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Abstract: Artificial muscles define a large category of actuators we propose to analyze in a
systemic framework by considering any artificial muscle as an open-loop stable system for
any output which represents an artificial muscle dimension resulting from its “contraction”,
understood in a broad meaning. This approach makes it possible to distinguish the artificial
muscle from other actuators and to specify an original model for a linear artificial muscle,
according to the theory of linear systems. Such a linear artificial muscle concept exhibits a
constant stiffness independent on its control value. It is shown that a biomimetic actuator,
made of two antagonist artificial muscles, requires that artificial muscle static characteristic,
even in its most simplified form, is non-linear in the meaning of systems theory, to make
possible the control of both actuator position and stiffness. However, we also attempt to
show that a linear viscous damping can be a practical way for the dynamic behavior of the
artificial muscle to be in relatively good accordance with the so-called Hill curve, interpreted
as the dynamic characteristic linking the maximum contraction velocity of the artificial
muscle to varying loads lifted against gravity.
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1. Introduction

Acrtificial muscle is a kind of actuator generally defined by analogy with the skeletal muscle. Like the
natural muscle, any artificial muscle is characterized by its ability to contract in response to a chemical
or physical stimulus. While contraction in skeletal muscle is essentially understood as a straight
contraction, the term contraction applied to artificial muscle is used in a broader meaning: this can be
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the straight contraction of a more or less complex structure in the case of fluidic artificial muscles with
a sheath, or the straight contraction of thin string in the case of shape memory materials, like filaments
of Nitinol, but also the bending of strings, like in the case of some ionic electronic active polymers or,
even, the extension of thin plates, as in the case of dielectric elastomers. In a general way any material,
or device, whose shape can change in response to a stimulus can potentially be a candidate to the label
“artificial muscle”. This very large, broad definition of the artificial muscle notion can explain the
difficulty to synthetic reviews of all kinds of artificial muscles [1-5]. The aim of this paper does not deal
with this complex problem of looking for the best strategy for classifying the various types of artificial
muscles but consists to attempt to propose a global definition of the notion of artificial muscle. Our
approach is based on the evident fact that any artificial muscle generates a force or torque in response to
a stimulus whose consequence is a “contraction”—understood in a broad manner—to which can be
associated a privileged variable dimension. One major difficulty, however, to define the peculiar
actuation nature of the artificial muscle, in comparison with other actuators, is the actual lack of what
could be called a general theory of actuators. Actuators can, indeed, be classified according to their
energy conversion mode [6] or by means of selected criteria [7]. The skeletal muscle itself, as a “living
actuator”, can be characterized by a list of performances concerning, for example, its density, stress,
stiffness, strain, strain rate, power, energy, number of life cycles, and efficiency and the values
corresponding to these criteria can then be used to situate such or such artificial muscle with respect to
it [8]. Our approach will be different and, in some way, much lesser ambitious. It will be based on the
general notion of input/output systems and the associated stability notion. In a Section 2, we propose to
characterize any actuator as an open-loop stable system with respect to a specified output and, then, to
apply such a definition to the case of artificial muscle. As a consequence, it will be possible for us to
specify in Section 3 an original notion of linear artificial muscle before considering, in Section 4, the
biomimetic character of the artificial muscle and its consequences on the definition of antagonist
artificial muscle actuators.

2. The Actuator as a Stable System

In their paper about actuator properties and movement control, Hannaford and Winters [9] refer to
Paynter’s terminology [10] for proposing a definition applicable to any actuator. The authors define
actuation as ‘a process of conversion of energy to mechanical form’ and ‘a device that accomplishes this
conversion is an actuator’ (page 101). Such an actuator can then be characterized, in Paynter’s theoretical
frame, by a double effort-flow and effort-displacement relation where effort is interpreted as a force or
torque and flow is interpreted as a velocity. On the other hand, Hannaford and Winter refer to Holmes’
theory [11] to propose a modified version of Holmes’ classification of actuators according to the
following scheme: self-induction machines, slip-driven machines, linear-effort controlled machines,
linear-flow controlled machines, and concave effort-flow machines. According to the authors, only the
last class corresponds to the definition of “muscle-like machines”, in accordance with the so-called
force-velocity Hill curve. By considering both force/torque-velocity and force/torque-displacement
relationships, the authors characterize the following actuators: internal combustion engine, AC induction
motor, DC motor, micro-stepping motor, hydraulic and pneumatic cylinder, McKibben muscle, and
human skeletal muscle, but they do not propose any general definition of the artificial muscle. Our
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approach keeps the double force/torque-velocity and force/torque-position relations for characterizing
an actuator but considers an alternative approach to the definition of the actuator understood as a process
of energy conversion. The force, or torque, produced by any actuator is used to move a load which can
include the mobile parts of the actuator. As a consequence, any relationship force-position and
force-velocity peculiar to the actuator results from a second-order linear or non-linear differential
equation. A very simple principle results for classifying the actuators: to choose the position, velocity,
or acceleration which makes the actuator stable in open-loop with respect to the force or torque it can
produce. We, respectively, call acceleration, velocity, or position the three corresponding actuator types.
Let us consider a theoretical fluidic cylinder in which friction forces are neglected. It can be modeled by
the well-known form: F =PS = MX where S is the cylinder section, M the mobile mass, P the control
pressure, and X the resulting position. In a systemic point of view, the corresponding linear system whose
input is P and output x is characterized by double poles at the origin and a single zero pole if x-velocity
is the output. In both cases, the system is unstable. Its respective force-position and force-velocity
characteristics are given in Figure 1a,b. It is important to note that our stability analysis of actuators does
not take into account any gravity effect which is considered as an external component of the actuator
system. In the case of fluidic cylinders, and more especially for hydraulic cylinders, although the
actuator by itself is unstable, an open-loop control is possible in practice by means of a so-called
“on-off control” [12] consisting for the operator to open or close valves according to load changes in the
links of the machine.
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Figure 1. Typical force/position and force/velocity characteristics of an acceleration-type
actuator (a) and (b) and of a velocity-type actuator (c) and (d).

