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Abstract
The first arm wrestling match between a human arm and a robotic arm driven by electroactive polymers (EAP) was held at the EAPAD conference in 2005. The primary objective was to demonstrate the potential of the EAP actuator technology for applications in the field of robotics and bioengineering. The Swiss Federal Laboratories for Materials Testing and Research (Empa) was one of the three organizations participating in this competition. The robot presented by Empa was driven by a system of rolled dielectric elastomer (DE) actuators. Based on the calculated stress condition in the rolled actuator, a low number of pre-strained DE film wrappings were found to be preferential for achieving the best actuator performance. Because of the limited space inside the robot body, more than 250 rolled actuators with small diameters were arranged in two groups according to the human agonist-antagonist muscle configuration in order to achieve an arm-like bidirectional rotation movement. The robot was powered by a computer-controlled high voltage amplifier. The rotary motion of the arm was activated and deactivated electrically by  corresponding actuator groups. The entire development process of the robot is presented in this paper where the design of the DE actuators is of primary interest. Although the robot has lost the arm wrestling contest against the human opponent, the DE actuators have demonstrated a very promising performance as artificial muscles. The scientific knowledge gained during the development process of the robot has pointed out the challenges to be addressed for future improvement in the performance of rolled dielectric elastomer actuators. 
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1. Introduction

1.1. Electroactive polymers
Among different classes of electroactive polymers (EAP), the field-induced dielectric elastomers (DE) are functional materials that have especially promising potential as muscle-like actuators [1,2] due to their inherent compliancy and good overall performance. The combination of large deformations, high energy densities, good efficiencies and prompt response times is unique to dielectric elastomer actuators. Thus, dielectric elastomers meet the high performance requirements needed for artificial muscle applications. Moreover, they are lightweight, have a simple structure, and can be easily tailored to various applications.
The basic unit of DE actuators consists of an elastomeric film sandwiched between two compliant electrodes [3]. Incompressible, soft elastomers with high dielectric breakdown strengths and high dielectric constants qualify as films for DE actuators. Silicones and acrylic based elastomers are most widely used as the dielectric layer in DE actuators, due to their excellent mechanical and electrical properties. In DE actuators, this polymer film acts as a dielectric of a compliant capacitor. When an electrical voltage is applied between the electrodes, an electrostatic field is established and the electrostatic forces from the charges on the electrodes squeeze the incompressible elastomer film (Maxwell stresses). According to the derivation of Pelrine [4], the equivalent electrode pressure pe , mainly depends on the applied voltage U and the thickness of the dielectric film d.
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Due to the electrode pressure, the polymer film is squeezed in thickness direction and thus expands in the plane. As soon as the voltage is switched off and the electrodes are short-circuited, the actuator contracts back to its original size and shape.

By stacking several actuator layers, the generated activation force can be raised. In addition, the passive mechanical stiffness of the stack is increased. When several actuators are combined in series, the activation displacement becomes larger.

In literature, activation pressures of up to 16.2 MPa [3], active strains of over 380% [5], specific elastic energy densities of 3.4 J/cm3 and 3.4 J/g [3] respectively, and response times in the order of milliseconds are reported. Since the active strain and stress capabilities of dielectric elastomers correspond directly to the performance of natural muscles, they are often referred to as “artificial muscles”.
Besides the mechanical, electrical, and electromechanical characterization [6,7], the fabrication and operation of devices driven by dielectric elastomers is intensively studied [8,9]. Furthermore, the impact of different electrode materials [7,9] and the influence of the pre-stretch ratios of the elastomeric films [9] on the overall performance of the actuators is explored.

