygroscopic actuation, we look at the absorption moisture

behavior shown in Fig. 3.4. Here, we observe a rapid initial uptake of moisture during

the first day of 3.61% to a quasi-equilibrium moisture state, followed by the tendency

towards total equilibrium after five days. Similar moisture absorption behaviors have

been reported and modeled by Berens and Hopfenberg for polymers [37]. These authors

claimed a “two-stage” absorption behavior also known as Non-Fickian process. This

diffusion process can be explained by a coupling of a Fickian diffusion and relaxation

process. The Fickian diffusion process is characterized by a quick initial uptake where

moisture diffuses into the polymer through atomic motion occupying voids in the material

(free volume) [44, 266] followed by a relaxation process (hydrogen bonding), a slower

absorption process, until it reaches the total moisture saturation [37].

104



Fig. 3.1 (Section 3.2) shows the aforementioned Fickian diffusion and relaxation processes.

During Fickian diffusion the water molecules (circles in Figure 3.1) move randomly and oc-

cupy the voids (moisture stays in free-volumes) leading a null contribution to hygroscopic

swelling. This is the rapid moisture absorption mechanism shown in Fig. 3.4. During

the relaxation process, the polar water molecules interact with the polymer network and

form hydrogen bonds that are responsible for hygroscopic swelling [101, 280], (the slow

moisture absorption mechanism seen in Figure 3.4). These bounded molecules of water

in the polymeric matrix and the anisotropic mechanical properties cause the precursor

monofilament to expand more in the radial direction than the axial which manifests as

shear deformation for a STPA under free torsional conditions and as linear strain in a

TCPA. Consequently, the relaxation process i.e. hydrogen bonding of moisture absorption

is thought to be the responsible of hygroscopic actuation.

The previous stated hygroscopic actuation mechanism is also supported by Fig. 3.14,

which shows small actuation responses during the quick initial moisture uptake, followed

by an increase in actuation. At first, the moisture absorption process is thought to be

driven by the Fickian diffusion (unbounded water molecules into free-volume) followed by

the relaxation process (bounded water molecules into the polymeric matrix) that creates

the moisture-induced swelling [101] and the resulting torsional and linear actuation.

Finally, this actuation mechanism can also explain why the tested TPAs did not show

recovery during 20 hours set in a dried environment (testing chamber with desiccant),

since the desiccant may primarily absorb moisture located in the voids (Fig. 3.4) but none

of the water molecules positioned in the polymeric matrix due to hydrogen bonding. Full

recovery of actuation due to hygroscopic actuation may occur if desiccanted at elevated

temperatures, since, as shown in Fig. 3.4, desiccation at 70◦C for 10 hours makes the

water molecules to exit the polymeric matrix.
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3.6 Conclusions

This paper presents two main subject matters. The first one is the ability of TPAs

to actuate while they absorb moisture from the environment and the second one is the

significant impact of moisture content on the thermally driven actuation of TPAs. For

the former, we show that STPAs and TCPAs developed hygroscopic actuation during

a period of approximately 20 hours when a desiccated sample is exposed to humid air.

This actuation response is found to be fairly linear as a function of time. This linear

relationship between actuation and time enhances its potential for use as long term ac-

tuators or sensors, where the driving force of actuation/sensing is the change in moisture

in the TPA since the linear relationship makes this actuation mechanism easy to predict

and control. For the latter, it is demonstrated that the moisture content in TPAs has a

significant impact on the thermal actuation. In other words, TPAs will not develop the

same actuation responses in humid areas, such as Miami where the annual RH average

is 72% than the actuation responses in arid areas, such as Phoenix where the annual RH

average is 36% [5].

In order to predict thermal STPAs and TCPAs actuation response with finite element or

closed-form models, a full characterization and modelling of the mechanical and thermal

properties is required as a function of moisture and temperature. This information will

serve as inputs for the actuation prediction models. Models for the mechanical properties

of polymers as a function of moisture content at room temperature using a moisture-time

superposition principle has been already presented and validated [100, 375]. Although,

these works are a good starting point to be implemented, the mechanical and thermal

properties as a function of both, moisture and temperature need to be experimentally

characterized.

106



In future work, we would like to propose the design of TPA hygroscopic actuation models

by using moisture expansion models of the precursor untwisted monofilament and TPAs

close-form kinematic models. Similar to thermal expansion coefficients, researchers have

studied the characterization of moisture-induced swelling of polymers by using a coeffi-

cient of moisture expansion (CME) [83, 101]. This requires experimental identification of

the CME, and from this work, we know that the CME will depend on temperature, time,

and relative humidity, which might be complex. Once identified, this coefficient can be

used in already presented closed-form models [28, 296, 297, 356] to predict the actuation

response of TPAs as a function of moisture content.

Additionally, a similar approach can be done to predict the behavior of TPAs when both

moisture and temperature change. In this case, models will need to account for the

hygro-thermal behavior of nylon since temperature has been shown to be a booster of

moisture absorption [253]. Fast rates of moisture absorption will lead to variations on the

moisture content and, in turn, to variations on the material properties. One potentially

simplifying feature of this complex modeling task may be the fact that thermal changes

tend to be much faster than moisture changes. In particular, TPAs hygroscopic actuation

contributions will not be notable in short-term actuation cycles but temperature actuation

would. However, in long-term actuation cycles or a long continuous sequence of short-

term actuation cycles, hygroscopic actuation may be important.

Finally, in terms of engineering design, we would like to propose the use of this thermally

driven actuators with a hot/cold water jet force convection activation method because will

lead to the elimination of moisture content dependencies, since the material will be fully

saturated under these conditions and, more importantly, the total developed actuation

will be greater leading to a higher performance of twisted polymer actuators.
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CHAPTER 4

CAVATAPPI ARTIFICIAL MUSCLES FROM DRAWING, TWISTING,

AND COILING POLYMER TUBES

Compliant, biomimetic actuation technologies that are both efficient and powerful are nec-

essary for robotic systems that may one day interact, augment, and potentially integrate

with humans. To this end, we introduce a fluid-driven muscle-like actuator fabricated

from inexpensive polymer tubes. The actuation results from a specific processing of the

tubes. First, the tubes are drawn, which enhances the anisotropy in their microstructure.

Then, the tubes are twisted, and these twisted tubes can be used as a torsional actuator.

Last, the twisted tubes are helically coiled into linear actuators. We call these linear

actuators cavatappi artificial muscles based on their resemblance to the Italian pasta.

After drawing and twisting, hydraulic or pneumatic pressure applied inside the tube re-

sults in localized untwisting of the helical microstructure. This untwisting manifests as

a contraction of the helical pitch for the coiled configuration. Given the hydraulic or

pneumatic activation source, these devices have the potential to substantially outper-

form similar thermally activated actuation technologies regarding actuation bandwidth,

efficiency, modeling and controllability, and practical implementation. In this work, we

show that cavatappi contracts more than 50% of its initial length and exhibits mechanical

contractile efficiencies near 45%. We also demonstrate that cavatappi artificial muscles

can exhibit a maximum specific work and power of 0.38 kilojoules per kilogram and 1.42

kilowatts per kilogram, respectively. Continued development of this technology will likely

lead to even higher performance in the future.
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4.1 Introduction

Traditional electric and fluidic actuators operate effectively in many tasks, yet their com-

plexity and rigid configuration often limit their deployment in areas such as biomimetic

robotics and compliant structures and limit the design space of their host system. This

has driven research into alternative solid-state, flexible actuators, but the challenge has

been producing high specific power metrics while maintaining the efficiency, form factor,

and predictable performance necessary for adoption. The key metrics often used for soft

actuator selection in applications are average and peak specific power, specific work, max-

imum actuation strain and stress, lifetime, and actuator efficiency. Many of these metrics

are governed by the input driver of the actuator, for example, electrically or fluidically

driven actuators tend to be much more efficient than thermally driven actuators.

To help compare different soft actuator technologies, Table 4.1 summarizes key met-

rics of several soft-actuators and human muscle, which many of these actuators aim to

mimic, and provides total system efficiency metrics that consider the electric energy to

mechanical work conversion (chemical free energy to mechanical work for human mus-

cles). Included in this table are thermally activated twisted polymer actuators (TPAs),

which are made from inexpensive fibers, such as fishing line. TPAs have been shown to

develop a specific work of 2.48 kJ/kg and an average specific power of 27.1 kW/kg [128];

however, their thermal activation limits response time, controllability, and efficiency. The

electric-mechanical energy conversion efficiency for TPAs is thought to be similar to that

presented for shape-memory alloys, which is about 1 to 2% [128]. McKibben actuators

are pneumatically or hydraulically driven artificial muscles (PAMs or HAMs) widely used

in robotics [250, 326]. They change length by inflating a bladder that is surrounded by

a counter double-helix–braided sheath. The macroscopically developed anisotropy allows

the device to contract in length and expand radially [65]. Pleated pneumatic artificial
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muscles (PPAMs) are a recently improved incarnation of the conventional McKibben ac-

tuator that can develop a specific work of 1.1 kJ/kg, an average specific power of 1 kW/kg,

and contractions of 38% [75, 336]. Small McKibbens can be fabricated with dimensions

on the order of a few millimeters in diameter [178], yet at both large and small scales,

their multicomponent nature causes frictional losses and hysteresis, which has frustrated

the development of accurate models that would allow precise control algorithms [129]),

although this has been reduced in PPAMS. But for all McKibbens, during actuation,

their diameter increases as a result of the inflation that drives their actuation. These

radial changes make parallel operation volumetrically inefficient.

To improve some of the McKibbens drawbacks, new actuator designs have been pre-

sented such as pouch motors, fluid-driven origamiinspired artificial muscles (FOAMs),

and origami-based vacuum pneumatic artificial muscles (OV-PAMs). Pouch motors are

fabricated from bonded films that form an inflatable planar pouch that can be connected

in series, forming paired pouch motors. This configuration can develop contractions of

31% with payloads of 10 kg when the pouches are pressurized [239, 248]. Although paired

pouch motors are mentioned here and can be used in soft robotics, these do not appear

in Table 4.1 because nondimensional or specific metrics have not been directly reported

in the literature. Both FOAMs and OV-PAMs are origami-based vacuum-actuated actu-

ators. The former uses a skeleton with a repeated zigzag pattern in a sealed bag. When

negative pressure is applied to the actuator, the air within exits the bag, and the zigzag

pattern leads to the contractile deformation of the actuator. These actuators develop

contractions of up to ∼90% and a mechanical-to-mechanical energy conversion contrac-

tile efficiency of 23 and 59% when pneumatically and hydraulically tested, respectively.

However, the great generated contractions by FOAMs substantially decrease with small

actuation load increments [189]. The related OV-PAMs consist of a sealed film chamber

made from polyvinyl chloride (PVC) connecting a top and a bottom plate with evenly
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Table 4.1: Comparison of metric for various soft actuators. Dash entries indicate data
not found.

Metric
Cavatappi

[38, 327, 328, 351]
TPA
[128]

PPAM
[75, 215, 336]

HASEL
[8, 167]

OV-PAM
[184, 185]

FOAM
[189]

Human Muscle
[203, 313]

Avg/Peak
Specific Power∗

(kW/kg)
0.8 / 1.42 27 / 50 1 / – 0.36 / 0.59 - / 0.02 ∼1 / ∼2 0.05 / 0.28

Specific
Work

(kJ/kg)
0.11 – 0.38 2.48 1.1 0.07 0.19 ∼0.25 0.04

Maximum
Actuation
Strain (%)

∼50 49 38 ∼60 >90 90 >40

Maximum
Actuation Stress

(MPa)
∼0.70 ∼100 0.67 0.3 0.04 ∼0.6 0.35

Lifetime
(cycles) >104† >106 >105 >105 – >104 >109

Actuator
Efficiency (%) ∼9†§ & ∼45†¶ – ∼57†¶ – ∼99†§ 23†§ & 59†¶ –

Total System
Efficiency (%) 10 – 22†¶ ∼1 ∼5†¶ 21†‖ 16†§ 2 – 5†§ ∼20

∗This value is limited to the energy rate provided by the energy source. †This was the maximum number of cycles
tested, not an upper limit on lifetime. Cavatappi showed no signs of degradation. ‡Actuators’ energy conversion
contractile efficiency (without energy recovery). §Pneumatic. ¶Hydraulic. ‖Full-cycle analysis
of actuator efficiency (includes energy recovery).

spaced transverse reinforcements. The previously mentioned actuation strain-stress ratio

limitation of FOAMs is solved with OV-PAMS because they can keep an actuation strain

close to 100% while generating their maximum actuation force. However, OV-PAMs

are voluminous, which could limit their implementation in small robotic applications

[184, 185].

The previously mentioned actuators are all thermally or fluidically driven; hydraulically

amplified self-healing electrostatic actuators (HASELs) are electrohydraulic activated.

These muscle-mimetic actuators are fabricated from an elastomeric shell partially covered

by a pair of opposing electrodes and filled with a dielectric liquid. Upon voltage applica-

tion, the induced electric field generates an electrostatic Maxwell stress that pressurizes

and displaces the liquid dielectric leading to the actuator’s contraction. HASELs can

generate actuation strains of about 60% (calculated as the actuator contraction displace-

ment divided by the actuator initial length) and full-cycle electric-mechanical efficiency
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of 21% (see Table 4.1). However, these actuators require high voltage (> 5 kV) and have

thus required voluminous power electronics in testing [8, 167].

Here, we present an actuation mechanism that is a hybrid of TPAs and McKibben actua-

tors, which we have named cavatappi, after the Italian pasta with similar shape (see Fig.

4.1(a)). Cavatappi exploits the material’s anisotropic microstructure to develop actuation

like TPAs, yet they are pneumatically/hydraulically driven like McKibben actuators. The

anisotropic microstructure is developed through drawing of inexpensive polymer tubes.

After drawing, the tubes are twisted and coiled like TPAs. Therefore, cavatappi have the

simplicity and size of TPAs with the actuation response and mechanical efficiencies of

McKibben actuators. Table 4.1 shows actuation characterization of single-component ca-

vatappi artificial muscles as compared with the other soft actuators. Although sacrificing

some performance of TPAs, cavatappi drastically increase others and in doing so, better

meet or exceed the performance of skeletal human muscle in many key metrics. With spe-

cific peak power metrics of 1.4 kW/kg, cavatappi exceeds the capacity of human muscle

while maintaining a mechanical conversion efficiency of 45%. With actuation strains of

up to 50% and minimal diametral changes during actuation, these devices can be placed

in parallel to increase actuation force akin to biological muscle fibers. Because of their

cost, performance, ease of fabrication, and compliant form, cavatappi fit the needs of

many current and future robotic actuation applications.

4.1.1 Design and development of cavatappi

The design and development of cavatappi was originally inspired by the mechanics of

TPAs, particularly the idea of exploiting the material’s anisotropy to generate actuation

[128]. TPAs are thermally driven linear or torsional actuators, whose actuation response

is a result of the anisotropic thermal properties of the precursor (untwisted) material,

which experiences axial thermal contraction and radial thermal expansion. They are
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Figure 4.1: Cavatappi pasta, cavatappi artificial muscles, and precursor tubes. (a)
Cavatappi pasta is shaped as a helical tube yet lacks the anisotropic material properties
necessary to be deployed as an effective actuator. (b) Precursor undrawn tube (left,
3.18 mm OD and 1.58 mm ID) and precursor drawn tube (right, 1.8 mm OD and 0.85
mm ID). (c) Cavatappi made from a 1.8-mm-OD/0.85-mm-ID tube. (d) Cavatappi
in (b) that has been prestretched and annealed after fabrication to increase the helix
pitch. (e) Cavatappi made from the drawn precursor tube shown in (b) and coil ID of
7 mm. (f) Mini-cavatappi made from a 0.7-mm-OD/0.25-mm-ID tube. (g) Bundle of
cavatappi artificial muscles that simulate a human skeletal muscle bundle. (h) Linear-
parallel configuration of nine cavatappi from (c). The scale bar in (b) is used for (b) to
(f), and the scale bars for (a), (g), and (h) are shown in the figures. All tube diameters

listed here are the drawn diameters.

inexpensive, often fabricated from fishing line, and have been demonstrated in areas such

as robotics [309, 353, 360], medical devices [202], and active textiles [128, 143]. In the

past few years, our team has focused its effort on understanding the actuation mechanism

of TPAs and how TPAs’ actuation can be modeled using the material properties of

the precursor fibers [137, 296, 315]. As part of this work, we found the standard TPA

materials to be highly viscoelastic [136, 295, 314] and hygroscopic, which causes their

response/performance to depend on moisture content [138]. Moreover, the viscoelastic

and hygroscopic properties of TPAs are strongly affected by temperature changes, and

temperature changes are required for actuation. This makes TPAs challenging to model

and therefore control [28, 137, 165, 296, 297, 315]. Last, thermal activation is generally

an inefficient and time-consuming (particularly during cooling) driver.

The extreme performance and shortcomings of TPAs led our team to explore alternative

actuation modalities that might mitigate inherent drawbacks yet take advantage of their
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strengths by mimicking their actuation mechanism. We surmised that internal pressure

in a tube could be used to develop similar anisotropic expansion seen during TPA heating

and initially tested straight extruded/drawn tubes of polymers. Pressure testing showed

that soft PVC tubing (Fig. 4.1(b), left) was able to generate radial expansion similar to

TPAs, yet the tubing developed axial expansion, which we knew from our TPA modeling

would reduce actuation performance when twisted. Given the PVC microstructure, we

set out to mitigate this axial expansion by enhancing anisotropy by cold drawing (Fig.

4.1(b), right) [24, 261, 268]. Fig. 4.1(b) shows the precursor tube [left, 3.18 mm outer

dimater (OD) and 1.58 mm inside diameter (ID)] and the same tube (right, 1.8 mm OD

and 0.85 mm ID) after the cold drawing necessary to increase axial stiffness relative to

radial stiffness. Note the substantial change in diameter that occurs during the drawing

process. We found that internal pressurization after drawing induced positive radial

strains and negative axial strains that mimicked those of heated TPA precursor fibers.