According to (1), the electrode pressure and thus the resulting active strain will increase for pre-stretched films under application of a persistent voltage. In addition, detailed investigations of widely used acrylic films VHB 4910 (3M) have shown that pre-stretching increases the dielectric breakdown strength [10] of the film. As a consequence, higher electric fields can be applied to the DE actuator when pre-stretching the film.
1.2. Arm wrestling match
In order to demonstrate the potential of electroactive polymers as actuators, Y. Bar-Cohen organized the first arm wrestling match between a human arm and an EAP-driven robotic arm. This challenging competition took place during the EAP-in-action session of the of the EAPAD conference 2005 in San Diego.
Certain rules were specified to ensure the impartiality of the competition. As the most important requirements, the robotic arm had to be actuated by an EAP material and should emulate the wrestling action of a human arm. Aside from this, the shape and dimensions of the robotic arm should match the arm of an average human adult. In addition, the robot is required to execute a reversible motion: the arm had to be capable to return to its starting position after wrestling.
The Swiss Federal Laboratories for Materials Testing and Research (Empa) participated in the competition with an arm robot driven by rolled dielectric elastomer actuators. This paper focuses on the development and manufacturing technique of these rolled dielectric elastomer actuators and on the design of the robot.
2. Rolled dielectric elastomer actuators
2.1. Actuator design
Outstanding actuator performances can be obtained when the acrylic film VHB 4910 is highly mechanically pre-stretched. Typically, the pre-stretching of DE films is characterized by the pre-stretch ratios (j(i) in directions j=x,y,z. The pre-stretch ratio is defined as the ratio of the pre-stretched film length in state (i) to its original length in state (o) ((j(i)=Lj(i)/Lj(o)). It is important to point out that the high pre-stretching of the VHB 4910 film enhances its dielectric breakdown strength [2]. Mechanisms involved in this improvement of the dielectric breakdown strength via mechanical pre-stretching have not been fully understood. However, a support structure is necessary for maintaining the required pre-stretch in the dielectric film. A number of actuator configurations, such as the extender (planar), bimorph, tube, diaphragm, spider, and bow-tie actuator, have been designed to support the reaction forces resulting from the pre-stretching of the film [13,14]. Any EAP actuator consisting of only one thin film layer cannot reach by far the required activation force for an arm robot. To increase the generated force of the actuator, a multilayered dielectric film system with alternating compliant electrode layers is needed.
When a high voltage is applied to the dielectric film, it expands bi-directionally in the plane. To emulate a natural muscle however, an expansion in only one direction is desired. For obtaining such deformation and in order to gain an electromechanical work output, the support structure must have at least one DOF in which the actuator can deform under activation and thus perform work against an external load.
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Fig. 1.
Axial section of the rolled actuator used for the wrestling robot.
The spring roll actuator [11] is a very promising design for achieving large activation forces with dielectric elastomers. This actuator is comprised of a bi-directionally pre-stretched and double-side coated dielectric film wrapped around an elastic coil spring (fig. 1 and 2). The interface for external fixation of the actuator is made from two threaded rods, which are screwed from both sides into the coil spring. In order to transmit the forces from the dielectric film to the spring, the rolled film is glued to the threaded rods. This actuator elongates in the axial direction when a voltage is applied and contracts back to its original length when deactivated. With rolled actuators, elongations of up to 26% and forces of up to 15 N were achieved [11]. For obtaining the needed wrestling power, rolled actuators consisting of acrylic elastomer VHB 4910 (3M) with elongations of up to 35% were used to drive the arm robot of Empa.
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Fig. 2
Schematic depiction of the rolled actuator (left). Different multilayer rolled actuators made for optimization tests (right).
2.2. Principle of operation
During the arm wrestling match, the robot must perform mechanical work against the arm of the opponent. Therefore, the electroactive actuators driving the robot must have the capability to exhibit mechanical work for the chosen activation loop. In order to explain the electromechanical principle of operation of the rolled actuators, the force-displacement characteristics of its interacting components namely the coil spring and the deactivated/activated DE film, are plotted qualitatively in Figure 3.
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Fig. 3.
Operating states of the DE spring roll actuator.

The following four states can be identified (Fig. 3) from the activation/deactivation of the actuator under its set boundary conditions:
(i)
Deactivated equilibrium: In the axial direction, the DE film is pre-stretched by the compressed coil spring. In radial direction, the circumferential loads of the pre-stretched DE film are supported by the spring core.
(ii)
Activated under blocked-strain: Starting from the deactivated force equilibrium state (i), the film relaxes and releases the compressed spring under electrical activation. In order to maintain the length of the actuator, an external compressive force Fcom is required to prevent the expansion of the spring.
(iii)
Activated under free-strain: Starting from the deactivated force equilibrium state (i), the film relaxes under electrical activation and thus the spring expands until the loads from the spring and the DE film are balanced in a new axial force equilibrium.

(iv)
Deactivated under blocked-strain: When fixing the length of the actuator in the activated state (iii) and subsequently deactivating the element, an external tensile blocking force Ften is required to prevent the actuator from contracting. 

In order to improve the actuator performance, many actuators with different lengths and diameters, different numbers of wrappings, different pre-stretch ratios λx (corresponding to the axial direction), and λy (corresponding to the circumferential direction) of the dielectric film have been produced and tested at Empa. High activation performances can be achieved when the two pre-stretch ratios λx and λy are optimized. Isometric tests with DE spring roll actuators have shown that the best activation stresses are achieved when the pre-stretch ratios are λx=3 and λy=6.5 (fig. 4).
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Fig. 4
Axial stress difference in the rolled DE actuator under activation for different pre-stretch ratios λx (axial direction) and λy (circumferential direction) of the wrapped film.