Next, we twisted these drawn tubes, which we knew from our work with TPA would

reorient the highstiffness molecular chains into a helical configuration around the central

tube axis while maintaining the tube’s ability to radially expand. Such a straight-twisted

tube configuration would generate an untwisting when pressurized (torsional actuation).

The twisted tubes were then helically coiled (Fig. 4.1(c) to (h)) so that the localized

untwisting would manifest as linear actuation by reducing the coil’s pitch. In this sense,

the torsional actuators can be considered elemental units of the cavatappi (movie A1 ·).

Testing showed that the coiled configuration was able to lift weights, demonstrating the

actuation phenomenon (see movie A2 ·).

Once actuation was proven, other configurations of cavatappi were explored, see Fig. 4.1

(c) to (h), which includes prestretched cavatappi (Fig. 4.1, (d) to (e)), cavatappi with

various coil diameters (Fig. 4.1(e)), minicavatappi made from smaller PVC tubing (Fig.

4.1(f)), and grouped cavatappi as bundled (Fig. 4.1(g)) or in parallel (Fig. 4.1, (g) and
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(h)). Here, we use the reinforced cavatappi artificial muscles with the configuration and

dimensions shown in Fig. 4.1(c) and detailed in the Supplementary Materials (specifically,

Fig. A.2) to characterize the actuation responses and performance properties of cavatappi

artificial muscles, including actuation under various loads as a function of pressure and

time, specific work, specific power, lifetime, creep, and actuator contractile efficiency.

We also present some applications of cavatappi that demonstrate the use of prestretched

cavatappi (similar to that in Fig. 4.1(d)) to increase the maximum actuation stroke, pairs

or bundles (similar to that in Fig. 4.1, (g) and (h)) of cavatappi to increase the actuation

contraction force, and mini-cavatappi (similar to that in Fig. 4.1(f)) for smaller-scale

robots.

4.2 Results

4.2.1 Mechanism of actuation

Cavatappi artificial muscles are fabricated from extruded polymer “precursor tubes” (Fig.

4.3, Fab. stage 1). During the extrusion process, the original material deforms into

tubular structures, and anisotropy between the axial and hoop directions is induced.

This extrusion process creates axially orientated tie molecules responsible for high axial

strength [261]. However, this anisotropy can be increased when the precursor tube is

cold drawn, (Fig. 4.3, Fab. stage 2), by increasing the number of formed tie molecules

[24, 268].

To demonstrate the change in the anisotropic properties produced by drawing precursor

tubes, we pressurized undrawn and drawn samples while measuring axial and radial

strains (Fig. 4.2(a)). For the undrawn precursor tube, both axial and radial expansions

show growth as a function of pressure, with axial changes of about 40% of the radial.

After drawing this tube, the magnitude of radial expansion remains relatively unchanged
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Figure 4.2: Comparison of the axial and radial deformation for drawn and undrawn
precursor tubes, as well as a nylon monofilament used for TPAs. (a) Axial and radial
expansion of a drawn and undrawn precursor tubes as a function of pressure. Radial
expansion response changes slightly after drawing, but axial direction switches from
expansion to contraction. This response is similar to the axial and radial thermal
expansion of a precursor nylon monofilament (b) used to make TPA. Note that drawn
tubes in (a) show similar response to pressure as nylon monofilaments do to temperature
in (b) where in the radial direction it expands, whereas in the axial direction it contracts.
[Credit: Originally presented by Swartz et al. [315], IOP Publishing. Reproduced with

permission. All rights reserved.]

but develops a more linear relationship with pressure. The axial response to pressure

after drawing transitions from expansion to contraction, leading to a higher degree of

anisotropy. The anisotropy of the material can be measured as the ratio of radial to axial

strain or the difference between the radial and axial strain in response to pressure. The

ratio highlights the sign changes of the expansions, and the difference is key in modeling
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of TPAs [296, 315]. At 175 psi, the undrawn tubes have an anisotropy ratio of about 2.4

and an anisotropy difference of about 12%. After drawing, the anisotropy ratio becomes

about 31, and the difference becomes about 32%, highlighting the importance of drawing

the tubes before fabrication of cavatappi artificial muscles. The positive radial strain and

negative axial strains observed in the drawn tubes mirror the thermal response of TPA

precursor fibers shown in Fig. 4.2(b), which were reported by Swartz et al. [315]. In this

figure, we observe a similar negative anisotropy ratio and a large anisotropy difference,

which is known to be the source of actuation in TPAs [128].

After drawing, the tubes can then be twisted to reorient the high-stiffness molecular

chains into a helical configuration (Fig. 4.3, Fab. stage 3) so that internal pressurization

generates an untwisting of the tube (Fig. 4.3, Act. stage 3, and movie A1 ·). We

think of sections of the twisted tubes as “elemental units” of the cavatappi because the

localized shear deformation (untwist) is the fundamental actuation mechanism of the

cavatappi muscle. The orientation of the twisted outer fiber is shown by the pitch angle,

α, which is the angle between the original draw direction and the plane perpendicular to

the longitudinal axis of the tube. If the tube is thin enough, then this pitch angle would

be roughly constant through the tube wall thickness, but for thicker tubes, the pitch angle

will vary radially, similar to TPAs. If the elemental unit is thermally annealed to release

internal stresses, then the twisted configuration can be set. The actuation response of

the elemental unit was tested under free torsion conditions, and the results are presented

in section A.4.

After twisting, a drawn tube can also be coiled (Fig. 4.3, Fab. stage 4) to create the

final cavatappi artificial muscle. When this helical configuration is thermally annealed,

the internal stresses are released, and this new shape holds after the loads that are

used to maintain the configuration during the coiling process are removed. As a final

step, as shown in Fig. 4.1(d), the cavatappi may be prestretched to increase pitch before
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Figure 4.3: Stages of fabrication of a cavatappi artificial muscle along with their
actuation response at each stage. A blue reference line on the tube wall is used to track

the actuation.
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annealing. In these coiled configurations, when internal pressure is applied, the untwist in

the elemental presents as helical contraction in the overall artificial muscle coil pitch (Fig.

4.3, Act. stage 4). We should note that the reinforcing monofilament of nylon 66 (used for

increasing actuator stiffness and lifetime) is kept inside the tubular structure through the

entire fabrication process and is thus also twisted and coiled. However, the monofilament

used for reinforcement does no work during actuation, and any external loads on the

cavatappi are not attached to the reinforcing filament. Thus, the reinforcement is solely

there to increase the structural stability of the cavatappi.

4.2.2 Cavatappi artificial muscle: Actuation characterization

With the actuation phenomenon established, the motion of elemental segments discussed

in section A.4, and the dimensions and materials of the tested actuators presented in

Materials and Methods, we present the cavatappi actuation response. Our testing to

date has included actuations under various loads as a function of pressure and time; the

latter illuminates viscoelastic effects. We have also developed tests to characterize specific

work, specific power, lifetime, creep, and actuator contractile efficiency.

4.2.2.1 Force-strain-pressure and time response characterization

To develop an understanding of the actuation response under load, we conducted a series

of isotonic actuation tests where pressure was cyclically ramped and tests where a step

change of pressure was applied. The ramp test provided insights into how contraction

depended on pressure, whereas the step change test informs bandwidth, specific power,

and hints at how future dynamic models might be applied to these devices.

The isotonic actuation response of cavatappi to a ramped pressure input is shown in Fig.

4.4(a). Here, we present the mean actuation results as a function of pressure, along with
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Figure 4.4: Cavatappi artificial muscle actuation results. (a) Actuation strain as a
function of pressure for 0.1-, 0.2-, 0.3-, 0.4-, and 0.5-kg applied tensile loads using a
ramped pressure along with the 95% confidence intervals from data taken from trials
on three different samples. (b) Pressure and actuation strain as a function of time
under 0.4-kg tensile load. Inset is a zoomed image region of the first 0.25 s highlighting
the response time and time lag. (c) Pressure and actuation strain as a function of
time under 0.4-kg tensile load for a long period actuation cycle used to show actuation
viscoelastic effects. (d) Peak and average specific power and velocity for 0.1-, 0.2-, 0.3-,
0.4-, and 0.5-kg tensile loads. (e) First 500 and 25 cycles of a 10,000-cycle lifetime test
used to show first cycle effects and actuation creep. A cycle frequency of 1 Hz was

limited by the regulator used for testing, not the bandwidth of the actuator itself.
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the 95% confidence intervals from data taken from trials on three different samples. For

every test, four actuation cycles were executed. Each cycle included a 1.5-s ramp to 240

psi and a 2.5-s ramp back to atmospheric pressure. The data from the last cycle were

used to calculate the average results plotted in Fig. 4.4(a), as initial cycles exhibit some

nonrecoverable deformation as the actuator is “worked in” (similar to the Mullins effect

seen in many polymers).

The actuation strain shown in Fig. 4.4(a) generally increases as a power of pressure. This

behavior is shown for all loads, except for the 0.1-kg mass where the nonlinear behavior

stops after 75 psi and appears more linear. In addition, this linear behavior stops for this

mass at about 200 psi, where after the second derivative of strain in pressure becomes

negative. We believe that this is because the coiled shape is completely saturated (there

is little to no space between the coils of the helix) under these conditions.

Fig. 4.4(b) shows the actuation of a cavatappi in response to a pressure step when loaded

with a 400-g weight. Here, when plotted in the time domain, we can see an actuation

contraction generated during the first 0.25 s followed by an underdamped vibration. This

ringing is expected from the elastic material properties, coiled shape of the muscle, and

the dynamic loading of the actuator whose stiffness and equilibrium position are affected

by the internal pressure.

Initially though, the actuation response of Fig. 4.4(b) consists of a dwell time of 20

ms where pressure is increasing and actuation is not initiated. This is followed by the

pressure-to-actuation time lag, which is the time delay between input pressure and output

actuation. This time lag of about 80 ms may be a result of viscoelasticity of the material

or restriction to the fluid’s flow through the small diameter tubes due to viscous shear,

although further testing would be needed to verify this. This viscoelasticity is apparent in

the actuation data of Fig. 4.4(b) between 0.25 and 1.6 s, where there is a steady increase in

actuation, superimposed on the aforementioned ringing, under constant internal pressure.
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We hypothesize that during this time, the actuator diameter is steadily growing, causing

not only (i) an increase in untwist of the tube but also (ii) an increase in effective spring

stiffness due to changes in the polar moment of inertia of the tube cross section.

In addition, Fig. 4.4(a) does not show the maximum actuation strain generated during

the conducted pressure ramp (Fig. 4.4(b)) because the actuation strain used to plot Fig.

4.4(a) is the data collected during the first 0.25 s, measured after the 20 ms it takes

for the material to respond; however, the muscle keeps contracting after this time. By

comparing Fig. 4.4(a) with Fig. 4.4(b), we see that the total actuation strain under a

load of 0.4 kg is 16% after an actuation cycle of 1.5 s. This extra actuation strain seen

in Fig. 4.4(b) compared with Fig. 4.4(a) is a result of various factors, such as the time

lag and viscoelastic effects already mentioned and the inertial masses during actuation

testing. Movie A2 · shows the actuation responses under a load of 0.2 and 0.4 kg,

respectively, where the dynamic actuation strain can be observed. Maintaining a steady

high pressure on the cavatappi would produce actuation strains exceeding the results

presented in either Fig. 4.4(a) or Fig. 4.4(b) as the tubes expand further.

4.2.2.2 Longer period actuation

With the knowledge of the PVC viscoelastic material response, a load of 0.4 kg was

attached to a cavatappi after which a 240-psi pressure step was maintained for 5 min

to observe longer-term actuation capacity. Here, the actuation response during the first

0.25 s is 11%, which aligns with the actuation response in Fig. 4.4(b). However, as time

passes, the actuation strain increases substantially, but the rate of change tends toward

zero. This is further evidence of the viscoelastic behavior of the material, which appears to

be a first-order dynamic response to the step input. Fig. 4.4(c) shows that after 5 min, the

muscle develops 46% contraction, more than three times that after 0.25 s. This represents
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an increase in the work done by the actuator, which may have important applications

where high strain is required, although the increased time reduces the actuator power.

4.2.2.3 Specific work and power

The time domain results of Fig, 4.4(b) and (c) were used to calculate the specific work for

these short- and long-term actuation modes to develop metrics to compare with other soft

robotic actuator technologies (Table 4.1). The calculations are detailed in the Supple-

mentary Materials (A.3) but involve finding power and then integrating to get work. The

short-term actuation response (0.25 s) developed a specific work of about 0.105 kJ/kg,

whereas that of the long actuation response (5 min) was 0.38 kJ/kg.

Following the same methodology as the strain-time, another test was performed wherein

velocity rather than position was measured to characterize the actuator’s power. Fig.

4.4(d) shows the peak and average velocities measured in these tests, as well as the

calculated specific power results for various loads applied to the cavatappi. The applied

internal pressure for these tests was 300 psi. The test with a 0.2-kg weight provided the

highest peak and average power results of 1.42 kW/kg and 0.8 kW/kg, respectively, and

therefore likely represents the mechanical matched-impedance at this input frequency. We

should note that the pressure step occurred more than about 70 ms due to limitations

in the regulator. The results in Fig. 4.4(b) show that about an 80-ms delay is expected

between pressure application and actuation response. Hence, we believe that the specific

power of cavatappi may be closer to two times the values presented above (2.84 and 1.6

kW/kg, respectively) but improved experimental set ups would be required to validate

the exact increase in the power. More details on the power calculation methods can be

found in the Supplementary Materials.
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4.2.2.4 Actuator lifetime

To assess actuator longevity, we conducted a 10,000 actuation cycle life test (500 of which

are shown in Fig. 4.4(e)) of the cavatappi using a 0.2-kg load. The test concluded without

failure or any sign of degradation, and the duration of the test was only limited by the

size of the pressurized gas bottle used to actuate the cavatappi. Details related to this

lifetime test can be found in the Supplementary Materials. Notice that the first 25 cycles

in Fig. 4.4(e) also provide information on the viscous effects during the actuation recovery

process of an actuation cycle. The recovery time seems to be about 2.5× the time it takes

the actuator to contract. Such time recovery may be improved by using the prestretched

configuration of cavatappi because this configuration does not depend on a bias load for

recovery.

4.2.3 Application demonstrations

To illustrate the operability, applicability, fast actuation, energy storage, and precision

control of cavatappi artificial muscles, we developed a number of demonstrations (see

Figs. 4.5 and 4.6). In Fig. 4.5(a), a single cavatappi artificial muscle is used to lift a

0.2-kg mass, and in Fig. 4.5(b), cavatappi flexor and extensor muscles are used to actuate

a robotic digit. Both Figs. 4.5(a) and (b) are time frames that have been extracted from

movies A2 · and A5 ·, respectively, which highlight the speed of actuation. The basic

actuation demonstration in Fig. 4.5(a) used a single cavatappi artificial muscle that was

cyclically actuated with 240-psi air under a tensile load of 0.2 kg. A fast-opening valve was

manually triggered such that an entire contraction and expansion cycle required only 0.24

s (∼4 Hz). Under these actuation conditions, the muscle generated an axial contraction

of 30%. Fig. 4.5(a) also shows that at a pressure of 240 psi, the maximum actuation
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response was limited by the saturation of the cavatappi coils, and thus, higher pressures

would do little to change the performance.

Figure 4.5: Demonstration of the contraction response and biomimetic application
of cavatappi artificial muscles. (a) Actuation strain cycle response for a 0.2-kg tensile
load with a maximum internal pressure input of 240 psi. (b) Fifth digit actuation of a
robotic hand using two cavatappi artificial muscles as the flexor muscles and one as the

extensor muscle.
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Whereas the muscle shown in Fig. 4.5(a) was fabricated without an initial prestretch,

movie A2 · also shows a second similar muscle fabricated with prestretched and actu-

ated under the same axial load of 0.2 kg. During fabrication, this muscle was stretched

by 130% and thermally annealed at 190°F for 30 min, before cooling under room temper-

ature conditions to maintain the stretched configuration after removal of the mechanical

restraints. That cavatappi contracted 40% during actuation, an increase of 10% more

than the unstretched muscle. The extra 10% actuation response shown in movie A2 · is

attributed to the prestretched configuration, which delays muscle saturation. Movie A2

· also shows the same prestretched cavatappi artificial muscle but under an axial load

of 0.4 kg. Under this condition, the sample contracts 16% with a pressure of 240 psi; a

similar result was found using unstretched muscle because under this higher applied load,

neither muscle contracts enough to saturate.

Following others [224, 360], we three-dimensionally printed a robotic hand with dimen-

sions similar to those of an adult human to show the biomimetic potential of cavatappi

(Fig. 4.5(b)). The cavatappi were placed on this model to allow for flexion and exten-

sion of only the fifth digit. Cavatappi could have also been placed on the other digits to

develop a fully functional robotic hand, but they were excluded in this work for image

clarity. Like human hands, each finger was composed of three segments. The pinky (or

fifth digit) shown in Fig. 4.5(b) was actuated by the contraction of two parallel cavatappi

artificial muscles placed in the interior forearm, mimicking those muscles in a human

arm, with restorative forces induced by a single antagonistic cavatappi on the posterior

of the arm. Both flexors and extensor muscles were prestretched cavatappi. The linear

actuation was transmitted to the tip of the finger by a 0.2-mm-diameter monofilament

nylon tendon.

In the resting position, the flexor and extensor muscles were set into an extended position

of the fifth digit (Fig. 4.5(b), Resting Position), and all had an internal pressure of 0 psi.
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Figure 4.6: Applications of cavatappi artificial muscles to show the precise actuation,
elastic energy storage, and scalability properties. (a) High precision actuation strain for
a linear-parallel configuration of nine cavatappi used to aim at three different targets
with a laser pointer attached to the actuated arm. (b) Same application shown in
(a) used to highlight the potential elastic energy storage capacity of cavatappi. (c)
Actuation response developed by the mini-cavatappi shown in Fig. 4.1(f) under a load

of 8.1 g (dollar coin).