The length of the actuator plays a key role when the displacement under activation is of primary interest. Based on the potential maximum strain of the material, the maximally achievable displacement can be adjusted by the initial length of the actuator. In regard to the actuator’s length, no relevant restrictions with respect to the actuation performance could be found, apart from some specific manufacturing difficulties.
2.3. Theoretical considerations
The bi-directionally pre-stretched film which is wrapped around the coil spring core, induces an initial compression of the inner film layers by the outer ones. The resulting radial pressure on the inner layers grow for an increasing number of wrappings as well as for stronger circumferentially pre-stretched films.
The internal stress conditions of rolled actuators have a major impact on the design of the actuators. The following stress analysis of the spring roll actuator demonstrates the general problems of the rolled multilayer configuration.
2.3.1. Reduction in film thickness under free-strain activation
We assume that each wrapping of the film around the circumferentially rigid coil spring core with radius R can be described by a closed cylindrical film layer n=1, 2, … N. The cylindrical film layer n has in the deactivated state (U=0) an inner radius Rn-1(U=0) and an outer radius of Rn(U=0) (fig. 5, left). Note therefore in practical manufacturing, two stacked DE films are wrapped around the core. Thus, the number of layers N corresponds to twice the number of wrappings. According to the wrapping process of the uniformly pre-stretched film around the coil spring, all closed cylindrical film layers are taken to have the same initial thickness d(U=0)=d(i)=Rn(U=0)–Rn-1(U=0).
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Fig. 5
Idealized spring roll actuator in unstrained/deactivated state (left) and under axial elongation/under activation (right).

By applying the material’s volume conservation, the thickness of the bi-directionally pre-stretched film d(i) (pre-stretch ratios λx(i) and λy(i) in the pre-stretch state (i)) can be calculated from the original film thickness d(o):
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Under free-strain activation, the DE spring roll actuator elongates in axial direction since the electrostatic pressure squeezes the film. When the actuator performs an axial strain of εz under activation (U>0), the film layers are axially elongated to the same degree (fig. 5, right). Based on the incompressibility condition of each film layer n:
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one can derive the standardized thickness of each film layer n in the activated state (U>0):
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This recursive equation is evaluated for the DE spring roll actuators described in this study, whereby Ro(U>0)=Ro(U=0)=R. Given R=9∙10−3 m, d(o)=10−3 m (original thickness of VHB 4910) and λ(i)x×λ(i)y=3×6.5, the resulting standardized film thicknesses for layers n= 1,2,…,100 are plotted in figure 6 for axial strain levels εz=10%, 20%, 30% and 40%.
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Fig. 6
Considerations of the thickness change of the film layers of spring roll actuators under axial elongation.

Obviously under axial elongation, the thickness of the inner film layers decreases significantly greater than that of the outer layers. This effect becomes more influential for stronger axial strains. Under electrical activation, this leads to an accumulation of electrical charges in the domain of the thinner layers and thus, the electrical field will be increased in the inner layers. Therefore, an electrical breakdown will occur in the DE spring roll actuator at lower activation voltages than expected.

2.3.2. Axial force under blocked-strain activation

The compressive force Fcom needed to block the elongation of a DE spring roll actuator in the deactivated equilibrium state (state (U=0) in figure 3) is estimated as a function of the activation voltage U. Due to the design of the DE spring roll actuator, the film is initially pre-stretched by planar stresses σx(i) and σy(i) to planar pre-stretch ratios λx(i) and λy(i) (fig. 7, left).
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Fig. 7
Theoretical considerations for the modeling of the DE spring roll actuator.
Based on the boundary conditions of the bi-directionally pre-stretched film 
in x: 
[image: image13.wmf]()

i

xx

ss

=

,

[image: image14.wmf]()

i

xx

ll

=

;
in y: 
[image: image15.wmf]()

i

yy

ss

=

,

[image: image16.wmf]()

i

yy

ll

=

;
in z: 
[image: image17.wmf]0

z

s

=

,

[image: image18.wmf]()