To actuate, pressure was cycled between 0 and 240 psi by opening and closing a pneumatic

valve. During the finger flexion, the flexors rapidly contracted in 0.18 s. This contraction

also led to an extension in the extensor muscle (Fig. 4.5(b), Flexion). As shown in the

inset of Fig. 4.5(b), during flexion, the flexors not only contract but also helically wrap

around each other as a result of the untwist that occurs on the sample, leading to an
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increase in the finger flexion. The secondary helical twisting of the actuator around each

other provided additional path length and contraction as a result, beyond what would

be expected from a single cavatappi. After the flexion, the flexors were depressurized,

and the extensor was pressurized. This induced extension of the finger (Fig. 4.5(b),

Extension), at which point, both muscles were depressurized. Fig. 4.5(b) also shows the

actuation time for a cycle (finger flexion and extension) to be about half of a second (∼2

Hz).

To emphasize high precision actuation and potential elastic energy storage capacity (strain

energy), Fig. 4.6(a) and (b) shows actuation of a mechanical arm via a linear-parallel

configuration of nine cavatappi (the same cavatappi shown in Fig. 4.1(c) with the config-

uration shown in Fig. 4.1(h)). In Fig. 4.6(a) (movie A7 ·), a laser pointer is attached

to the end of the arm. The laser pointer illuminates a red dot on the black background

in Fig. 4.6(a), where three different targets were set (bottom, middle, and top targets

as shown in Fig. 4.6(a)). As previously mentioned, the mechanical arm was actuated

using a linear-parallel configuration of nine cavatappi; to generate initial stretching of the

muscle, a bias mass of 0.2 kg was hung from the platform where the laser was sitting,

although prestretched muscles could have been used. At the initial position, the muscles

were slightly pressurized (50 psi) to aim the laser at the bottom target. After 3 s, the

internal pressure was increased to 200 psi, moving the arm to illuminate the top target

(position 1 in Fig. 4.6(a)), after which the arm was controlled to illuminate the middle

target.

The strain energy stored in an ideal helical spring is ½kx2, where k is the spring constant

and x is the deflation of the spring from its equilibrium position. The helical shape of

cavatappi invites the application of this standard model, albeit with variable stiffness

and equilibrium positions in response to pressure. Hence, it is clear that cavatappi have

an inherent energy storage capacity that, like human muscle, can be used to increase
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the actuation cycle efficiency in applications such as robotic running (35). This effect

is highlighted in Fig. 4.6(b) (movie A6 ·), wherein the arm of Fig. 4.6(a) is adapted

to hold a standard tennis ball. In this test, the linear-parallel cavatappi configuration

was initially stretched to store strain energy and subsequently released to launch a tennis

ball. This experiment was repeated at pressures of 0, 150, and 200 psi to vary both the

actuator stiffness and equilibrium position and thus store varying energy for a given arm

angle. The maximum gravitational potential energy position illustrates the maximum

height that the tennis ball reached under the above specified pressures. Here, it observed

an increase in gravitational potential energy as the pressure increases; at a pressure of

200 psi, the tennis ball exited the frame of the recorded video; thus, it is shown before

departure in Fig. 4.6(b).

One more interesting feature of cavatappi artificial muscles are the potential to be scaled

down. The limits on miniaturization of these devices are primarily related to the man-

ufacturing limits of the precursor tube. One might initially think that miniaturization

of the tube would decrease the flow, which is needed to inflate the actuators because of

viscous losses, but the required inflation flow rate in these actuators scales by the square

of the internal diameter. The average velocity in a laminar flow scales in the same way

for a given applied pressure gradient. We therefore do not expect substantial bandwidth

limits associated with viscous losses when miniaturized. To highlight the capacity for

miniaturization, we reduced the size of the principal cavatappi studied in this work (Fig.

4.1(c)) by 2.5× through the use of a tube with 250 µm ID and 700 µm OD (Fig. 4.1(f)).

Figure 4.6(c) and movie A4 · show the actuation response of this mini-cavatappi under

the tensile load generated by a coin that was glued to the end of the muscle. Under

this load, the mini-cavatappi contracted 25% when a pressure of 150 psi was internally

applied. Fig. 4.6(c) also shows a 4× zoomed image of the coiled section, which highlights

the change in pitch of the helical structure during actuation.

129

https://www.youtube.com/watch?v=OXRYo4UMKAU
https://www.youtube.com/watch?v=_vAdsNrnqxU


4.2.4 Preliminary modeling of cavatappi artificial muscles

Our initial modeling efforts focus on the variation in the cavatappi stiffness and free length

in response to internal pressure changes. We know from classical mechanics theory that

the torsional stiffness of a hollow tube can be related to the internal and external diameters

via

kt =
πG

32l
(OD4 − ID4) (4.1)

Here, G is the material’s shear modulus, l is the length of the tube, and OD and ID

are the outer and inner diameters of the tube, respectively. Note that Eq. 4.1 neglects

viscous effects. Although we have shown viscoelastic effects to be present in cavatappi,

for high bandwidth actuation, these effects would be relatively small. In addition, the

internal material damping, apparent in the exponential decay of the ringing response in

Fig. 4.4(b), is relatively small.

If we assume that the wall thickness does not change substantially during internal pres-

surization (only because of Poisson’s effect) and add a change in diameter, ∆d, to both

the OD and ID terms, then we get a fourth-order polynomial for stiffness k as a function

of ∆d. Under certain conditions, e.g., when 0 < ∆d/OD < 1 and ID∼OD/2, which rea-

sonably approximates the conditions for the experiments in this work, the fourth-order

polynomial for k can be approximated as linear. Given this result, we can see that the

torsional stiffness of an inflating tube like a cavatappi scales approximately with the re-

lationship kt = kt0 + ct∆d, where kt0 is the original torsional stiffness and ct is a constant

of proportionality. Figure 4.2(a) shows a relatively linear relationship between pressure

and diameter, and therefore, the stiffness can also be considered linear in pressure. The

torsional stiffness of such a straight tube is directly related to the linear stiffness of a

coiled helical spring, and hence, the cavatappi spring stiffness could be modeled as two
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springs in parallel, one with some initial stiffness (k0) and one with a stiffness linearly

dependent on pressure (kp).

In addition to stiffness changes, the free length of the cavatappi changes during pressur-

ization. A prestretched cavatappi with no hanging weight contracts to a new free position

when pressurized. This change in length is a result of the local untwisting of the elemental

sections. We have shown in our work on TPAs that for a given radial layer, the amount

of untwist, and therefore free contraction, is linearly related to the radial strain [315].

To first order, this radial strain is related linearly to internal pressure. It is therefore

reasonable to assume that the free retraction length (δxf ) of these actuators is linearly

related to internal pressure, a fact verified for pressures above ∼60 psi in Fig. 4.4(a) for

the lightest load applied (0.1 kg). However, this figure also shows that more advanced

nonlinear modeling would be needed for less pressure or higher loads.

Fc = (k0 + kp)(x+ δxf ) (4.2)

Here, k0 is the initial cavatappi spring stiffness, kp is the stiffness changes due to pressur-

ization, δxf is the free retraction length for the applied pressure, and x is the displacement

of the end of the actuator from its initial position. As previously mentioned, it is likely

that both kp and δxf are linearly related to pressure and could therefore be easily modeled

for a given actuator. Even if nonlinearities are present, they could also be modeled or

empirically derived to apply the actuator model in Eq. 4.2. Future work will be needed

to include viscoelastic effects on stiffness and free retraction lengths, as well as a mod-

eling effort to understand how internal damping is affected by internal pressure and the

resulting tube diametral changes. We saw in Fig. 4.4(b) and (c) that the work and power

capacities of these devices are input frequency–dependent, so we expect that damping

terms may be needed in Eq. 4.2 to accurately predict this time dependence. In addition,
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the internal material damping apparent in the exponential decay of the ringing response

in Fig. 4.4(b) shows that advanced modeling will need to include damping.

4.3 Discussion

Here, we have introduced a low-cost, lightweight, fluidic artificial muscle whose actuation

relies upon (i) the anisotropic physical properties introduced into the virgin material

through extrusion and enhanced by a cold drawing process, (ii) the reorientation of those

properties through a twisting or twisting and coiling process, and (iii) the deformation of

the reconfigured material through the application of an internal pressure. The flexibility

of cavatappi will allow them to be used on applications over corners/joints such as a

knee, elbow, or ankle, because they can be placed under a curved deformation and still

actuate. Their simplicity also presents an advantage in applications. Because cavatappi

are fabricated from soft PVC tubing, the same tube length could consist of sections

where the drawn precursor tube is coiled-twisted, straight-twisted, or simply kept as the

original straight drawn configuration. Hence, a single tube length with a coiled section

in the middle could serve as (i) the plumbing from the pressure source, (ii) the actuator,

and (iii) the tendon running to the point of force application. Such an implementation

would decrease the overhead mass and complexity from fittings, increase reliability by

eliminating leaks, and decrease maintenance.

The data collected and testing presented herein for cavatappi can be used to develop

performance metrics that can be compared with similar actuator technologies. The data

in Table 4.1 compare cavatappi with other soft robotic technologies. In addition to Table

4.1, Fig. 4.7 also provides quick comparisons between cavatappi artificial muscles and

PPAMs, TPAs, and human skeletal muscles for a variety of performance metrics often

reported for artificial muscles: average specific power and specific work, response time,
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maximum stress and strain, and total contractile efficiency. Once again, we consider

cavatappi to be, to an extent, a hybrid configuration between TPAs and PPAMs; thus,

Fig. 4.7 compares these and human skeletal muscles. We should note that the response

times presented in the spider graph are somewhat subjective estimates of the authors

based on the actuation driver. The exact response time depends on the details of the driver

(for example, a much faster actuation response can be obtained in thermally activated

TPAs when is applied via conduction, as compared with convection), so only categories

of response times are presented.

Both Fig. 4.7 and Table 4.1 show that TPAs present high specific work and power as

well as high maximum stress and strain, which has led to notable research interest, yet

their thermal activation limits their total efficiency and response time. PPAMs show

similar maximum actuation stress and strain properties as human muscles but outper-

form human muscles in specific power, work, and response time. Because they are also

pressure driven, similar actuation properties are found for cavatappi artificial muscles

as those for PPAMs; however, cavatappi artificial muscles are shown to exceed PPAMs

maximum actuation strain and the total system efficiency. Furthermore, when compared

with PPAMs, cavatappi artificial muscles are inexpensive ($0.9/m of cavatappi muscle),

and because cavatappi fabrication processing embeds similar microstructural anisotropy

developed through macroscale features in PPAMs, they are far simpler to fabricate yet

develop similar specific power and work metrics. Moreover, PPAMs expand drastically

in the radial direction during actuation. Cavatappi bypass this pitfall, relying upon an

internal microstructure for anisotropy and developing relatively little helix diametral de-

formation during actuation (see Fig. 4.5, (a) and (b)).

As we see in Fig. 4.7, cavatappi artificial muscles are capable of mimicking some human

muscle properties and outperforming others, such as fast contraction activation, specific

power and work, and maximum force and contraction. Furthermore, like human skeletal
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Figure 4.7: Artificial muscles performance comparison along with those of skeletal
muscles [65, 74, 128, 249, 326, 336, 353]

muscles, cavatappi artificial muscles have the potential for stacking in parallel to increase

force generation (see movies A5 · to A7 ·). We have demonstrated parallel operation

here: Nine cavatappi artificial muscles of the same length were connected in parallel to

increase the generated torque by nine times on the arm in Fig. 4.6(b). Extending this

concept, cavatappi could be bundled similarly to that of biological muscle bundles, as

shown in Fig. 4.1(g).

The maximum actuation strain of cavatappi is somewhat limited by the bursting pressure,

which we think is related to the ultimate strength of the drawn PVC material in the

direction perpendicular (transverse) to the tie-chain molecules running in the helical

direction around our actuators. The observed failure mode is one in which bursting

occurs in tiers parallel to the draw direction. Increasing wall thickness increase would

increase burst pressure but at the expense of diametral expansion and proportionally

higher pressure for a given amount of actuation. Similarly, increasing the amorphous

region tensile limit would likely lead to increased burst pressure, but work in this area
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would need to ensure that the modulus in the hoop direction was not also increased, as

doing so would adversely affect actuation.

We have used soft PVC to fabricate these actuators, but there may be polymers with

the right combination of anisotropy and radial compliance after cold drawing needed for

cavatappi-type actuation, and there may be polymers that allow for a larger maximum

pressure or actuate more efficiently. We tested some nylon and polyurethane tubes, but

we found that nylon had a hoop stiffness too high to actuate at the pressures that we were

able to apply and that polyurethane was so weak radially that it failed at relatively low

internal pressures. Although this limited material study used PVC, we have no reason

to believe that this is the only material that can serve as cavatappi. On the contrary,

we believe that cavatappi can be optimized by designing and/or selecting precursor ma-

terials that maximize anisotropic properties and allow those properties to reorient with

twisting/coiling.

Reducing pressure required for a given amount of actuator strain should be a primary

future goal of this technology, but it is fundamentally a question of actuator efficiency.

To reduce the amount of required pressure for a given actuation strain, the actuator

efficiency would need to be increased because pressure is directly related to the input

work. We have demonstrated an actuator contractile efficiency of about 45%, which is

similar to related technologies. If a material could be found that has a lower transverse

modulus, then high pressure could be traded for larger requirements on pumped internal

volume while maintaining this high actuator efficiency. Doing so though would necessarily

increase the rate of tube expansion and therefore more quickly saturate the muscle, thus

potentially reducing the actuator stroke and specific work capacity. The wall thickness to

inner diameter ratio could potentially be reduced to increase the diametral deformation

in response to internal pressure and thereby increase efficiency, but it is critical that the

ratio is not reduced so far that the tubes can kink during twisting, which would, in turn,
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prevent the actuator fluid flow through the entire actuator length. This “kink” stability is

a critical design objective of future optimization, although the reinforcing monofilaments

would help to prevent this failure mode. The tubes used in this work have used a predrawn

OD/ID ratio of 2.1/2.8, which has resulted in tubes that have yet to fail to actuate due

to kinking.

More extensive material modeling of cavatappi would highlight some of these trade-offs

and how material properties directly affect actuation performance. Expanding and vali-

dating the model of cavatappi artificial muscle presented in this work will be the subject

of future work; however, compared with TPAs, it will be substantially simpler because

only the mechanical properties of the precursor tube are needed, and there is a reduced

need to collect mechanical properties as a function of temperature. Furthermore, the soft

PVC used for our cavatappi presents small moisture absorption [344]; thus, moisture de-

pendencies would not need to be included in actuation models, unlike nylon TPAs, which

require material models that include thermal and hydroscopic effects [138]. The modeling

of PVC cavatappi artificial muscles will need to follow a linear viscoelastic characteriza-

tion due to the viscoelastic effects that are reported in this work. Last, we expect that

future work will include the use of cavatappi artificial muscles in many applications due

to their simplicity, low-cost, lightweight, flexibility, efficiency, and strain energy recovery

properties, among other benefits.

4.4 Materials and Methods

The material used throughout this work is Soft ND-100-65 Tygon PVC tubing. As

described in section A.1, cold drawing, twisting, and coiling of this PVC tubing make

the cavatappi artificial muscle. The results presented in this work use the cavatappi in

Fig. 4.1(c) with linear density of 0.014 g/mm and dimensions in Fig. A.2 (except the
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mini-cavatappi was used in Fig. 4.6(c) and movie A4 ·). This cavatappi was reinforced

with an internal nylon monofilament inserted into the hollowed tube during fabrication

(see section A.1). The reinforcement was found to reduce a pinching-type failure mode

observed in life-cycle testing. In addition, it was found that over thousands of cycles,

actuation creep was observed for cavatappi without a reinforcement. The reinforcing

monofilament provided a restoring force after pressure was removed, which helped to

reduce actuation creep. For all actuation tests and metrics calculations performed in

this work, we used a Polytec OFV-5000 Vibrometer controller with the OFV-534 optics

head. To apply and measure pressure in these tests, we used a RG1262-1500 pressure

regulator along with QB1T closedloop servo system and a DS-series pressure transducer

from ProportionAir. The voltage outputs of these systems are linearly related to a change

of position of the object on which it focuses (vibrometer) and change in pressure (pressure

transducer) (Fig. A.3). This voltage was recorded by a National Instruments PXIe-

6361 multifunction data acquisition card and subsequently analyzed to develop the data

presented in this work. More details on testing methods and calculations of metrics in

Table 4.1 and Fig. 4.7 are found in the Supplementary Materials.
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CHAPTER 5

MATERIAL-BASED MODELING OF CAVATAPPI ARTIFICIAL

MUSCLES

Soft actuators show much promise for use in bioinspired and biomimetic robotics as they

share many similarities with actuation systems found in nature. Twisted and coiled ac-

tuators are soft actuators that have been shown to outperform many metrics of biological

muscles, leading researchers to derive actuation models for future control and implemen-

tation. Although models have been proposed for twisted and coiled carbon nanotubes

and polymer fibers, cavatappi artificial muscles—a novel twisted and coiled fluidic soft

actuator—have not been modeled yet. This work establishes a framework for modeling

cavatappi using the thick-wall pressure vessel stress analysis and the spring theory. The

presented model uses the mechanical properties of the precursor drawn material used for

fabrication, initial twist (internal fiber angle), muscle geometry, and internal pressure

to predict the artificial muscles contraction under different external loads. The model

predictions agree with the experimental results for cavatappi of different internal fiber

angles and load conditions. Given their potential implementation in bioinspired applica-

tions, our model can help better design, optimize, and control the actuation response of

cavatappi.