i

zz

ll

=

.
the Cauchy-stresses σj(i) for j=x,y,z are thus given by:
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Thereby, w is the strain energy potential of the ﬁlm, p(i) is the hydrostatic pressure in the ﬁlm and λj(i) is the ﬁlm’s pre-stretch ratio in directions j=x,y,z in state (i). The ﬁlm is then wrapped around the coil spring core. We assume that the axis of the coil spring is in x direction of the film. Thus, the ﬁlm’s coordinates change from the planar to the cylindrical configuration according to x→z, y→φ, z→r (fig. 7, right).
When no external boundary conditions act in axial direction on the spring roll actuator the wrapped ﬁlm must axially countervail the compressed spring. For the present investigation, we assume that this force equilibrium is directly reached for the chosen pre-stretch ratio of the film in axial direction. Thus, the pre-stretch ratios of the ﬁlm in state (i) exactly correspond with those of the wrapped film in the deactivated equilibrium state (U=0). Assuming furthermore that the thickness of the pre-stretched ﬁlm d(i) is by far smaller than the radius R of the coil spring core, the equations for the Cauchy-stresses in Cartesian coordinates can be applied to the wrapped ﬁlm as well.
As mentioned above, the wrapped ﬁlm is replaced by a stack of N cylindrical ﬁlm layers. For a general layer n=1,2,…,N, the Cauchy-stresses in the deactivated state are thus given by:
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Where the boundary conditions are

in r: 
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Under blocked-strain activation, the geometry of the wrapped DE ﬁlm is maintained since the actuator core is rigid and the actuator length is fixated. Thus, for the Cauchy-stresses in the activated state (U>0) the equivalent electrostatic pressure
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is to be superimposed in radial direction (σr= –pr,n(U>0)= –pr,n(U=0)–pe). The Cauchy-stresses in this state are then given by:
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By implementing equations (5) into (6) and into (8) the resulting force Fcom needed to compress the DE spring roll actuator in axial direction under blocked-strain activation can be derived:
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Thereby, F(U=0)spring is the spring force and A(U=0)film,z is the axial cross-section area of the DE ﬁlm in the deactivated state (U=0). Obviously, the change in radial pressure under activation is directly transmitted via the hydrostatic pressure into the axial direction. Thus, a quadratic increase in axial compressive force as a function of the voltage is expected.
2.3.3. Stress distribution in the layers
As stated above, the inner film layers in a DE spring roll actuator are strongly compressed in the radial direction by the outer layers. This compression leads to an increase of the hydrostatic pressure in the inner film layers. The resulting axial stress state of the film is a superposition of the initial tensile stresses from the pre-stretching and the pressure stresses when wrapping the film around the core.
According to the radial component of (6), the hydrostatic pressure for the film layers is given by:
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Introducing this expression for the hydrostatic pressure of layer n into the axial (z) and circumferential (φ) components of (6), one obtains:
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Obviously, the terms for the strain energy derivations are equal for all layers and are thus defined as constants A and B. In the Yeoh form, the strain energy w depends on the first invariant of the so-called left Cauchy-Green deformation tensor I1:
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Thereby, 
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 are material parameters and the first invariant is given by:
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With these equations, one can determine the constants A and B for an experimentally determined set of material parameters for VHB 4910 (C10=7.0×10-2 MPa C20=-9.0×10-4 MPa and C30=1.7×10-5 MPa) and pre-stretch ratios of the wrapped film (λx(i)=λzU=0)=3, λy(i)=λφ(U=0)=6.5 and λz(i)=λr(U=0)=1/19.5). By subsequent evaluation of equation (11), the radial pressure pr,n(U=0) and the axial stresses σz,n(U=0) in each film layer n=1,2,…,N of the deactivated (U=0) and activated (U>0) DE rolled spring actuator can be calculated.
Figure 8 depicts the inner film layers in a DE spring roll actuator with large diameter (several hundreds of film layers) which are strongly compressed by the radial pressure of the outer layers. Under electrical activation, the electrostatic electrode pressure is superimposed on this radial pressure distribution. The dashed curves in Figure 8 represent a blocked-strain activation with U=3.8 kV (electric field of 74.1 MV/m in the dielectric film), which corresponds to an electrode pressure of 0.23 MPa (εr=4.7), according to (1).
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Fig. 8
Distribution of mechanical compressive radial pressure on the layers in rolled DE actuators consisting of N film layers.

As shown in Figure 9, this compression in the radial direction leads to a reduction of the axial and circumferential tensile stresses in the inner film layers.

When the number of layers N reaches a critical value, the innermost film is fully relaxed in the axial direction (Fig. 9, left). When applying even more DE film layers to the core, the inner layers are no longer under tension but they exert pressure stresses in the axial direction. For certain numbers of film layers and pre-stretch ratios of the film, the axial contraction effect of the outer film layers may be balanced by the axial expansion of the inner layers. In this case, the core would not need to axially introduce any load but simply has to circumferentially support the wrapped film. Generally, the electrode pressure will be uniformly superimposed to the axial stress distribution across the layers when activating the DE spring roll configuration. Thus under blocked-strain activation, the tensile stresses of all film layers in axial direction will reduce (dashed lines in Fig. 9, left) and an external blocking force according to (9) is needed to prevent the axial elongation of the actuator.
Such effects also hold true in the circumferential direction. When the number of layers N exceeds a critical number, the inner film layers show pressure stresses and therefore tend to radially expand against the compressive outer layers (Fig. 9, right). Under activation of the DE spring roll actuator, the tensile circumferential stresses in all film layers are reduced uniformly by the electrode pressure (dashed lines in Fig. 9, right). Thus, for certain number of wrappings and circumferential pre-stretch ratios, the inner layers might radially counteract or even exceed the compression of the outer layers under activation. In this case, the film would lift from the spring core and the DE spring roll actuator would radially bulge. For the DE spring roll actuator investigated in Figure 9 (right), this effect is not expected for all numbers of considered film layers N, since either all layers are under tensile stresses (N=20, 200) or the effect of the electrode pressure is too small compared to the compression of the outer layers (N=500). In general, one can avoid such bulging effects by the careful selection of actuator parameters (core radius, pre-stretch ratios of the film and number of film wrappings around the core).
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Fig. 9
Distribution of mechanical stresses acting in axial (left) and circumferential (right) direction on the film layers in rolled DE actuators consisting of N film layers.
According to our theoretical considerations, DE spring roll actuators with only few film wrappings are especially promising since only weak squeezing of the inner film layers arises with such actuators. As a result, the “thick” DE spring roll actuator with many film layers is not practically useful. Thus, for the activation of the arm wrestling robot, many “thin” DE spring roll actuators switched in parallel were used in order to reach large forces.

2.4 Manufacturing process

Using conclusions drawn from the modeling and testing results, we developed a reliable and efficient manufacturing process to realize large numbers of thin rolled DE actuators. In order to reach a high quality level for the actuators and to obtain the wanted manufacturing output rate, a fabrication facility was methodically developed and established at the Empa laboratory. Investigations have shown that the deposition of small particles (e.g. dust) on the dielectric film may essentially reduce the electrical breakdown voltage of the spring roll actuators. Therefore, the entire fabrication facility was installed in a dust-free room to prevent any contamination of the film during the actuator manufacturing process.
[image: image40.png]



[image: image41.jpg]



Fig. 10
Machine for pre-stretching the film (left). Rolling process of the actuators (right).
The process for the fabrication of the rolled DE actuators consists of five major steps. Thereby, for each process step, a separate machine was built to support the manufacturing. Some of them are fully automated, while others just support the manual work.

The five main manufacturing steps include:

· Preparation of the elastic core for the actuator: The spring core of the actuator is mantled with a soft latex balloon in order to prevent any local stress concentrations between the wrapped dielectric film and the contact areas of the spring. Furthermore, the core is equipped with threaded rods at both ends for external fixation and load introduction to the actuator.
· Pre-stretching of the dielectric film: This process was executed with the pre-stretching machine, which was specifically developed and manufactured at Empa, to produce the actuators for the arm robot (fig. 10, left). After the pre-stretching process, the film was fixed to a rigid plate in order to maintain the pre-stretch in the film for the subsequent production steps.
· Coating of the pre-stretched dielectric film: Carbon powder mixed with silicone oil was used for the conducting electrodes. Thin aluminum stripes were added to the side edge length of the film for the high voltage contacting. Each rolled DE actuator consists of a stack of two films that are coated and pre-stretched. 
· Wrapping of the coated dielectric film around the core: During the wrapping process, it is of essential importance to maintain the film in the pre-stretched state. This production step was supported by a wrapping setup (Fig. 10, right).
· Sealing of both actuator ends: The ends of the wrapped actuator were sealed to enable the transmission of the external loads to the wrapped film.
With this fabrication facility, a well-trained two-man team was able to produce one working actuator in half an hour.
3. Arm Wrestling Robot
For the arm wrestling robot, the unidirectional deformation potential of the rolled actuators had to be transformed into a wrestling motion. In the following sections, the concept and development of the arm wrestling robot and the implementation of the rolled actuators are addressed.
3.1. Design

To accomplish the basic rules for the arm wrestling competition, a motion study of the human upper torso was performed. The translatory movement of the upper part of the body is mainly accomplished by the abdominal musculature (Obliquus externus/internus and Rectus abdominis). The upper right arm of the wrestler has a static force transmission function and does not essentially contribute to the wrestling action. In order to compensate the resulting torsion moment of the wrestling action, the left arm of the wrestler holds on the handle bar of the table. As a result, all activated forces for the arm wrestling motion sequence are based on the superposition of a torsional moment of the upper arm and a lateral displacement force of the upper torso (Fig. 11).
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Fig. 11
Posture during wrestling motion: starting position (left) and end position (right).