5.1 Introduction

The need for safe human-machine interactions (HMIs) [111, 182, 194, 272] in applica-

tions such as smart exoskeletons and prosthesis [57, 334], wearables [10], surgical tools

[48], and even humanoids [25, 52] has led many in search for new soft actuation tech-

nologies. Unlike traditional actuators, soft actuators have the potential to mimic the
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adaptive dynamic behavior of biological muscles, which could enable an affordable solu-

tion for HMIs [139]. As a result, many new soft actuation technologies are developed

every year [8, 34, 128, 140, 185, 189, 345]. Although they share the common goal of

achieving compliant actuation systems capable of adapting to unstructured environments

safely, their activation, materials, morphology, and performance can substantially vary

from one to another. However, a subgroup of these actuators employ twisting and coiling

precursor structures and therefore share similar fabrication procedures, actuation princi-

ple, and helical shape. These soft actuators are twisted/coiled carbon nanotubes (CNTs),

twisted/coiled polymer actuators (TCPAs), and cavatappi artificial muscles.

Initially, high-force/low-stroke straight CNTs actuators were twisted and/or coiled to

create torsional and/or linear actuators [105, 196, 197]. By twisting and coiling, linear

CNT actuators increased their actuation contraction 10 times the contraction found in

the straight configuration while maintaining high actuation forces. CNTs use ion trans-

port in the material matrix to generate asymmetric swelling (radial expansion and axial

contraction) of the precursor straight CNTs, leading to torsion or contraction when only

twisted or twisted and coiled, respectively. Similar actuation responses were obtained in

twisted/coiled CNTs using different activation methods, including electrical, chemical,

and photonic excitations [197].

Next, inexpensive drawn fibers such as fishing lines and sewing threads used the same

fabrication concept to create twisted and coiled polymer actuators (TCPAs). Similar

to CNT actuators, the source of actuation is due to the axial contraction and radial

expansion of the straight precursor fibers resulting from the anisotropic nature of the

material. However, for TCPAs the asymmetric growth in the drawn fibers is driven by

changes in temperature in the polymer [127, 128].

Although CNTs and TCPAs can considerably outperform many metrics of biological

muscles such as specific peak and average power, specific work, and actuation stress,
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Figure 5.1: Paper structure at a glance.
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Figure 5.2: Different states of fabrication and actuation of cavatappi artificial muscles.
(a) Straight untwisted drawn precursor polymer tube. (b) Cavatappi elemental unit,
which acts as a cavatappi torsional actuator. (c) Cavatappi artificial muscles; axial

actuator.

they fall short when performing other metrics such as time response or efficiency. To

sidestep the drawbacks of CNTs and TCPAs, the previously mentioned fabrication process

(twisting and coiling) and actuation principle was used in thin, soft PVC tubes to create

fluid-driven soft actuators named cavatappi artificial muscles [140]. By sacrificing some of

the high-performance metrics of CNTs and TPAs (specific work and power and actuation

stress), cavatappi were able to improve response time and efficiency and better match

many metrics of biological muscles, which could potentially contribute to an improvement

in HMI applications.

Cavatappi artificial muscles are fabricated from extruded and cold-drawn polymer tubes.

Both material processes, extruding and cold-drawing, create axially orientated tie-chain
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molecules responsible for high axial strength. At the same time, the mechanical prop-

erties in the radial (hoop) direction remain mostly unchanged, leading to an increase

of anisotropy in the straight tubes [261, 268]. While the extrusion process is required

for the fabrication of the tubular structure, cold-drawing is a post-process conducted to

enhance the anisotropy of the straight precursor tubes (Fig. 5.2(a), Fabrication). Upon

internal pressurization, the drawn precursor tube develops axial contraction and radial

expansion (Fig. 5.2(a), Actuation). The drawn tubes can then be twisted to reorient

the high-stiffness molecular chains into a helical configuration (Fig. 5.2(b), Fabrication)

so that internal pressurization generates shear deformation on the straight/twisted tube

(Fig. 5.2(b), Actuation). Here, the twisted tubes are thought to be “elemental units”

of the twisted/coiled actuator because the localized shear deformation (untwist) is the

contraction generator in the cavatappi artificial muscle.

The orientation of the twisted outer fiber is shown by the fiber angle, α, in Fig. 5.2(b)

which is the angle between the original draw direction and the new oriented internal fiber.

If this straight/twisted tube is thermally annealed at 90◦C to remove internal stresses and

reset the actuator’s unstressed static equilibrium position, then the twisted configuration

can be used as a torsional actuator under the name of cavatappi torsional actuator.

After twisting, a drawn tube can also be coiled (Fig. 5.2(c), Fabrication) to create

a cavatappi artificial muscle. When this helical configuration is thermally annealed as

specified before, the internal stresses are released, and this new shape holds after the loads

that are used to maintain the configuration during the coiling process are removed. In

these coiled configurations, when internal pressure is applied, the untwist in the elemental

units presents as a helical contraction in the overall artificial muscle coil pitch (Fig. 5.2(c),

Actuation).

A reinforcing monofilament made of nylon 66 (used to increase actuator lifetime and

reduce actuation creep) is kept inside the tubular structure through the entire fabrication
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process and is thus twisted and coiled. This monofilament does no work during actuation,

as external loads on the cavatappi are not attached to the reinforcing monofilament.

Thus, the reinforcement is solely there to increase the structural stability of the cavatappi.

Although the actuation mechanism of cavatappi artificial muscles seems to follow a similar

pattern to the ones found in CNTs and TCPAs, contrary to those cavatappi are relatively

new, and currently there are no models to predcit the actuation behaviour of cavatappi.

To this end, we focus on modeling the actuation response of cavatappi artificial muscles,

in order to provide a better understanding of their actuation mechanism and contribute to

future control strategies, so that eventually they can be implemented in HMI applications

efficiently and safely.

This work introduces a material-based model for cavatappi artificial muscles (see Fig. 5.1).

Modeling cavatappi artificial muscles using precursor material-based models is convenient

for their design and optimization and necessary for control as accurate initial actuation

predictions output are required, which, in turn, will allow for their use in bioinspired and

biomimetic applications. Previous models for CNTs and TCPAs help inform about mod-

eling approaches for cavatappi artificial muscles as they all share similarities in fabrication,

actuation mechanism, and morphology. Most of the precursor material-based models for

CNTs and TCPAs have in common that they combine the mechanical spring theory and

continuum mechanics to predict their actuation [73, 116, 137, 165, 175, 309, 352, 356].

In this work, we present an analytical model for cavatappi artificial muscles that predicts

actuation strain under isotonic loads using the material properties of the precursor drawn

tubes and initial twist as constant model inputs and internal pressure and lifting loads

as variable inputs. In doing so, we start our modeling by assuming the material is

transversely isotropic, then forming the rotated compliance matrix of the elemental unit

using the elastic material properties of the drawn precursor tube (also obtained in this

work) and the initial twist of the internal fibers (fiber angle, α). Here, the compliance
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matrix is used to relate stresses and strains of the elemental unit. Next, we formulate

the stress distribution in the elemental unit as a result of internal pressurization using

Lamé’s equations (thick-walled vessel stress analysis), which in turn, allows us to predict

the torsional actuation of the elemental unit when using the compliance matrix. To relate

torsion at the elemental unit with the contraction of the helically shaped cavatappi, we

apply the elementary spring theory to solve for the applied shear stress by the isotonic

axial load on the cavatappi artificial muscle (similar to those models presented for CNTs

and TCPAs).

Finally, we assess the presented model predictions using experimental results of cavatappi

torsional actuators under free torsion and constant torque and cavatappi artificial muscles

under different isotonic loads. The presented precursor material-based model agrees with

the experimental data under all the different testing conditions for cavatappi torsional

actuators and artificial muscles.

5.2 Precursor Material Properties

This work compares the model predictions with experimental results of cavatappi torsional

actuators and artificial muscles. Our model requires the precursor material properties of

the drawn tube as inputs. Therefore, in this section, we present the elastic mechan-

ical properties characterization of drawn (3:1 draw ratio) soft ND-100-65 Tygon PVC

tubing used in this work (Fig. 5.2(a), Fabrication), while the sample preparation and

testing methods are presented in Section B.1 and B.2 in the Supplementary Materials,

respectively.

As previously mentioned, the drawn precursor tube is assumed to be transversely isotropic,

which is a fair assumption after inducing permanent axial deformation while cold draw-

ing the tubes. Fig 5.3(a) shows the directions. Before twist, the 1-direction is axial and
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along the direction of the polymer chains. After twist, the 1-direction rotated with the

polymer chains. The material is isotropic in the 2-3 plane as these directions are both

perpendicular to the polymer chains and radial before twisting. Given these directions

and assuming linear elasticity, the required mechanical properties to predict the actuation

response of cavatappi artificial muscles are:

• Axial modulus, E1

• Radial modulus, E2

• Shear moduli: G12 and G23

• Poisson’s ratios: ν12 and ν23

To ensure minimal viscous effects during the linear elastic material characterization ap-

proximation, as well as the experimental actuation results acquisition, the experimental

tests presented in this work has been conducted in the time range of few seconds (∼3

seconds for cycle). These short time-scales should avoid material relaxation, and in turn,

large viscous effects. The measured properties are expected to be suitable input pa-

rameters to predict actuation responses for short-term actuation cycles—actuation cycles

contained in the previously mentioned time range. In contrast, those actuation cycles in

a longer time range where viscous effects are notable will require a viscoelastic charac-

terization of the precursor material (long-term actuation cycles) to predict the actuation

response cavatappi successfully. Although characterizing the viscoelastic behavior of the

precursor tubes is critical for accurate predictions of long-term actuation cycles, this

work focuses its effort on modeling the short-term actuation response of cavatappi arti-

ficial muscles because it is a fundamental step for future control. However, the model

presented will also allow viscoelastic properties to be used as inputs to predict actuation

under long-term conditions. Furthermore, for each experimental test presented in this
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Figure 5.3: Experimental results and linear fits for the precursor tube mechanical
properties. (a) Axial and radial stress-strain results with the calculated moduli (E1

and E2). (b) Shear stress-strain results in the 1-2 direction with the calculated shear
modulus, G12, and an approximation of G23 based on a transversely isotropic assump-
tion (see Eq. 5.1). (c) Poisson’s ratio in the 1-2 and 2-3 directions for three samples
along with their averages. Note that the principal coordinate system for a precursor

tube is shown in a.
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work, the samples were precycled with three loading/unloading initial cycles under the

same testing conditions to eliminate first-cycle effects (Mullin’s Effect) resulting from

polymer chains reorientations and ruptures. [192].

Fig. 5.3 presents the approximated linear elastic material properties for E1, E2, G12, G23,

ν12, and ν23 (note that G23 is calculated using transversely isotropic material relations

and not experimentally obtained, as it will be explain later). Fig. 5.3(a) presents the

results for axial and radial stress-strain (σ vs. ε) tests along with the 95% confidence

intervals of data taken from trials on three different samples during loading. Here, we

use a linear fit to approximate axial, E1, and radial, E2, moduli as 61.1 and 9.1 MPa,

respectively. Similarly, Fig. 5.3(b) presents the results of shear stress-strain (τ12 vs γ12)

tests along with the 95% confidence intervals of data taken from trials on three different

samples during loading. The shear modulus in the 1-2 dir., G12, was found to be 10.2

MPa by using a linear approximation. Furthermore, Fig. 5.3(b) also presents the shear

modulus in the 2-3 dir. (plane of isotropy), G23, from the elasticity theory and expressed

as

G23 =
E2

2(1 + ν23)
, (5.1)

where E2 and ν23 are the modulus and Poisson’s ratio in the plane of symmetry. Although

in Figs. 5.3(a) and (b), linear approximations are fitted to the experimental results to

approximate the elastic moduli during loading, small hysteresis resulting from viscous

effects in the material are observed in the loading-and-unloading tests (not shown in Fig.

5.3). However, the viscous effects here are found to be minimal due to the short-term

testing cycles and can be neglected when predicting the actuation response under this

condition. Finally, Fig. 5.3(c) presents the values for Poisson’s ratios in the 1-2 dir.,

ν12, and 2-3 dir., ν23, for three test samples. Approximated values for ν12 and ν23 were

calculated using averages. As a result, ν12 was found to be 0.205 and ν23 equal to 0.568.
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Figure 5.4: Model flowchart.
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5.3 Modeling Cavatappi Torsional Actuators and Artificial Muscles. Frame-

work

After characterizing the elastic mechanical properties of the precursor tubes used to

fabricate cavatappi artificial muscles, we next present an analytical model to predict

torsional and linear actuation of cavatappi torsional actuators and artificial muscles under

external loads. Fig. 5.4 shows the flowchart of this model.

First, the obtained mechanical properties, geometric parameters, internal pressure, and

external loads are used as inputs in the model (stage 1). Here, the mechanical properties

and geometry are considered constant parameters, while internal pressure and the axial

load on the cavatappi artificial muscles or torsional load on the cavatappi torsional ac-

tuator are variables. Next, stage 2 uses the model inputs, to calculate the shear strain,

γzθ, in the elemental unit using a twisted cylindrical laminate analysis to form the trans-

versely isotropic rotated compliance matrix, [S̄], (rotation of the mechanical properties)

and formulating the stress tensor, [σ]zθr. The stress tensor is found using the internal

pressure along with the Lamé’s equations (thick-walled vessel stress analysis) and exter-

nal loads applied force or torque. When calculating the shear stress, τzθ, resulting from

the external axial or torsional load, we differentiate two cases, cavatappi torsional actu-

ator, and artificial muscles. In the first case, the shear stress is exclusively produced by

the pure torque applied to the torsional actuator (τzθ(tor)), while in the second case, the

shear stress due to the axial load applied on the cavatappi artificial muscle is calculated

using the spring theory. For this last case, the shear stress generated by the axial load

must take into account curvature effects (τzθ(tor & cur.eff.)), in addition to the direct shear

(τzθ(dir)). This is done using the elementary spring theory, which provides a relationship

to obtain the total shear stress in the elemental unit generated by the isotonic load.
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Combining the stress analysis with the rotated compliance matrix, the elemental unit’s

shear strain (untwist) can be predicted for the previous two cases. Finally, at stage 3,

the elementary spring theory is used one last time to relate the shear strain developed

in the elemental unit to the axial contraction in the cavatappi artificial muscle, while for

a cavatappi torsional actuator, the shear strain obtained from combining [S̄] and [σ]zθr

can be easily related to untwist using the length and the outer radius of the actuator.

Note that the model lay-out in Fig. 5.4 can be used to predict the actuation response

for variable external loading when using a feedback control system capable of informing

the model about external load changes. The performance of such a control system will

depend on the controller bandwidth. The higher the bandwidth, the faster the stress

tensor will be updated, leading to faster actuation predictions, resulting in higher control

capacity.

To explain every module presented in Fig. 5.4 in detail, this section consists of the follow-

ing sections: elemental unit properties rotation, thick-walled vessel stress analysis, shear

stress calculation for a cavatappi torsional actuator and artificial muscle, and contraction

actuation on the cavatappi artificial muscle using the spring theory.

5.3.1 Elemental Unit Mechanical Properties Rotation

As mentioned in Section 5.2, transverse isotropy and linear elasticity is assumed for the

precursor tube. We establish that the properties in the 2 and 3 directions are the same

and different from those in the 1 direction (see Fig. 5.3(a)). As previously mentioned, this

assumption relies on the fabrication and processing of the straight polymer tubes used

in this work. With these assumptions and using Voigt notation, we form the compliance

matrix of straight drawn precursor tubes as
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[S] =



1

E1

−ν12

E1

−ν12

E1

0 0 0

−ν12

E1

1

E2

−ν23

E2

0 0 0

−ν12

E1

−ν23

E2

1

E2

0 0 0

0 0 0
1

G23

0 0

0 0 0 0
1

G12

0

0 0 0 0 0
1

G12



,

(5.2)

For the twisted cavatappi elemental unit, the compliance matrix must be rotated by the

same angle that the internal fibers are rotated, α. This is the angle of the internal fibers

at the outer surface of the twisted tube to the 1-3 or 1-2 planes (see Fig. 5.6 or Fig.

5.4), and is dictated by the amount of inserted twists in the precursor drawn tube during

fabrication. While the tubes are thick walled, we do not account for how this angle changes

throughout the thickness, as accounting for that change in angle would add significant

complication to the model [137, 315] and likely little improvement on predictions (see

Section 5.4. The rotation is conducted using the following transformation matrix,
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[Tσ] =



c2 s2 0 0 0 2cs

s2 c2 0 0 0 −2cs

0 0 1 0 0 0

0 0 0 c −s 0

0 0 0 s c 0

−sc sc 0 0 0 c2 − s2


, (5.3)

where c and s is cos(α) and sin(α), respectively. Finally, the compliance matrix is rotated

using

[S̄] = [Tσ]T [S][Tσ], (5.4)

and the strain tensor can be obtained from

[ε]zθr = [S̄][σ]zθr. (5.5)

Eq. 5.5 relates the strain and stress tensor in the zθr coordinate system (see Fig. 5.4 stage

2) using the rotated compliance matrix. This equation will allow calculating the shear

strain in the elemental unit that will later be used to predict the actuation contraction

of cavatappi artificial muscles, but first, we will need to solve for the stress tensor in the

elemental unit (see Sections 5.3.2 and 5.3.3) to serve as inputs to Eq. 5.5.

5.3.2 Thick-walled Vessel Stress Analysis

The internal pressurization in the elemental unit is one of the sources that contribute to

the stress tensor [σ]zθr in Eq. 5.5. The vessel stress analysis may apply when evaluating
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Figure 5.5: Cross section view of a cavatappi elemental unit with applied pressures.

internally pressurized tubular structures like the one presented in this work. Here, we

must differentiate between thin and thick-walled vessel stress analysis. In this work, we

used the second case, as the wall thickness of the cavatappi elemental unit exceeds the

inner radius by more than 10% (it is ∼ 50%), which is the requirement for the thin-walled

vessel assumption. As a result, the stress distribution of the elemental unit is classified

as thick-walled, and the variation of stress with radius cannot be disregarded.

For a thick-walled long tube case subjected to uniform internal and external pressure (see

Fig. 5.5), the deformation is the same in the z-direction. Assuming that the ends of the

tube are unconstrained and that the length of the elemental unit is much longer than the

outer diameter of the tube, the stress distribution for radial, σr, tangential, σθ, and axial,

σz stresses can be calculated as

σr =
r2

i pi − r2
0patm

r2
0 − r2

i

− (pi − patm)r2
i r

2
0

(r2
0 − r2

i )r2
, (5.6)

σθ =
r2

i pi − r2
0patm

r2
0 − r2

i

+
(pi − patm)r2

i r
2
0

(r2
0 − r2

i )r2
, (5.7)
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σz =
r2

i pi − r2
0patm

r2
0 − r2

i

. (5.8)

Eqs. 5.6, 5.7, and 5.8, a.k.a. Lamé’s equations, are used to calculate the stresses in

the cavatappi elemental unit which are also inputs in Eq. 5.5. Additionally, the radial

displacement of any radial position through the wall thickness can be also derived using

u =
1− ν23

E2

(r2
i pi − r2

0patm)r

r2
0 − r2

i

+
1 + ν23

E2

(pi − patm)r2
i r

2
0

(r2
0 − r2

i )r
. (5.9)

Eq. 5.9 is used in the model to calculate radial growth of the elemental unit as a function

of pressure during actuation. Note that Eqs. 5.6, 5.7, 5.8, and 5.9 can be considerably

simplified if gauge pressure is used as pi and p0 is equal to zero. Because of the large

radial displacements expected under the actuation applied pressures, we accounted for

geometric changes by using ri = ri + u(r = ri) and r0 = r0 + u(r = r0) in Eqs. 5.6, 5.7,

5.8 to find the stresses from the applied pressure. Later, we will also use the updated

geometry to find the cross-sectional area, A, and polar moment of inertia, J .

5.3.3 Shear stress, τzθ

The thick-walled vessel stress analysis (Section 5.3.2) allows to calculate σr, σθ, and

σz resulting from internal pressurization in the elemental unit. However, to complete

the stress tensor, [σ]zθr, in Eq. 5.5, we still require to calculate the shear stress, τzθ in

the elemental unit. As previously mentioned, to calculate τzθ, we distinguish two cases,

(i) shear stress in the cavatappi elemental unit when operating as a torsional actuator

(twisted straight tube, a.k.a. cavatappi torsional actuator) and (ii) shear stress in the

cavatappi elemental unit when operating as an axial actuator (twisted and coiled tube,

a.k.a. cavatappi artificial muscle). In the first case, the elemental unit is under a pure
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torsional load, while the second case is under a lifting load (axial load). Under the

lifting load, in addition to the torsional load, direct shear and curvature effects must be

taken into consideration. As the model presented in this work can predict both torsional

(cavatappi torsional actuator) and linear (cavatappi artificial muscle) actuation, in this

section, we present methods to calculate the shear stress for both cases.

5.3.3.1 Shear stress, τzθ. Cavatappi Torsional Actuator

For a torsional actuator loaded under an isotorque, Tiso, the shear stress is calculated

using

τzθ(tor) =
Tisor

J
, (5.10)

where r is the radial position and J is the polar moment of inertia at a given internal

pressure. While the applied torque is a constant, the shear stress changes as a function

of internal pressure due to the radial growth that varies the r and J parameters. Such

increments are calculated using the radial displacements as a function of pressure, u, from

Eq. 5.9, and updated into Eq. 5.10. As a result, the shear stress under pure torsion is

obtained at any pressure state.

5.3.3.2 Shear stress, τzθ. Cavatappi Artificial Muscle

As previously mentioned, the calculation for shear stress, τzθ in Eq. 5.10 is not valid

to calculate the shear stress on the elemental unit of the cavatappi artificial muscles as

different loading conditions are applied. Here, torque shear stress along with curvature

effects and direct shear stresses must be taken into account. In doing so, the spring

actuator shape is considered a straight bar under torsion for small helix angles (this
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assumption is valid for nearly all practical springs). Under this assumption, we use

an approximate theory for small index considering curvature effects presented by Wahl

[338]. This approximate solution is accurate for practical uses within about 2 percent

errors when compared to the exact solution, and experimental testing [338].

Wahl formulates the shear stress distribution of the cross-section area of the elemental

unit using the approximate spring theory as

τzθ(tor & cur.eff.) =
FR2x

J
(
R− 2r2

16R
− x
) , (5.11)

where F is the axial load (lifting mass), R is the mean radius of the coil, r is the radial

position of the precursor tube, and x is a radial coordinate that varies from r0− 4r2
0/16R

to −r0 − 4r2
0/16R. Eq. 5.11 is used to solve the shear stress, τzθ(tor & cur.eff.), generated

by the localized torque under the axial load on the cavatappi artificial muscle taking

into account the curvature effects of the spring. However, in order to calculate the total

shear stress, τzθ(total), on the elemental unit, we must add the direct shear stress, τzθ(dir),

obtained as

τzθ(dir) = F/A, (5.12)

where F is the axial load (lifting mass) and A the updated cross section are of the tube,

τzθ(total) = τzθ(tor+cur.eff.) + τzθ(dir). (5.13)
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Figure 5.6: Torsional actuation of the elemental unit.

5.3.4 Contraction Actuation on the Cavatappi Artificial Muscle

Once the stresses on the elemental unit are found (Sections 5.3.2 and 5.3.3) and the

rotated compliance matrix, [S̄], is solved, we can use the last row from Eq. 5.5,

γzθ = S̄16σz + S̄26σr + S̄36σθ + S̄55τzθ, (5.14)

to calculate the shear strain, γzθ. Fig. 5.6 show the shear deformation and untwist

produced in the elemental unit when internal pressure, pi, is applied.

Once the shear strain is calculated, it can be directly related to the axial contraction of

the cavatappi using the general equation for spring’s deflection presented by Wahl. Here,

Wahl uses the point of maximum shear stress in the cross-section area to predict springs’

deflections as it is shown to be the driving radial position of springs’ contractions used

in the practical design of springs. Furthermore, this approximation has been validated

using finite element methods [67, 231, 308] and widely used in the modeling of TCPAs

[6, 165, 175, 356]. For a cavatappi artificial muscle under an axial load, the maximum

shear stress occurs at r = r0 and x = −(r0(pi)) − 4(r0(pi))
2/16R, while for a cavatappi

torsional actuators the maximum shear stress is at r = r0. To calculate the defection,
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we assume again that the spring may be considered as a straight bar of length equal to

2πncR where nc is the number of active coils. The angular deflection, β, is formulated as

β =

∫ 2πncR

0

γzθ

r0

dx =
2πncRγzθ

r0

, (5.15)

Finally, we multiply the angular deflection by the effective moment arm of the axial load,

F , (mean radius, R) and divide by the initial cavatappi length, H. This leads to the

actuation strain, which is found as

εa =
2πncR

2γzθ

r0H
. (5.16)

5.4 Results

With the actuation mechanism explained, the elastic material properties of the precursor

drawn tube collected, and the actuation model derived, we present an initial experimental

validation of the model. Here, cavatappi torsional actuators and artificial muscles are

tested under different conditions. First, we focus on assessing the torsional actuator model

under two actuation scenarios: free torsion and isotorque loading conditions. For the free

torsion tests, we evaluate the model for two different internal fiber angles. Second, we test

the actuation contraction of cavatappi artificial muscles under three different loads, 2, 3,

and 4 N. The methods used to fabricate cavatappi and collect the experimental testing

data are presented in Section B.1 and B.3, respectively.
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Figure 5.7: Actuation results of torsional cavatappi along with model predictions
under free torsion conditions. (a) Torsional cavatappi actuator with a fiber angle, α, of

10◦. (b) Torsional cavatappi actuator with a fiber angle, α, of 40◦.

5.4.1 Cavatappi Torsional Actuator

As previously mentioned, the model presented in this work allows predicting the actua-

tion response of cavatappi torsional actuators (torsion) when using the shear stress in the
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Figure 5.8: Actuation results of 55◦ torsional cavatappi along with model predictions
under an isotorque load of 4 Nmm.

elemental unit under exclusive pure torsion conditions or artificial muscles (contraction)

when accounting for pure torsion with curvature effects and direct shear stress. Addi-

tionally, the model also allows predictions for cavatappi with different internal fabrication

fiber twists (fiber angle), as we use the material properties of the precursor drawn tube as

inputs. This can inform of the fiber angle capable of developing the maximum actuation

(see Section 5.5).

We initially test torsional cavatappi actuators with different fiber angles under free torsion

conditions to assess the model. The first is a small fiber angle (α = 10◦) torsional actuator,

and the second is a large fiber angle (α = 40◦) actuator. Fig. 5.7 shows the experimental

results of two samples from the small and large torsional cavatappi actuators along with

the model predictions under free torsion (no torsional load applied, Tiso = 0 in Eq.

5.10). The experimental results from the two samples in Fig. 5.7(a) and (b) present

a similar actuation behavior as a function of pressure (gauge pressure). Fig. 5.7(a)

compare the model with the experimental results for torsional cavatappi actuators with

α = 10◦. Here, during the initial pressurization of the sample (p < 0.5 MPa), the initial
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actuation response is minimal, but as the internal pressure increases (p > 0.5 MPa),

the actuation ramps up in a linear fashion. Although the actuation deadpan showed

by the experimental results in Fig. 5.7 is minimal, actuation tests with external loads

will show a larger deadpan. The model slightly over-predicts the torsional actuation

response initially, but after 0.5 MPa, it generates accurate predictions with a maximum

error of less than ∼5%. In contrast to the small fiber angle torsional cavatappi, the

large fiber angle samples’ results show less of the initial actuation behavior (smaller not

shaded region), where minimal untwist is presented (p < 0.2 MPa). The experimental

actuation response, as well as the model predictions, present a small non-linear behavior,

but overall, the model captures the actuation response presented here (Fig. 5.7(b)). In

addition to the initial validation on variable fiber angles cavatappi torsional actuators,

Fig 5.7 also shows that when comparing the large with the small fiber angle actuator, the

actuation response of the former is approximately 3× larger.

After assessing the model for torsional cavatappi actuators under no applied torsion, we

tested torsional cavatappi fabricated with a fiber angle of approximately 55◦ under an

isotorque of approximately 4 Nmm. Fig. 5.8 shows the actuation response for a two

torsional cavatappi along with the predictions of the model (Section 5.3.3.1). In contrast

to the free torsion case, the experimental results show a larger actuation deadpan, where

the actuation response is null or even negative (not shaded region), meaning that the

torsional actuator does not untwist or twist in the applied isotorque direction. This

undesired negative actuation response occurs because the initial untwist of the actuator

due to internal pressurization does not overcome the applied external shear stress. In the

second region (shaded region), after 0.75 MPa, the actuation response rapidly increases as

the untwist generated by the internal pressure overcomes the external shear stress applied

on the torsional cavatappi. The model well captures these two actuation regions. In the

not shaded region, the model tends to under-predict the actuation response; however,
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after p = 0.75 MPa, the model data matches well the experimental results.

5.4.2 Cavatappi Artificial Muscle

After obtaining model predictions for the cavatappi torsional actuator case under different

loading conditions and fiber angles (Section 5.4.1), we assess the model for cavatappi

artificial muscles using the model variant derived in Section 5.3.3.2 and 5.3.4. In this

section, we present experimental contraction results of cavatappi artificial muscles with

a fiber angle, α, of approximately 55◦ under three different isotonic loads, 2, 3, and 4 N.

For each load condition, a total of two samples are tested to ensure that the actuation

results are repeatable.

Similar to the results presented for the torsional cavatappi actuators, the actuation re-

sponses can be separated into two regions, not shaded (deadpan) and shaded. In the

not shaded region, the actuation response is null or minimal, and, in the shaded region,

the actuation increases rapidly (Fig. 5.9). Additionally, the actuation regions are load-

dependent, as Fig. 5.9 shows how they vary from one load to other. Fig. 5.9(a) shows

model predictions along with the experimental results under loading conditions of 2 N.

Here, the model slightly over-predicts the experimental results between 0.5 and 1.25 MPa;

however, as the pressure keeps increasing, the model error decreases. Fig. 5.9(b) shows

successful predictions for the model under an axial load of 3 N. Finally, Fig. 5.9(c) shows

under-predictions in the not shaded region of a cavatappi artificial muscle under a load

of 4 N. Overall, the model present actuation model data with an average error of < 8 %.
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Figure 5.9: Cavatappi artificial muscles actuation response under an isotonic load of
(a) 2 N, (b) 3 N, and (c) 4 N, along with model predictions.
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5.5 Discussion

The work in this paper provides a precursor material-based modeling effort that can be

used as an initial step to control and optimize cavatappi artificial muscles. The exper-

imental results and model predictions show two actuation regions. The initial region is

named deadpan, where the actuation response is minimal, null, or even negative, and a

second region where the actuation increases rapidly as a function of pressure. The initial

actuation response in the deadpan region results from the external loads (isotorque or iso-

tonic) and low internal pressure. Under these conditions, the cavatappi internal pressure

does not generate sufficient stress capable of overcoming the initial shear stress applied

by the external load that increases as a result of geometric changes (radial growth and

cross section area variations), leading to this undesired actuation region. As the pressure

increases, the stress tensor in the elemental unit develops enough positive shear stress to

overcome the negative one generated by the external load, which leads to an increase in

actuation outlined by the shaded region. The not shaded region will increase or decrease

as a function of the actuation load; thus, this region will be prominent for high loads,

and low loads will be small. Although this actuation region might be undesired for bio-

robotic applications, they can be predicted as a function of the external load using the

presented model; as a result, in order to optimize the actuation response, cavatappi can

be constantly pressurized to the internal pressure at the end of the linear deadpan region.

Our initial material characterization effort of the drawn precursor tube used in this work

has allowed for the model assessment under the assumption of elasticity. To meet this

assumption, all experimental testing for this work was conducted in the time range of

few seconds (short-term actuation). Although this short-term actuation condition was

applied to all testing, minor viscous effects were present in most of our experimental
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results. As a result, we believe that the elasticity assumption will not hold for long-

term actuation cycles, and further characterization will be required to capture the time-

dependent actuation response. Additionally, it is expected that the material properties

for soft PVC used for cavatappi artificial muscles would also be highly sensitive to changes

in temperature, and temperature changes usually occur in any robotic environment. As

a result, thermoviscoelastic models will be needed to predict the actuation response of

cavatappi in an uncontrolled environment.

Nonetheless, the model in this work will allow the future thermoviscoelastic properties

to be used as inputs in the compliance matrix (Eq. 5.3.1) to incorporate the time and

temperature variables. Furthermore, we have used our model to conduct a sensitive study

on the material properties inputs to evaluate those properties that have the highest impact

on the cavatappi actuation response. When compared to other properties, we observed

the radial modulus, E2, to notably be the most sensitive input in the model. Changing

the radial modulus by 20% its initial value, the actuation results varied by ∼15% at an

internal pressure of 1.5 MPa. As a result, since E2 presents the most significant impact on

cavatappi actuation, we think that its viscoelastic characterization might be sufficient to

capture the viscous effects shown in cavatappi actuation; however, future research should

validate this hypothesis.

In this work, the fiber angle, α, used for cavatappi artificial muscles fabrication was

55◦. This angle was initially selected because it is the critical angle at which the twisted

tube buckles in torsion and starts coiling during fabrication. However, we have used the

model presented in this work to understand the fiber angle impact on cavatappi actuation

and gain insight about the highest performance fiber angle (optimal fiber angle, αopt).

Fig. 5.10(a) shows the actuation predicted by the model under an axial load of 3 N,

as a function of internal pressure and α. Fig. 5.10(c) shows the isobar resulting from a

perpendicular cut of Fig. 5.10(a) at a pressure of 1 MPa (green dotted line). Additionally,
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Figure 5.10: Fiber angle dependence on actuation and pressure. (a) Actuation pre-
dictions by the model as a function of internal pressure and α under an axial load of 3
N. (b) Actuation predictions for a cavatappi artificial muscles with a 0◦ fiber angle as
a function of pressure for three axial loads, 2, 3, and 4 N. (c) Actuation predictions for
a cavatappi artificial muscles at 1 MPa as a function of the fiber angle for three axial

loads, 2, 3, and 4 N.

Fig. 5.10(c) also shows the isobaric lines for actuation under 2 and 4 N loads. As a result,

both, Fig. 5.10(a) and (c) show an αopt to be approximately 40◦.
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Although fabricating cavatappi artificial muscles to this level of accuracy might be diffi-

cult, and the fiber angle during actuation can vary approximately ±3◦, Fig. 5.10 shows

that for any cavatappi with a α between 35 to 45◦ will present a maximum variability

in actuation is < 2.5%. As long as, the fiber angle is maintained inside this region, the

actuation error due to the fiber angle inaccuracies or variations during actuation will be

minimal. In contrast, for the fiber angle used in this work (α = 55◦), the change in

fiber angle can cause maximum errors of approximately 8% in the actuation response. In

conclusion, we propose that future cavatappi artificial muscles be designed with a fiber

angle of ∼40◦ to obtain maximum actuation performance and minimal error.

Finally, Fig. 5.10(b) shows the actuation predictions for a cavatappi artificial muscles

with a 0◦ fiber angle (coiled untwisted tube) as a function of pressure for three axial

loads, 2, 3 (blue dotted line in Fig. 5.10(a)), and 4 N. Here, for the three different loads

there is a change in the actuation slope from negative to positive at approximately 1.5

MPa. This increase in positive actuation results from the radial growth due to internal

pressurization, leading to an increase in the polar moment of inertia and cross-section

area. Although the increase in polar moment of inertia and cross-section area contributes

to the positive actuation of cavatappi artificial muscles, this contribution is minimal

compared to the contribution from the untwist of the elemental unit.