The arm wrestling motion mainly consists of a single rotary motion of the upper human body, while holding the arm stiff. This observation allowed a considerably simplified functional design for the arm wrestling robot. Thus, the essential motions of the arm wrestler can be well simulated with a simple rotating box equipped with a stiff arm, which is driven by artificial muscles. The box, which carries the artificial muscles, is clamped to the table at the rotating axis. 
Based on the set of rules and on the observations mentioned above, the Empa robot design specifications are summarized in Table 1.
	Design Criteria
	Design Parameter

	
	

	Design and principle of operation
	As human-like as possible (functionality, reversibility)

	Orbit of the robot hand
	Circular path perpendicular to the table

	Fixation
	Clamping at the table

	Rotation angle for the robot arm
	±90° from the initial position

	Position of the rotation axis
	Elbow (upon the table surface)

	Material for the robot structure
	Polymer or composite-based

	Overall mass of the robot
	Maximally 15-20 kg

	Robustness
	Stiff design

	Bidirectional driving unit
	Electroactive polymers (dielectric elastomer actuators)

	Unidirectional force for wrestling motion
	About 200 N (measured from a female subject)

	Steerage
	Voltage-controlled

	Control
	Position-controlled (not applied at the contest)

	Safety
	Isolated and no conducting structure

	
	


Table 1:
Specification for the arm wrestling robot.
Since all actuators are intended to be placed inside the robot body, the available space would be about the size of the upper torso of a human. Despite this limitation, the actuators have to be arranged in such that the needed wrestling force and motion can be produced. This limiting factor determines essentially the design and the arrangement of the driving actuators, which is discussed in detail in the next section.
To achieve the needed stiffness and strength of the lightweight robot body, carbon fiber reinforced composites are used. Since high voltage devices are used, the black CFR box is enwrapped with glass-fiber composite material as the insulating layer for safety reasons (Fig. 12). The torsion shaft of the robot is provided to fix the robot to the wrestling table and is designed to hold the robots weight and the arising torsion moment. The arm of the robot is made by a simple CFR rod, which is attached to the robot body.
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Fig. 12
The structure of the arm wrestling robot is made of carbon fiber composite and contains all actuators to execute the wrestling motion around the rotational axis upon the table. The arm of the wrestling robot is represented by a stiff CFC rod.
3.2. Principle of operation
In general, a human-like agonist-antagonist operating principle enables the reversible rotational movement of the robot arm (Fig. 13).
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Fig. 13
Working principle of the actuator banks and the robot arm.
When assembling the robot, the prestretch force in the two actuator groups Bloc I and Bloc II  are in equilibrium (Fig. 13). In the neutral position (position 0), all actuators are deactivated and the robot arm is rotated by 35( from horizontal. By activation of the actuator Bloc I, the robot arm rotates to the upright starting position (position 1) and is thus ready for the wrestling action. During the wrestling match, Bloc I is deactivated and Bloc II activated simultaneously. Thus, the robot exhibits its maximal wrestling force Fwrestling at position 1. The resulting motion depends on the reaction force of the human opponent. If the opponent produces less than 200 N, the robot arm performs the intended motion from the starting position to winning position 2.

3.3. Actuator system
The structure of the actuator system essentially depends on the active force-elongation behavior of the actuators and the wrestling opponent. On the one hand, the length and the number of the actuators are limited by the size of the robot box. On the other hand, the force-elongation characteristic of the actuator must satisfy the requirements based on the estimated wrestling force.
3.3.1. Length of the actuators

According to the size of the natural human body, the maximum length of the pre-stretched and activated actuator must not exceed 400 mm. With an actuator, an elongation of maximally 35% is expected and the length of the rigid end pieces including the length of the unstressed actuators must not exceed 250 mm.
3.3.2. Length of the wrapped dielectric film