When exposed to water, the soft PVC used in cavatappi artificial muscles present mini-

mal moisture absorption (< 0.12 % at 23◦C for 24 hours). Highly hygroscopic polymers

can present significant variations in the material properties for different moisture content,

which in turn causes changes in the actuation magnitude. Twisted and coiled polymer

actuators fabricated using drawn monofilaments of nylon 66 have been shown to increase

their actuation response 50% for samples with an added-weight moisture content of 4%

[138]. However, polymer-based soft actuators are not the only ones that can suffer from
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such moisture dependencies; twisted and coiled CNTs also are moisture content depen-

dent [173]. Although this property can be used in moisture-powered applications, it

usually leads to inaccuracy in model predictions when exposed to an uncontrolled hu-

midity environment. The almost null hygroscopicity in the precursor material used for

cavatappi artificial muscles, along with the agreement between model and experimental

results presented in this work, could lead to the conclusion that cavatappi artificial mus-

cles are moisture independent and their actuation response can be accurately predicted

when operating under an environment with different humidity levels.

To study the use of cavatappi artificial muscles in HMI applications and their biomimet-

ics, we use the presented model to design an actuation system for an assisting ankle

exoskeleton. Here, a bundle of cavatappi artificial muscles is selected to provide a vari-

able assisting torque on the ankle during the walking cycle. We use a moment-arm of 5

cm similar to previously published devices [114, 131, 188], and the average distance be-

tween ankle and knee for an adult [302, 376] to select a suitable cavatappi bundle length

of 12.5 cm. The cavatappi bundle is considered to be fixed at a height below the knee

at the top end while attached to a pulley at the ankle’s height at the bottom end; thus,

the force generated on the cavatappi bundle during activation is converted into assisting

torque around the ankle joint.

Using previous research for this case of study, ankle assistance is provided to an individual

at different stages during the walking cycle [40, 114, 131, 188]. Initially, at the stance

phase, the foot rests with an angle of 0◦ respect to the ground and the assisting torque

needed is zero (Fig. 5.11, stage 1). The null assisting torque at this stage results from the

zero torque generated by the reaction force on the ground (green arrow); thus, assistance

at this stage is not required. As the foot starts rotating around the ankle joint a maxi-

mum assisting torque of 49 Nm (1000 N cavatappi force) is required at approximately 10◦

(approximately 10 mm of actuation displacement) (Fig. 5.11, stage 2). After stage 2, the

168



Figure 5.11: Isobaric force vs. actuation displacement curves for a bundle of 80
cavatappi used to design the actuation system of an ankle exoskeleton assisting device.

foot starts the swing phase, where an angle of 30◦ and zero assisting torque is required

(Fig. 5.11, stage 3). Fig. 5.11 uses the model presented in this work to provide the

force-actuation displacement relationship for a bundle of 80 cavatappi units at different

pressures. Here, we have highlighted the three mentioned stages of actuation during a

walking cycle. Initially, no pressure is applied in the cavatappi bundle during stage 1

to obtain zero torque and actuation displacement conditions. As the individual starts

walking, the ankle angle increases reaching to a maximum assisting torque requirement

of 49 Nm (1000 N cavatappi force) at approximately 10◦. Such torque is delivered on

the ankle by increasing the cavatappi bundle activation pressure to 1.9 MPa. Finally,
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the pressure is dropped to 0.95 MPa to meet the zero torque and 30◦ actuation condi-

tion (bundle actuation displacement of 25 mm). As previously mentioned, a total of 80

cavatappi units with 40◦ internal fiber angle are configured in parallel for this case of

study. The number of cavatappi in the bundle was calculated using the torque-actuation

displacement of stage 2 as key design specification. This stage presents the maximum

force required for the cavatappi bundle. As a result, a bundle of 80 cavatappi (bundle

diameter of approximately 4.8 cm) can suitably perform ankle assistance during walking

without reaching the bursting pressure of cavatappi artificial muscles [140]. Finally, the

slope provided by the force-actuation displacement presented in Fig. 5.11 should not be

seen as the stiffness of the actuator as the actuation displacement is the change in free

length of the cavatappi as a result of pressurization.

Overall, the model presented in this work can predict the actuation response of cavatappi

under different loads for short-term actuation cycles. The actuation response of cavat-

appi artificial muscles results from a change in the twist and radial growth resulting from

internal pressurization, which can be seen as a change in the compliance of the spring

that is the cavatappi artificial muscle. Although further research should be conducted on

capturing the thermo-viscoleastic response of these muscles, this model could contribute

to initial cavatappi control strategies. As previously stated, our model predicts actuation

strain as a function of two variable inputs, internal pressure and isotonic loads; thus, for

developing feasible feedback control systems, a conventional force sensor should be added

to the actuator. However, this rigid addition could compromise the benefits linked to

their soft actuation behavior and add complexity to the system. Typically, soft robotic

systems require both soft actuators and soft sensors to perform complex operations in

a controlled fashion. We propose that future research should study the potential capac-

ity for proprioception of cavatappi artificial muscles by using similar length self-sensing
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approaches used in flexible elastomeric soft actuators [135, 340, 358, 367]. More specifi-

cally, we propose using conductive fluids as the working fluid to perform both sensing and

actuation. The conductive working fluid could drive actuator deformation while simul-

taneously acting as a strain-sensing component for detecting actuator deformation when

using the change in resistance to infer actuation strain [135].

Adding sensing capacities to cavatappi, the actuation system would be considerably sim-

plified, and the model could be rewritten to output force as rather than actuation strain

a function of pressure following the same procedure out lined in this work, leading to a

highly integrated control actuation system. Going one step further into the controlling

aspects of cavatappi artificial muscles, we propose that future work looks into actuation

mechanisms that could tune the damping term of these artificial muscles. Adding active

tunable compliance and damping mechanisms to these actuators could potentially help

to create highly adaptable actuation systems, similar to those found in nature, such as

biological muscles [139].

Biocompatible proprioceptive soft actuators capable of featuring those properties found

in biological actuators are ideal for low-cost biomimetic components such as exoskele-

tons, prosthetics, or muscle substitutes. However, it is fundamental to understand their

actuation mechanism and behavior to allow the optimal design and control strategy for

implementation. To this end, our model put cavatappi artificial muscles one step forward

on their future implementation by providing a better understanding of the actuation

mechanism and actuation predictions.

171



CHAPTER 6

CONCLUDING REMARKS

Conventional actuation systems, which are briefly introduced in Chapter 2, rely on rigid

configurations and lack tunable compliance and impedance and, consequently, limit their

efficient and straightforward deployment in areas such as biomimetic and bio-inspired

applications.

To this end, this work develops an understanding on what are those performance metrics

and properties from biological muscles that allow them to rapidly adapt under unpre-

dicted external perturbations (Chapter 2). Once these properties were found, this work

compared these metrics and properties to the most recent soft actuation technologies

and presented the current accomplishments, the remaining challenges, and future direc-

tions of each soft actuation technology. As a result, this study helped better benchmark

the widely used term in the soft robotic field of “artificial muscle”. Then, Chapter 3

introduces two moisture-related matters regarding twisted polymer actuators: moisture

content impact on the thermal actuation of TPAs and the capability of TPAs to actuate

as a function of moisture absorption at room temperature. Chapter 4 introduces a fluid-

driven muscle-like actuator fabricated from inexpensive polymer tubes named cavatappi

artificial muscles. Here, the tubes are drawn, which enhances the anisotropy in their mi-

crostructure, next, twisted, to generate torsional actuation, and, finally, helically coiled

into linear actuators. These new devices contribute to creating an entirely new field of

actuator research, and, although they are presented in their early stage in this Ph.D.

work, they are expected to develop a new research path in the soft actuation field. Last,

Chapter 5 presents a material-based model capable of predicting the actuation response

of cavatappi artificial muscles using the mechanical properties of the precursor material
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used for fabrication. A summary of the significant contributions of this dissertation is

presented next:

• I developed an understanding of progress in soft actuation technologies compared

to biological muscle performance, properties, and control. In doing so, I review ad-

vances in understanding biological muscle properties that contribute to their high

adaptability and compare them with some of the newest soft actuation technologies.

Here, it is shown that most soft actuators have performance metrics similar to those

of biological muscles. Most soft actuators have tunable material properties (compli-

ance and damping), integrate sensors in their architecture, and potentially feature

variable recruitment. However, some muscle properties are still lacking in soft actu-

ators. The remaining challenges include implementing morphological computation

and muscle synergy in control strategies and integrating onboard energy and ther-

moregulation in the actuator architecture. Artificial muscles should achieve specific

metrics and properties that enable them to perform well as muscle substitutes. The

changing view of muscles as tunable materials has provided new directions for in-

vestigations geared toward emulating the intrinsic properties of biological muscles,

leading to the conclusion that novel soft actuators should focus on developing and

deploying inherent properties of biological muscles such as adaptive dynamics. Only

then can these actuators be successfully used as substitutes for biological muscles

[139].

• I present two main subject matters on TPAs’ moisture effects. The first one is the

ability of TPAs to actuate while they absorb moisture from the environment, and

the second one is the significant impact of moisture content on the thermally driven

actuation of TPAs. For the former, we show that STPAs and TCPAs developed

hygroscopic actuation during approximately 20 hours when a desiccated sample is

exposed to humid air. This actuation response is found to be reasonably linear as
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a function of time. This linear relationship between actuation and time enhances

its potential for use as moisture-activated long-term actuators or sensors since the

linear relationship makes this actuation mechanism easy to predict and control. For

the latter, it is demonstrated that the moisture content in TPAs has a significant

impact on thermal actuation. In other words, TPAs will not develop the same

actuation responses in humid areas, such as Miami, where the annual RH average is

72% than the actuation responses in arid areas, such as Phoenix, where the annual

RH average is 36% [138].

• I introduced a low-cost, lightweight, fluidic artificial muscle whose actuation re-

lies upon (i) the anisotropic physical properties introduced into the virgin material

through extrusion and enhanced by a cold drawing process, (ii) the reorientation of

those properties through a twisting or twisting and coiling process, and (iii) the de-

formation of the reconfigured material through the application of internal pressure.

Cavatappi artificial muscles can mimic some human muscle metrics and outperform

others, such as fast contraction activation, specific power and work, and maximum

force and contraction. Furthermore, like human skeletal muscles, cavatappi artifi-

cial muscles have the potential for stacking in parallel to increase force generation.

I have demonstrated parallel operation with nine cavatappi artificial muscles of the

same length to increase the generated torque by nine times on the arm [140].

• For this work’s actuation model assessment, I characterized the linear elastic me-

chanical properties of the drawn precursor tube used for cavatappi artificial muscles

fabrication. In doing so, experimental testing set-ups for the material characteri-

zation were provided for all the required mechanical properties and used to collect

them in the time range of few seconds (short-term actuation) to avoid viscous effect

in the material [141].
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• I provided a precursor material-based model that can be used as an initial step

to control and optimize cavatappi artificial muscles. Here, I establish a framework

for modeling cavatappi using the thick-wall pressure vessel stress analysis and the

spring theory. The presented model uses the mechanical properties of the precur-

sor drawn material used for fabrication, initial twist (internal fiber angle), muscle

geometry, and internal pressure to predict the artificial muscles contraction under

different external loads. The model predictions agree with the experimental results

for cavatappi of different internal fiber angles and load conditions. Given their

potential implementation in bioinspired applications, this model can help better

design, optimize, and control the actuation response of cavatappi [141].

6.1 Future work

The work in this dissertation suggests several directions for further study. We describe

some potential future research ideas as follows:

• Further research will be necessary for material selection for cavatappi artificial mus-

cles. Although Soft ND-100-65 Tygon PVC tubing has been demonstrated to suc-

cessfully meet all the material properties requirements needed to be used as suitable

soft actuators, future work should investigate if other drawn polymer tubes can

outperform the current cavatappi artificial muscles. Future research could also con-

tribute to avoiding the current mode of failure, where cavatappi fails at the bursting

pressure related to the ultimate strength in the direction perpendicular to the inter-

nal fibers at the artificial muscle tail. In doing so, subsequent studies can focus on

modifying the material properties (ultimate stress) in the perpendicular direction

of the internal fibers (tie-chain molecules) or designing new connections between ca-

vatappi and end-effector (the connecting point between load and actuator) to avoid
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that transition between the coiled and the straight-twisted tube geometry where

cavatappi tend to fail.

• The current initial material characterization effort of the drawn precursor tube

used in this work has allowed for the model assessment under the assumption of

elasticity. To meet this assumption, all experimental testing for this work was

conducted in the time range of few seconds (short-term actuation). Although this

short-term actuation condition was applied to all testing, minor viscous effects

were present in most of our experimental results. As a result, we believe that

the elasticity assumption will not hold for long-term actuation cycles, and further

characterization will be required to capture the time-dependent actuation response.

Additionally, it is expected that the material properties for soft PVC used for

cavatappi artificial muscles would also be susceptible to changes in temperature, and

temperature changes usually occur in any robotic environment. As a result, thermo-

viscoelastic models will be needed to predict the actuation response of cavatappi in

an uncontrolled environment.

• Testing those properties of biological muscles (such as tunable compliance and

impedance, morphological computation, muscle synergy, self-sensing, etc.) in ca-

vatappi artificial muscles will be fundamental in the future to better understand if

cavatappi will be able to perform as muscle substitutes. Although the change in

compliance by internal pressurization has already been demonstrated in this work,

I propose that future research investigate the use of different activation mechanisms

to tune the damping coefficient of these soft actuators. For example, it is well-known

that temperature changes can modify the viscoelastic behavior of most polymers;

as a result, I propose to use thermal activation to unlock the full capacity of the

adaptive dynamics of cavatappi artificial muscles. Besides the modeling difficulties
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Figure 6.1: Cavatappi artificial muscles partial sensing capacity.

that such an approach will carry, this could put cavatappi artificial muscles one step

closer to emulate biological muscles fully.

• As typically, soft robotic systems require soft actuators and soft sensors to perform

complex operations in a controlled fashion. I propose that future research study the

potential capacity for proprioception of cavatappi artificial muscles by using similar

length self-sensing approaches used in flexible elastomeric soft actuators. More

specifically, we propose using conductive fluids as the working fluid to perform

both sensing and actuation. The conductive working fluid could drive actuator

deformation while simultaneously acting as a strain-sensing component for detecting

actuator deformation when using the change in resistance to infer actuation strain.

Furthermore, this work presents initial work regarding this matter, demonstrating

the capacity to partially sense position. Fig. 6.1 shows how changes in position
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(actuation strain) can be related to changes in the internal pressure fluid in the

cavatappi. Such partial-sensing capacity can be used in applications where agonist

and antagonist pairs of artificial muscles are necessary.

• The actuation system would be considerably simplified by adding sensing capacities

to cavatappi. The presented model could be rewritten to output force rather than

actuation strain, a function of pressure following the same procedure outlined in this

work, leading to a highly integrated control actuation system. Furthermore, future

work should look into control strategies that can efficiently integrate and implement

self-sensing, tunable compliance and damping, morphological computation, muscle

synergy, and other properties of biological muscles that make them highly adaptable

structures under unpredictable perturbations.

• Looking into longer term future work, the auxiliary components used for cavat-

appi artificial muscles such as power sources (micro-pumps or pressurized tanks),

hydraulic components (electro-valves and pressure regulators), and hydraulic lines,

should be further investigated because high pressure current technologies are volu-

minous, heavy, and expensive, which limits cavatappi artificial muscles implemen-

tation in portable systems. One solution could be found using different activation

methods. For example, using the dielectric elastomer actuation principle, where

Maxwell stresses can be generated in the elemental unit of cavatappi artificial mus-

cle could lead to the same actuation results produced by internal pressure in the

current configuration while avoiding the use of hefty hydraulic components.

The main contributions of this dissertation and the above-mentioned future directions

will substantially impact the next future generation of soft actuators in robotics.
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APPENDIX A

CAVATAPPI ARTIFICIAL MUSCLES FROM DRAWING, TWISTING,

AND COILING POLYMER TUBES. SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/scirobotics.abd5383

Materials and Methods

Fig. A1. Fabrication and processing of a cavatappi artificial muscle and its elemental

unit.

Fig. A2. Side, cross-sectional, and top views of a cavatappi along with its dimensions.

Fig. A3. Experimental setups used to measure axial strain of the precursor tube, radial

strain for the precursor tube, the torsional actuation of an elemental unit of a cavatappi,

and the axial actuation of a cavatappi artificial muscle.

Fig. A4. Pressure-volume curve used to calculate the energy in during an actuation con-

traction and force-displacement used to calculate the work generated during an actuation

contraction.

Fig. A5. Actuation under a load of 1.1 kg to show the maximum stress and under a load

of 0.1 kg to show maximum strain.

Fig. A6. The torsional actuation of a cavatappi artificial muscle elemental unit.

Table A1. Values obtained from Fig. A.4.

Movie A1. Mechanism of cavatappi actuation ·.

Movie A2. Cavatappi actuation ·.

Movie A3. Prestretched cavatappi actuation under no load ·.
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Movie A4. Mini-cavatappi actuation ·.

Movie A5. Fifth digit flexion and extension of a robotic hand ·.

Movie A6. Strain potential energy storage ·.

Movie A7. High controllability ·.

A.1 Device Fabrication and Processing

This section presents the fabrication process of cavatappi artificial muscles in their linear

actuator form, as well as their torsional actuator form. The straight torsional form can be

thought of as an elemental unit of the helical linear actuator form. The fabrication pro-

cess for the cavatappi tested herein begins with precursor (untwisted) tubes with a 3.18

mm OD and a 1.58 mm ID, which were reinforced with a lubricated 0.8 mm diameter

nylon monofilament. This reinforcement was used to keep the opening of the tube from

collapsing during fabrication and to give the final structure a higher dimensional/struc-

tural rigidity (Fig. A.1(a)). The monofilament was lubricated with a small amount of

mineral oil in order to aide insertion through the tube. A solid red line in Fig. A.1 is

used to highlight how the internal microstructure of the material is reoriented during

fabrication.