The wrestling force of the opponent hand is assumed to be constant during the entire wrestling motion. In contrast to this trend, the activation force of the spring roll actuators decreases when they are elongated. Thus, the arm wrestling force of the robot would continuously slim down when rotating towards  winning position 2 (Fig. 13). For compensating the decreasing actuator force, we implemented a variable force transmission between the wrestling hand and actuator system.
The transmission ratio was determined by the ratio of the actuator force and the force of the wrestler. Assuming a simplified linear force-elongation behavior for the deactivated as well as the activated actuator system, a linear transmission ratio characteristic was found. For the aimed maximal elongation of 80 mm, which corresponds to 35% strain, a maximal transmission ratio of 12 is needed.
Thus, based on the chosen robot design, a maximal force difference of 12×200 N=2400 N between the agonistic and antagonistic actuator group had to be achieved. Assuming a maximal activation stress of 0.2 MPa for DE films, the needed material for the cross-sectional area for the DE spring roll actuators would amount to at least 1.25×10-2 m2. Assuming an average thickness of 50 μm for the pre-stretched film, this would lead to a considerable total length for the wrapped DE film of 250 m.
3.3.3. Actuator arrangement

Next, the number of required actuators and the corresponding diameter for each rolled actuator was determined in order to take the total required length of wrapped dielectric film. Based on the results of the theoretical considerations and on experiments with DE spring roll actuators, the number of wrappings per actuator must be as low as possible to obtain the best specific actuator performance. In addition, the robot’s reliability with many “slim” actuators excels the variant with only few but “thick” actuators.
Therefore, the final solution for the actuator system consists of banks equipped with many “slim” DE spring roll actuators. 
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Fig. 14
Utilization of the cross-section area of the robot-box as a function of the actuator radius.
By filling the robot box with DE spring roll actuators, the best utilization of the available space is achieved for “slim” actuators with outer radius of approximately 12 mm (Fig. 14). As a result, up to 256 DE spring roll actuators are arranged in two agonist-antagonist groups (Fig. 15). Around each actuator, a core of 2 m of pre-stretched acrylic film is wrapped, which results in 35 film wrappings. For practical reasons, both the agonist and the antagonist actuator groups are subdivided into two actuator banks, each equipped with up to 64 actuators.
The plates of the banks were dimensioned to distribute the external load to each actuator. The upper plates of the banks were fixated via long threaded rods at the top end of the box. Thus, an adjustment of the initial axial pre-stretch of the actuators was possible. At the lower plate, a chain connected the agonist and antagonist actuator blocs via the axis of rotation. The force transmission was implemented by a specially shaped cam disc, which was interconnected between the actuator banks and the fixing axle.
Since a large number of actuators are used in the robot, the possibility of an electrical breakdown of some actuators must be considered when designing the electrical system. To supply all actuators of one actuator bank with the needed high voltage, they are connected in parallel. However if one of the the actuators electrically break down, all actuators in one bank will instantaneously discharge through the failed element. On one hand, this would lead to a considerable loss of arm wrestling force. On the other hand, an inflammation of the failed actuator caused by the concentrated heat dissipation from the high discharging current might occur. Both effects can be prevented by applying current limiters (fuses) in front of the DE spring roll actuators. However due to the limited current, the charging time for the actuators of the arm wrestling robot increases distinctively.
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Fig. 15
The four actuator banks, each equipped with 64 actuators, placed inside of the arm wrestling robot. The force distribution plates mounted on both ends of the actuator banks also served for the high voltage application.
4. Conclusions
Three competing EAP arm wrestling machines based on very different working principles have participated at the man arm vs. machine arm wrestling contest held during the SPIE’s EAPAD Conference in 2005. The arm wrestling configuration (table and positioning of the opponents) as well as the wrestling procedure referred to the rules for human wrestling matches as defined in the United States ArmSports & Regulations [15]. 
Immediately after the starting sequence indicated by the signals “ready” and then “go” it is important for the wrestling arm to build up the maximum wrestling force as quickly as possible. The time required for the full actuation of the robot to take place was within one second with respect to the actuator functioning principle and the electrical power supply with limited charging capability. The reaction time of natural human muscles on the other hand, is in the range of milliseconds. This lag in activation time of the robot arm presents a major reason for its loss in the wrestling match. Once in the loosing position, the actuators can not generate the necessary force to move the robot arm back in the upright position due to the in-line arranged force transmission set-up.
However, even if the robot had enough time to fully activate, it would not have exerted its maximum force potential since unfortunately some actuators were seriously damaged during its transportation from Switzerland to the US. The reason for this incident has yet to be determined.

Although our robot arm lost the competition, it was the only robot in the competition that could actively return to its upright starting position after the match, as required by the rules of the competition. This bidirectional motion of the robot arm became possible due to the agonist-antagonist actuator configuration.