The first stage of fabrication consists of stretching the tube with a draw ratio of approxi-

mately 3:1. The result is a lengthened tube with reduced OD and ID of 1.8 mm and 0.85

mm, respectively (Fig. A.1(b)). The drawing process induces a plastic deformation that

is maintained throughout the remainder of the fabrication process. The initial length of

the reinforcing monofilament is longer than that of the tube, such that during drawing,

the tube is drawn over some exposed reinforcement. The result is a drawn tube that con-

tains internal reinforcement throughout its length. At this point the nylon reinforcement
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Figure A.1: Fabrication and processing of a cavatappi artificial muscle and its ele-
mental unit

is detached from the spool of nylon and along with the drawn tube attached to the hooks

which will be used for twisting.

After drawing and reinforcing, initial twists are inserted into the drawn precursor tube

as well as the nylon reinforcement, as shown in Fig. A.1(c). A small tensile load is

maintained on the sample during twisting to keep it straight, at least initially. This

straight twisted configuration can be annealed at 190°F for 30 minutes and cooled down

to room temperature to release internal stresses and then used as a torsional actuator

when internal pressure is applied. However, if the sample keeps twisting, it will eventually

buckle in torsion to start coiling to create a linear cavatappi artificial muscle. In order to

maintain a uniform geometry of the coiled shape, a 1 mm OD mandrel was inserted at the

center of the helix (Fig. A.1(d)). Different size mandrels can be used to create cavatappi

artificial muscles with different diameter sizes of the coiled structure, which may be a way

to tune the stiffness of the cavatappi spring. Finally, the sample can be annealed and
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Figure A.2: Side, cross-sectional, and top views of a cavatappi along with its dimen-
sions.

cooled to room temperature using the aforementioned heat treatment protocol to release

internal stresses and keep the new shape.

Fig. A.2 shows the dimensions of the cavatappi artificial muscle used in this work. Fig.

A.2 also shows real images of the side, cross-section, and top views of a cavatappi. Al-

though the dimensioning of cavatappi can differ by using different extruded tubes and

mandrel sizes, this work uses the cavatappi dimensions given in this figure. However, var-

ious lengths (L in Fig. A.2) have been used in this work, and since they all have the same

cross-sectional dimensions, their mass and length can be directly related by the linear

density value provided in Fig. A.2. Note that all actuation metrics have been reported
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as specific or non-dimensional values to facilitate a comparison with other technologies

and account for the various lengths used.

A.2 Experimental Methods

To measure axial and radial strain, as well as torsional and linear displacement in actua-

tion tests, we used a Polytec OFV-5000 Vibrometer controller with the OFV 534 optics

head. To apply and measure pressure in these tests, we used a RG1262-1500 pressure

regulator along with QB1T closed loop servo system and a DS series pressure transducer

from PROPORTION-AIR. The voltage outputs of these systems are linearly related to a

change of position of the object on which it focuses (vibrometer) and change in pressure

(pressure transducer) (Fig. A.3). This voltage was recorded by a National Instruments

PXI-6361 multifunction data acquisition card and subsequently analyzed to develop the

data in the primary manuscript.

Fig. A.3(a) shows the set-up used to measure the axial strain of the precursor tubes.

In this set-up, the precursor tube was clamped vertically with the top end fixed to a

beam and the bottom end hanging freely with a 2-gram mass (light weight) to ensure

the sample stayed straight. The vibrometer was positioned directly below the sample

with the laser reflecting off the attached mass to measure position. Pressure inputs were

controlled with the gas pressure regulator.

Fig. A.3(b) shows the set-up used to measure radial strain of the precursor tubes. Here,

the precursor tube was placed within a grooved frame. This design allowed the sample

to expand symmetrically in the radial direction while contracting/expanding in the axial

direction. In this set-up, the sample was only constrained by the quick connector at end

of the tube. The vibrometer laser focused at a point along the midline of the tube far
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Figure A.3: Experimental setups used to measure axial strain of the precursor tube,
radial strain for the precursor tube, the torsional actuation of an elemental unit of a

cavatappi, and the axial actuation of a cavatappi artificial muscle.

away from the fixed connecting tube. Radial displacement of the precursor tube was

measured while pressure inputs were controlled by the pressure regulator.

Fig. A.3(c) shows the experimental set-up used to measure torsional actuation under no

load. In this set-up, we used an aluminum frame, two ball bearings, a torque spool, and

a clamp. Fig. A.3(c) shows the torsional actuator fixed on the right by the clamp and

connected to a pressure regulator. On the left, the actuator was glued into a torque spool

which is set in the bearing pair and free to rotate and move in the axial direction. The

sample was plugged on the left side, keeping the actuator from leaking during actuation.

The angular position of a 2 cm actuator was measured using imaging processing of a

video that was filmed during the actuation test, while the input pressure was applied,
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controlled, and measured by the pressure regulator and transducer. The displacement

video was manually synchronized with the pressure inputs to obtain torsional actuation

data.

To measure linear actuation of cavatappi as a function of pressure under various loads,

once again, the vibrometer, pressure regulator, and pressure transducer were used. Fig.

A.3(d) shows a very similar set-up as seen in Fig. A.3(a) but with a cavatappi muscle

connected in place instead of a precursor tube. In addition, during the cavatappi actuation

tests, the samples were also constrained from rotation at the end of the sample by adding

a small rod to the hanging weight which contacted the vertical beam, which served as

a mount for the entire rig (Fig. A.3(d)). In theory, this rod added some friction to the

actuation, but that was considered negligible.

A.3 Metrics Calculations

This section presents a more detailed explanation of how we calculated some of the metrics

used to compare cavatappi to other actuators in Fig. 4.7 and Table 4.1 of the main

manuscript. The inputs for these calculations were all determined using the cavatappi

shown in Fig. A.2 and set-up in Fig. A.3(d). For this setup a hanging mass, m was

suspended by the cavatappi of mass, mc. The tensile force on the cavatappi from the

hanging mass depends on the gravitational load and acceleration of the mass via F (t) =

m (ẍ+ g). Here g is the acceleration due to gravity and ẍ is the acceleration of the mass,

with positive x up.

Peak specific power

Instantaneous power is calculated as P (t) = F (t) ẋ(t). Therefore, instantaneous specific

power can be calculated to be:
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P ∗ (t) =
P (t)

mc

=
m

mc

(ẍ+ g) ẋ. (A.1)

Here, the cavatappi with dimension shown in Fig. A.2 and a mass of approximately 0.4

grams was used. Velocity was measured by the vibrometer and acceleration calculated

therefrom. The data used for this calculation is shown in Fig. 4.4(d). The time weighted

average was calculated with a simple average of the instantaneous specific power values,

as the velocity readings were made at regularly spaced time intervals. The maximum

specific power was found for the 0.2 kg hanging mass to be 1.42 kW/kg (Fig. 4.7) by

using the equation of motions, Eq. (A.1).

We also calculated the specific power ignoring the acceleration of the mass during actu-

ation as:

P ∗ (t) =
P (t)

mc

=
mg

mc

ẋ. (A.2)

Using Eq. (A.2), the maximum specific power obtained was 1.3 kW/kg. Comparing

these specific power calculations, we see that the increase in specific power by including

acceleration is only about 8%. Nonetheless, the calculations with inertia were used for

the results presented in Fig. 4.4(d), Fig. 4.7, and Table 4.1. For comparison, it is worth

mentioning that the specific work for mammalian muscles is 0.32 kW/kg [203].

Specific work

The specific work, being time integral of instantaneous power, was calculated using trape-

zoidal integration (using the function trapz.m in MATLAB). The sample rate of the data

acquisition system for these tests was 100 Hz, which is approximately 10x higher than

the transient dynamics captured in testing. The viscoelastic response evident in Figs.

4.4(b) and (c) of the manuscript shows that the actuator has both, a short and a long
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period response. The initial response occurs within the first ∼0.25 s, but if the pressure

is maintained, the contraction continues to grow continuously at least out to the 5 min

mark as shown in Fig. 4.4(c). Therefore, the specific work reported here must be prefaced

by a reporting of time used as the upper limit of integration of power. When processing

the specific work here, we defined the short response as that from t = 0 to the time of

where strain rate first became negative (∼0.25 s in Fig. 4.4(b)), which is the beginning of

the ringing response to the step change in internal pressure. As our testing only extended

out to 5 minutes, we defined the long period response from t = 0 to t = 5 min.

The specific work was calculated for the short response by integrating the instantaneous

specific power, which was found using Eq. (A.1), from t = 0 to t = 0.25 using the data

in Fig. 4.4(b). Note that the intermediate calculation for specific power found using

the data in Fig. 4.4(b) well matched that found using the velocity data in Fig. 4.4(d).

The resulting specific work was equal to 0.11 kJ/kg. Similarly, we calculated the specific

work from t = 0 to t = 0.25 with the data from Fig. 4.4(b) ignoring the dynamics of the

actuator, i.e. using Eq. (A.2), which gave a specific work equal to 0.105 kJ/kg Comparing

these two results for short-term work, we can assume that the acceleration generated on

the lifted mass during actuation does not have major effects on the specific work. The

specific work of cavatappi was also calculated for the long response (from t = 0 to t = 5

min) using the data in Fig. 4.4(d) and neglecting the acceleration of the lifted mass (since

we saw minor effects on the short response specific work calculation). The cavatappi with

dimension shown in Fig. A.2 and a mass of ∼0.4 grams (90 mm length under a load of

0.4 kg) was used to obtained short-term specific work and a mass of ∼0.2 grams (45 mm

length under a load of 0.4 kg) was used to obtain long-term specific work. The result is a

specific work of 0.38 kJ/kg for the long actuation response. For comparison, the specific

work for mammalian muscles is 0.039 kJ/kg [203].

Actuator Contractile Efficiency
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Table A.1: Values obtained from Fig. A.4

Thermodynamic
Parameter

Value

Initial Pressure (po) 0.1 MPa
Final Pressure (pf) 2.15 MPa
Final Volume (∀f) 350 mm³ or

3.5×10−7 m³
Work-out (Wout) 0.183 J

The contractile efficiency of a cavatappi was calculated by accounting for the total energy

that was put into the actuator divided by the work generated by the actuator during

the muscle contraction. Similar to the experimental set-up used for cavatappi actuation

testing shown in Fig. A.3(d), the laser vibrometer was used to measure change in position

of a 0.3 kg hanging mass. The work output developed by a cavatappi of 0.52 grams was

obtained by calculating the area under the load-displacement line shown in Fig. A.4(a).

The input energy was calculated by characterizing the pressure-volume relationship of

the cavatappi. The pressure input was manually applied and measured with a pressure

transducer using a graduated water screw-syringe that was also used to measure the

internal volume change in the inside of the cavatappi. The change in volume was directly

related to the amount of water that was pumped from the graduated syringe cylinder.

Fig. A.4(b) shows the change in pressure as a function of internal volume. Calculating

the area under the curve shown in Fig. A.4(b), we obtained the energy input during

muscle contraction. Finally, the contractile efficiency was calculated as

ηcavatappi =
Wout

Ein

, (A.3)

where Wout is the contractile work and Ein is the input energy in the cavatappi during

muscle contraction. The efficiency obtained for a cavatappi was found to be approximately

45%.
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Figure A.4: Pressure-volume curve used to calculate the energy in during an actua-
tion contraction and forcedisplacement used to calculate the work generated during an

actuation contraction.

As previously mentioned, a contractile actuator efficiency of 45% was calculated when

using water as the working fluid. In order to provide an estimate of the actuator efficiency

using air as the working fluid, we used thermodynamics, assuming an isotropic isothermal

process, to calculate the fluid input energy into the system (cavatappi). An isothermal

assumption is reasonable given the low total mass of air that is used relative to the surface

area and mass of the tubing and internal monofilament, both of which begin at ambient

temperature. In this calculation, we used some thermodynamic parameters (volume and

pressure) as well as the work-out that were already collected from the previous efficiency

(Fig. A.4) using water. These parameters are the initial and final state properties in the
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actuation test presented in Fig. A.4 and they are assumed to be the same for air as the

main efficiency drop is expected to be due to air compressibility effects. These parameters

are presented in Table A.1.

We assume that air behaves as an ideal gas given that the compressibility factor is ap-

proximately equal to 1 during this process. Using the ideal gas law for an isothermal

(slow) process, Boyle’s law can be derived as

pf ∀f = po ∀o. (A.4)

Substituting the initial, po, and final, pf , pressures, as well as the final volume, ∀f , from

Table A.1 in Eq. (A.4), the initial volume, ∀o, of air needed to inflate the cavatappi to

the requisite volume and pressure would be 7.3×10−6 m³. Similarly, Boyle’s law is also

used to obtain the final specific volume, vf , in Eq. (A.5), which later is used to calculate

the mass of air involved in the process (Eq. (A.6)):

pf vf = po vo (A.5)

and

mair =
∀f

vf

. (A.6)

In Eq. (A.5), vo is the specific volume of air at atmosphere pressure, which is equal to

0.83 m³/kg. The obtained final specific volume, vf , (0.04 m³/kg) is used in Eq. (A.6)

to calculate the air mass, mair, which is 8.75×10−6 kg. Following the equation of an

isothermal polytropic process for an ideal gas,

Win =

∫ ∀2
∀1

p d∀ = mair R T ln
∀2

∀1

, (A.7)
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work-in, Win, is calculated to be – 2.21 J, where the negative sign indicates that the work

is being done on the gas (work-in). In Eq. (A.7), R is the universal gas constant for air

(287 J/kgK) and T is the room temperature (293 K). Similar to Eq. (A.3), the contractile

efficiency of the actuators is

ηcavatappi =
Wout

Win

, (A.8)

where Wout is the contractile work done by the cavatappi and Win is the fluid input work

or energy into the cavatappi during muscle contraction. Using the work-out from Table

A.1 and work-in calculated from Eq. (A.7) we obtain a contractile actuator efficiency of

approximately 9%.

In addition to the actuator contractile efficiency, we have also estimated a range for

the total electric-mechanical efficiency of an overall system using the datasheets of three

minipumps available in the market [38, 327, 328, 351]. The first one is an Inc M-Series

brushless gear minipump, available from Flight Works. While the efficiency of these

small high-pressure pump is not directly published on their datasheets, the MODELS

2232-M04C10/C12/C15 pressure-flowrate curves have been used to calculate a pumping

efficiency of approximately 50-60% [351], which matches the electrical to flow energy

conversion efficiency that were quoted by the company President/CEO [38]. The second

pump considered was a new GAF series pump from MICROPUMP. From the datasheet

of this pump, we have calculated an efficiency of approximately 0.3 when using water as

the working fluid [327]. Finally, a minipump under the brand name MG 230XK Series

provided by Fluid-o-Tech along with a DC motor of 24 V has also been used to calculate

a third efficiency value. The combination of this pump with the 24 V DC motor is sold

by TOPSFLO, which is the company that provides the datasheet [328]. Considering the

pressure-flow rate curves and the input power provided at 3000 rpm in their datasheet,

an efficiency of approximately 0.21 has been obtained for this pump.
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The lower efficiency as compared to larger gear pumps is expected, as viscous losses are

more significant for these smaller pumps. Taking the electrical to pumped fluid efficiency

to be ηpump, the total system efficiency would be

ηtotal = ηpumpηcavatappiηplumbing. (A.9)

Here ηplumbing is the efficiency of the tube network used to plumb the actuator related to

head loss. If the micropump is directly connected to the cavatappi, this value could be

assumed to be 1. The ηcavatappi term is the contractile efficiency for tuning PV work into

mechanical work. Assuming an efficiency range of 0.21 < ηpump < 0.5 and ηplumbing = 1,

we estimate an electric-mechanical system efficiency range from 10 to 22%. This number

would be application specific, as particular plumbing and pump efficiencies would need to

be considered. The typically quoted energy conversion efficiency of mammalian skeletal

muscles is about 20% [203].

Time response

In this work, we have assumed that the time response of cavatappi is the time that it

takes the actuator to react under a pressure stimulus. Thus, the time response is the

same as the time-lag defined in Fig. A.4(b), i.e. approximately 20 milliseconds.

Maximum actuation stress and strain

To compare the maximum stress of cavatappi with that of other actuator technologies,

we used the maximum load that a cavatappi was capable of lifting divided by the cross-

sectional area of the cavatappi coil (Fig. A.2). Note that this does not represent stress

on the material, but rather a normalized lifting force of the overall actuator. In this case,

the force is normalized by cross-sectional area:
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A =
π (C.OD2)

4
, (A.10)

where C.OD is the outer diameter of the coil (Fig. A.2). Note that this area includes

the air space at the center of the coil (where the mandrel was in Fig. A.1(d)), while

this is technically not part of the actuator, it is also not usable space and is part of the

overall volume occupied by the actuator. The stress on the material would be much larger

because the cross-sectional area of the cavatappi coil given by Eq. (A.10) is much larger

than the cross-sectional area of the PVC material and includes PVC material, air space,

and reinforcing fiber, which is not part of the load path.

The maximum actuation force can be seen in Fig. A.5(a) wherein two actuation cycles

of a cavatappi artificial muscle under an axial load of 1.1 kg are presented. This load

was found to be close to the blocked force capacity of the actuator; the actuation strain

developed under this condition was very small (∼0.5%). This force divided by the area

given in Eq. (A.10) gives the actuator stress listed in Table 4.1. Note that Fig. A.5(a)

also shows how the cavatappi creeps between cycles due to the high applied load.

In order to calculate the maximum actuation strain, a lifting test was performed with a

small mass attached to the actuator. In theory, the maximum strain should be reported

with zero attached load, but a small load was attached to increase the pitch of the helical

configuration. Fig. A.5(b) shows two actuation cycles for a pre-stretched cavatappi

artificial muscle under a load of 0.1 kg. Under this load the cavatappi was able to contract

approximately 55% of its initial length. We defined actuator strain as the contraction

divided by the initial actuator length under a given applied tensile load.

Actuator Lifetime
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Figure A.5: Actuation under a load of 1.1 kg to show the maximum stress and under
a load of 0.1 kg to show maximum strain.

To test the lifetime of cavatappi artificial muscles, a sample was cycled from zero to 220

psi, with increasing pressure taking approximately one second and, decreasing pressure

requiring approximately 3.5 seconds (regulator limited). A 0.2 kg load was chosen for this

experiment because Fig. 4.4 showed that the maximum peak specific power was developed

near this load and thus the test would closely simulate real operating conditions. Fig.

4.4(e) shows the first 500 of the 10,000 cycles, along with an inset for the first 25 cycles.

Actuation creep over ten-thousand cycles was not observed. Similar lifetime tests were

conducted with a cavatappi artificial muscles without the nylon monofilament reinforce-

ment at the core. Those experiments showed significant actuation creep, thus the almost
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null creep effect shown in the lifetime actuation responses is attributed to the restorative

force imposed by the internal nylon. We also found the monofilament reinforcement in-

creased the lifetime of cavatappi by eliminating burst failures that occurred at the ends

of the cavatappi. Prior to the monofilament addition, premature failures in life testing

occurred in the straight section of tubing between the terminus of the helical section and

the connector at the end of the tube. It was thought that these failures resulted from

stress concentrations/pinching at the coupling, and it was hypothesized that the addition

of a reinforcing monofilament may help to reduce any localized stresses. The addition

of the core monofilament increases lifetime from ∼500 cycles to over 10,000 cycles. Fig

4.4(e) also shows a first cycle effect wherein the first actuation cycle does not recover to

the initial state; however, after this first cycle, the actuation response is consistent.

A.4 Cavatappi Elemental Unit Actuation Demonstration

In order to highlight how cavatappi linear actuators contract, we developed a test to

show how the elemental section (see Fig. 4.3, Fab. stage 3) untwists during internal

pressurization. A 2 cm long elemental unit was fabricated with an outer pitch angle (α)

of 45◦ and thermally annealed at 190◦F for 30 minutes. After clamping one end and

adding a dial indicator to the other, the tube section was internally pressurized (0-200

psi) to show the torsional actuation response. Fig. A.6 plots the angular displacement

per unit length as a function of time and internal pressure. Pressure was stepped in 20 psi

increments every four seconds. Previous testing showed the drawn tubes would burst at

pressures above 300 psi, but pressures up to 250 psi were tolerated well when actuating.

The angular displacement results show a nearly linear relationship with pressure. The

maximum angular displacement was 70◦ (35◦/cm of length), at a pressure of 200 psi.

Angular recovery upon removal of the internal pressure occurred after approximately 40

s but is important to mention that a significant fraction of this angular recovery occurred
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Figure A.6: The torsional actuation of a cavatappi artificial muscle elemental unit

within a second of depressurization highlighting the viscoelastic nature of the polymer.

Movie A1 · shows an illustrative animation of the torsional actuation of the elemental

unit and how this is related to the axial actuation in cavatappi artificial muscles.
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APPENDIX B

Material-based modeling of cavatappi artificial muscles. Supplementary

Materials

B.1 Samples Preparation and Fabrication.

Previous characterizing the material properties of the precursor tubes used for fabri-

cation or testing cavatappi artificial muscles, a consistent samples preparation and fab-

rication procedure is required. This section explains the preparation sample procedure

for testing the precursor material properties, as well as cavatappi torsional actuators and

artificial muscles, because their preparation procedures mirror the drawing and annealing

processes. Here, we follow the fabrication process described by Higueras-Ruiz et al. [140].

Fig. B.1(a) and B.1(b) shows the precursor tube before and after drawing. The drawing

process was shown by Higueras-Ruiz et al. to enhance the anisotropic properties of the

precursor material and, in turn, the contraction actuation of cavatappi artificial muscles.

During this process, a piece of Soft ND-100-65 Tygon PVC tubing with a 3.2 mm OD

and a 1.6 mm ID is internally reinforced at the core with a lubricated 0.8 mm diameter

nylon monofilament. This reinforcement is used to keep the opening of the tube from

collapsing during annealing or kinking during twisting and coiling. Furthermore, it also

provides the final structure a higher dimensional/structural rigidity (Fig. B.1(a)). The

monofilament was lubricated with a small amount of mineral oil to aid insertion through

the tube. A solid red line in Fig. B.1 is used to highlight how the internal microstructure

of the material is reoriented during fabrication. The initial length of the reinforcing

monofilament is longer than that of the tube, such that during drawing, the tube is drawn

over some exposed reinforcement. After cold drawing with a ratio of approximately 3:1,

the OD and ID of the tube is reduced to ∼2 mm and ∼0.8 mm, respectively, while
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containing internal reinforcement throughout its length (Fig. B.1(b)). At this point, the

nylon reinforcement is detached from the spool of nylon and along with the drawn tube

attached to the hooks. At this stage (Fig. B.1(b)), the material can be annealed at

190◦F for 30 minutes, cooled down to room temperature to release internal stresses, and

used to test the drawn untwisted tube material properties. The resulting precursor tube

will be cut in strips, blocks, or stay as a tube, depending on the experimental test to be

performed (Section 5.2).

Figure B.1: Different states through the fabrication process of cavatappi artificial
muscles. (a) Undrawn straight (untwisted) precursor polymer tube. (b) Drawn straight
(untwisted) precursor polymer tube. (c) Cavatappi elemental unit; straight twisted

polymer tube torsional actuator. (d) Cavatappi artificial muscles; axial actuator.

When the goal is to fabricate a cavatappi torsional actuator or artificial muscle, after

drawing and reinforcing, initial twists are inserted into the drawn precursor tube as well

as the nylon reinforcement under a small tensile load to keep the tube straight (Fig.

B.1(c)). Similarly, as before, the sample can be annealed at 190°F for 30 minutes and
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cooled down to room temperature to fabricate a cavatappi torsional actuator. However,

if the sample keeps twisting, it will eventually buckle in torsion to start coiling to create

a linear cavatappi artificial muscle. In order to maintain a uniform geometry of the coiled

shape, a ∼1 mm OD mandrel is inserted at the center of the helix (Fig. B.1(d)). Finally,

the sample can be annealed and cooled to room temperature using the aforementioned

heat treatment protocol to release internal stresses and keep the new shape.

Figure SB.2 shows the dimensions of the cavatappi artificial muscle used in this work

along with real images of the side, cross-section, and top views of a cavatappi. Various

lengths (L in Figure SB.2) have been used in this work; however, all strain actuation

results have been reported as the amount of contraction divided by the initial length.

B.2 Precursor Material Properties. Testing Methods

As the model presented in this work uses the precursor drawn material properties

for convenient design of cavatappi, methods for acquiring the physical properties of the

material are needed. Drawn polymers can be classified as transversely isotropic—different

properties in the axial (1-dir) and radial directions (2 and 3-dir) (see Fig. 5.2 in the

manuscript)—the mechanical properties that are required are:

• Axial modulus, E1.

• Radial modulus, E2.

• Shear moduli: G12 and G23.

• Poisson’s ratios: ν12, ν23, and ν21.

In this section, we present the methods used to obtain: axial modulus, E1, shear modulus,

G12, radial modulus, E2, and Poisson’s ratios, ν12 and ν23.
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Figure B.2: Side, cross-sectional, and top views of the cavatappi artificial muscle used
in this work along with its dimensions.

B.2.1 Axial Modulus, E1, and Shear Modulus, G12, Set-up

A TA Instruments Hybrid Discovery Rheometer 2 (HR-2), along with a torsional

or axial tool, were used to obtain the axial, E1, and shear modulus, G12, under the

assumption of linear elasticity at room temperature (Fig. B.3(a)). The HR-2 allows

for measurement resolutions of 0.1 nN-m in torque, 0.5 mN in force, 10 nrad in angular

displacement, and 0.1 µm in axial displacement, making this piece of equipment suitable

for the presented experimental testing.
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Fig. B.3(a) shows the HR-2 with the torsional tool on the left and axial tool on the right

used to clamp the sample. For each property, a total of three different samples were tested.

The mechanical load was measured while gap distance was applied (for axial modulus),

and angular displacement was measured while torque was applied (for shear modulus)

by the HR-2. In order to remove first cycle effects [192], the samples were pre-cycled

under the same testing conditions. After the first cycle, the consecutive results showed

convergence. To calculate E1, a 15 mm long sample prepared by axially cutting and

unwrapping the tube was placed in the HR-2 using the flat tool and conducted to axial

loading/unloading cycles (four cycles in total) with a maximum strain of approximately

5% while recording the force. To assume the short-term testing conditions (elasticity), the

applied strain rate was 3.5%/s. As a result, the axial modulus, E1, at a given stress-strain

point can be defined as

E1 =
σ11

ε11

=

(
4F

π(D2
0−D2

i
)

)
(

∆L
L0

) , (B.1)

where σ11 is the mechanical axial stress, ε11 is the mechanical axial strain, F is tensile

axial force, D0 is the outer diameter (2 mm for the drawn tube in this work), Di is the

inner diameter (0.8 mm for the drawn tube in this work), ∆L is the change in length of

the sample, and L0 is the initial sample length. Note that even the tube was unwrapped

for this test, the cross-section area still remains the same. Finally, for simplification, the

axial modulus was calculated by using a linear fit on the last converged axial stress-strain

cycle (see Fig. 5.2 in the manuscript).

To calculate shear modulus, a total of five stress-strain/torque-angular displacement ex-

periments were conducted on a tubular sample of 7 mm in length. Here, the shear stress

rate was 0.75 MPa/s and the maximum applied load 0.5 MPa. Similar to E1, the last

converged cycle was used to obtain stress-strain results. The shear modulus, G12, at a
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given stress-strain point can be defined as

G12 =
τ12

γ12

=

(
D0T
2J

)(
D0θ
2L

) =
TL

θJ
, (B.2)

where τ12 is the mechanical shear stress, γ12 is the mechanical shear strain, T is the

torque, L is the sample length, θ is the angular displacement, and J is the polar moment

of inertia, which is equal to π(D2
0 −D2

i )/32 for a circular hollowed cross-section, with D0

and Di equal to the drawn tube outer and inner diameter, respectively. Similar to axial

modulus, an estimate for shear modulus was calculated by using a linear fit on the last

converged shear stress-strain.

B.2.2 Radial Modulus, E2, Set-up

To obtain the radial modulus, E2, of the precursor drawn tube, a square sheet of

material obtained from unwrapping the tube was loaded under compression. We assume

that the material presents the same stress/strain relationship during compression and

extension, which seems to be a fair assumption for most polymers. For this method,

the precursor drawn material was compressed between two flat parallel plates under the

condition of plane strain. Figure B.3(b) shows the experimental set-up.

During this test, a total of three square sheets of material with a side length of approx-

imately 5 mm and 0.6 mm in thickness were compressed while controlling displacement

and recording the compressive force by the HR-2. A total of four cycles were conducted

to ensure repeatability in the results. Every cycle was compressed to a maximum strain

of 10% with a strain rate of 5%/s.
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Figure B.3: Experimental set-ups for the acquisition of the mechanical properties
of precursor drawn tube. (a) HR-2 along with the torsional and axial tool used to
obtain the axial and shear modulus, respectively. (b) Radial modulus set-up with the
HR-2 and flat plate accessory. (c) Posisson’s ratio, ν12, set-up with Keyence Digital
Microscope under a 300x magnification. (d) Posisson’s ratio, ν23, set-up with a pressure

transducer and controlled volume input.

This experimental methodology allowed the radial modulus to be calculated by,

E2 =
σ2

ε2

=

(
F
l2

)(
∆L
L0

) (B.3)

where E2 is the radial modulus, F is the applied load, l is the length of the square block,

∆L is the change in thickness of the sample in compression, and L0 is the initial sample

thickness. Finally, we used a linear approximation to calculate the elastic radial modulus.
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B.2.3 Poisson’s Ratio, ν12, Set-up

In order to determine Poisson’s ratio in the plane of anisotropy, ν12, radial and axial

strains of the precursor material were measured using a digital microscope camera under

different tensile loads. With this data for radial/axial strains, Poisson’s ratio can be

calculated by

ν12 = −εRadial
εAxial

. (B.4)

During this test, similar to the sample preparation for E1, the tube was cut in the axial

direction to unwrap it in order to obtain a long sheet of material that could be used to

track axial and radial deformations simultaneously. Fig. B.3(c) shows a diagram of the

Poisson’s ratio (12-dir) set-up where the sample is attached to a fixed point at one end and

under a tensile load at the other with the use of a pulley to change the load direction.

The deformation produces by the mechanical load was recorded as a function of axial

load in the radial and axial direction at the material surface by using the Keyence Digital

Microscope under a 300x magnification. One more time, the samples were precycled

by applying the highest tested load to the samples before testing. Then microscopic

imperfections were identified on a region on the flat surface close to the center, defined as

reference points, and tracked by the microscope in radial and axial directions. Measuring

the change in position of the radial points was a challenging process since displacement in

this direction is minimal, and a high mechanical load was needed to produce significant

deformation in the radial direction. As a result, a total of three samples were tested,

and ν12 was calculated using the results under the final/highest load as they provide the

maximum axial and radial deformation, which minimizes the human error during the

measuring.
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B.2.4 Poisson’s Ratio, ν23, Set-up

Finally, the Poisson’s ratio in the plane of inisotropy, ν23, was calculated using the

thick-walled vessel stress analysis presented in Section 5.3 in the manuscript. More specif-

ically, we used Eq. 5.13 in the manuscript to solve for

ν23 =
uiE2

rip
, (B.5)

where ui is the radial displacement at ri and p is the gauge pressure. Fig. B.3(d) shows

the experimental set up for the ν23 test. Here, a total of three samples of approximately

80 mm in length were set under an internal volume input using a graduated water syringe.

During the test, the sample was free to deform axially and radially. The input volume

inside a tube that was already filled, ∆V , was used to calculate ui as ∆V/(2ltπ), where

lt is the length of the tube during the test. In addition, to solve Eq. B.5, the pressure

was also recorded for every single volume input using a OMEGA PX319-100GV pressure

transducer. As a result, the gauge pressure, internal volume, radial modulus, and tube

dimensions were used to calculate the ν23.

Furthermore, we checked the collected Poisson’s ratio results for ν12 and ν23 using the

strain energy analysis presented by Lempriere for the special case of transverse isotropy

[187], where ν12 and ν23 are successfully checked to meet the following condition,

− 1 < ν23 < 1 and (B.6)

−
(E1

E2

)3/2

< ν12 <
(E1

E2

)3/2

(B.7)
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B.3 Cavatappi Artificial Muscles and Torsional Actuator. Testing Methods

We used a Polytec OFV-5000 vibrometer controller with the OFV 534 optics head to

measure torsional and linear displacement in actuation tests. We used a manually ac-

tuated graduated water syringe and an OMEGA PX319-100GV pressure transducer to

apply and measure pressure in these tests. The voltage outputs of these systems are

linearly related to a change of position of the object on which it focuses (vibrometer)

and change in pressure (pressure transducer) (Fig. B.4). This voltage was recorded by

a National Instruments PXI-6361 multifunction data acquisition card and subsequently,

analyzed to develop the data in the primary manuscript.

Fig. B.4(a) shows the experimental set-up used to measure torsional actuation under no

load (when weight 1 = weight 2) but also under different constant torque loads (when

weight 1 < weight 2). In this set-up, we used an aluminum frame, two ball bearings, a

torque spool, and a clamp to build the torsional actuator testing fixture. Fig. B.4(a)

shows the torsional actuator fixed on the right by the clamp. On the left, the outside

surface of the actuator was glued into a torque spool which is set in the bearing pair

and free to rotate (when no torque is applied) and move in the axial direction. The

sample was plugged on the left side, keeping the actuator from leaking during actuation.

The angular position of a ∼2 cm actuator was calculated by measuring the weight’s

displacement with the vibrometer under the settings of 0.2 mm/V (slow tracking filter)

and the radius of the torque spool. For those tests under not torque, two masses of the

same weight were wrapped around the spool in opposite directions. Thus the torques

produced by both masses cancel out, and the free torsion condition was met. Fig. B.4(a)

also shows how the displacements of the weights are related to the torsional actuation

of the STPA. Finally, the torsional actuators were internally pressurized using manually

controlled volume ramp inputs while measuring the internal pressure with the pressure
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transducer. After a total of four torsional actuator cycles, the last cycle’s data was used

to obtain the results in the manuscript.

Figure B.4: Experimental set-ups for testing torsional cavatappi actuators and cavat-
appi artificial muscles. (a) Free torsion or isotorque set-up used to measure torsional
actuation. Left-side shows a diagram of the experimental set-up with a cavatappi tor-
sional actuator set in place along with the torsional actuation response (front view). (b)
Experimental set-up used to measure axial contraction of cavatappi artificial muscles.

To measure linear actuation of cavatappi artificial muscles as a function of pressure under

various loads, once again, the vibrometer, water graduated syringe, and pressure trans-

ducer was used. Fig. B.4(b) shows the set-up used to measure the axial strain actuation

of cavatappi. In this set-up, the cavatappi artificial muscle was clamped vertically with

the top end fixed to a beam and the bottom end hanging freely with a mass use to apply

axial isotonic loading. In addition, during the cavatappi actuation tests, the samples

were also constrained from rotation at the end of the sample by adding a small rod to

the hanging weight, which contacted the vertical beam, which served as a mount for the

entire rig (Fig. B.4(b)). In theory, this rod added some friction to the actuation, but

that was considered negligible. The vibrometer was positioned directly below the sample,

with the laser reflecting off the attached mass to measure position. Volume inputs were
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controlled by the graduated syringe while recording the internal pressure with the pres-

sure transducer. Finally, internal pressure and the axial contraction of cavatappi were

combined to present the results in the main manuscript.
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