For the most applications in the field of robotic or prosthetic limbs, the agonist-antagonist actuator arrangement is preferable since it can drive the system in a two way mode. By this robot, we have shown that it is possible to work against an external force and to display a working loop by an adequate arrangement of a pre-stressed actuator system. Based on the general properties of dielectric elastomer actuators, the preferential fields of applications can be located where active structures with large and complex deformations are needed but only small driving forces are required. Such applications could be found in e.g. humanoid systems (artificial hands or mimic faces), where many small actuators could be applied and individually addressed. Furthermore, the actuators of Empa robot have impressively highlighted the potential of the dielectric elastomer, where the unique properties of this material system, as they are noise free when actuated and very lightweight, come to a significant design parameter. 

The actuator production facility, which was built up at the Empa laboratory demonstrated the capability of manufacturing many low cost actuators on an industrial level.

Nevertheless, the scientific experiences during the development process of the arm wrestling robot has pointed out the challenges, which need to be addressed for improving especially the rolled dielectric elastomer actuator configuration. In the next view sections, the main drawbacks of the material system and the further necessary research efforts are briefly described.
4.1. Pre-stretching of the DE films
The design of the rolled actuator is essentially influenced by the pre-stretching conditions of the dielectric elastomer film. As mentioned, high pre-stretching is required for dielectric elastomers manufactured from acrylic elastomer VHB 4910 to attain high electromechanical strains and stresses under activation. We found that high activation performance can be achieved with DE spring roll actuators when the film is anisotropically pre-stretched with pre-stretch ratios of about λx=3 and λy=6.5.

However, pre-stretching of the film induces several challenges especially for actuator configurations, where the film is wrapped around a core. For instance, in the DE spring roll actuators, the inner film layers are strongly compressed by the outer ones. Furthermore, a relatively stiff supporting structure in order to bear the loads of the pre-stretched film is needed, as instabilities at the interfaces between the elastomer and the supporting structure may occur and the lifetime of the actuators may be reduced due to stress relaxation of the film.

4.2. High voltage supply
According to equation (1), high electrode pressures and thus large deformations of the film are achieved when applying high voltages, close to the dielectric breakdown limit of the film. At these voltages, the film exhibits high leakage currents, by which on one hand, the actuators are heated up and on the other hand, the electrical efficiencies are reduced. Due to the leakage currents, two powerful high voltage amplifiers were necessary to drive the actuator bundles of the arm wrestling robot. Furthermore, the actuators were used close to their electromechanical limits in order to achieve the required actuation performance. Thus, an excessive risk for actuator failure, beyond the range of practical use, had to be accepted. Therefore for future applications, the actuators should be used at slightly lower voltages. As a consequence, a reduction of the actuator performance must then be accepted and taken into account during the development process.

4.3. Actuator design

To improve the specific performance of DE spring roll actuators, further research activities should be focused on their compact design. The cross-section area of the film used to drive the arm wrestling robot was in the range of 1.25×10-2 m2 and therefore in the range of the cross-sectional area of a human arm muscle. However, the overall cross-section area of all DE actuator bundles used in the arm robot was approximately 2.5×10-1 m2. The reason for the bad ratio between active film and passive cross-section area is a result of the design of DE spring roll actuators. The dielectric film is wrapped around a coil spring, in which the inside area does not contribute to the actuation force. Thus, only 5% of the robot’s cross-section area was filled with active film material. To beat conventional actuator technologies, the future actuator design must consider this gap and dramatically increase the cross-sectional efficiency rate.

4.4. Future actuators

One of the major aims of our work was to maximize the actuation performance of the rolled actuators. In general, the actuators used for the AWC were operated close to their electromechanical performance limit. Lower activation voltage and lower pre-stretched film represent the key features for future dielectric elastomer driven robots with acceptable reliability and still high overall activation performance. As a result, lower activation stresses of the film have to be accepted, which leads to the need for more active film material.

To avoid the problems of the present DE roll actuators, it is highly desirable to eliminate the mechanical pre-stretch of the film while retaining its performance benefits. The excellent dielectric breakdown strength from highly pre-stretched acrylic film VHB 4910 can only be maintained when intending to reduce the pre-stretching by changing the film’s molecular structure. In the first approach, a new dielectric elastomer was created by adding an interpenetrating elastomeric network to the pre-stretched acrylic film [12]. In the resulting free-standing film, the two networks are in balance as the acrylic network would contract compressing the additive network.

By reducing the pre-stretch stress of the film, even a core-free design for the rolled actuator can be imagined. This would allow the removal of the passive supporting structure (coil spring) and would lead to a strongly improved volume utilization with rolled actuators., As a newly discovered quality of such materials, stress reduction of the pre-stretched film represents one of the major future milestones to achieve the most efficient and powerful acrylic based DE soft actuator for the arm robot.
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