A DC-electric motor is typically a velocity-type actuator whose force-velocity characteristic can be
approximated as drawn in Figure 1d and force-position characteristic is shown in Figure 1c. AC electric
motors are also velocity-type actuators but their force-velocity characteristic (see, for example, in [9])
lack the linear character of Figure 1d. It is also clear that any velocity-type actuator is unstable in
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position. We propose to define any artificial muscle as a position-type actuator i.e., an actuator which is
naturally stable in position.

It is important to note that, in this approach, the stability results from an internal process peculiar to
the actuator and not from a feedback process based on the use of an adapted sensor—typically, the
electromotive force of a DC motor. In the case of artificial muscles, the existence of such an internal
stability process has been emphasized as soon the notion of artificial muscle appeared in Kuhn and
Katchalsky’s historical research [13]: in his brief report, Katchalsky claims that ‘the equilibrium swelling
of the polymeric acid gels is brought about by two opposing tendency: [on the one hand], the solution
tendency of the polymeric molecules and the osmotic pressure of the cations of the alkali bound by the
gel, [on the other hand], the rubber-type contraction tendency of the stretched polymer molecules’ [14]
(page 320). We can also illustrate this fact in the case of the well-known fluidic McKibben artificial
muscle whose principle is illustrated in Figure 2a: a rubber inner tube is inflated in some way it can
transmit its pressure stress to an external braided sleeve able to transform it into a contraction force. Let
us first consider the inflation of the cylindrical inner tube alone. Under the assumption that the
pressurized inner tube is a thin cylinder whose initial length, radius and thickness are respectively noted
‘lo’, ‘ro’, ‘to’, and current length, radius, and thickness are respectively noted, ‘I’, ‘r’, and ‘t’, the
expansion of the pressurized cylindrical tube can be derived from classical stress-strain Treloar’s
model [15]:

01— 09 =G - 13) o, =Prlt
oy —03= G(ﬁ% _}%) with < o, =1/207 (1)
MqAog =1 03=0

where 11 = (r/ro), A2 = (I/10), 43 = (t/to) and a1, 02, o3 are the corresponding stresses and G is the shear
modulus of the rubber. By combining these equations, we derive the following expression linking the
inflation pressure P to Az:

Pry/Gty = 2(1//12)[1— (L/(L+1-1/ 18 ))} )

This relationship, illustrated in Figure 2b, expresses what is well-known by every child trying to
inflate a cylindrical rubber balloon: first, the balloon can expand both in radius and length and, secondly,
beyond a certain point it becomes easier and easier to inflate it. In other term, a bound-pressure exists
that we can be called ‘ballooning pressure’ beyond which the pressure needed to pursue the inflation of
the tube is increasingly weak and this ‘ballooning pressure’ equal to about 0.75G(to/ro) is all the more
low than the ratio (to/ro) is low. As highlighted by Johnson and Soden [16], this phenomenon clearly
corresponds to an instability phenomenon for the rubber tube considered as a system whose input is a
control pressure bigger than the ‘ballooning pressure’ and the output is the tube length, as its radius.

If we now consider the same thin cylindrical rubber tube surrounded by a braided sleeve constraining
its inflation to follow the two relationships imposed by the geometrical double helix structure of the
sleeve [17]: A1 = sin(a)/sin(ao) and A2 = cos(a)/cos(ao) wWhere ao and a are, respectively, the initial and
current braid angle. We deduce the new relationship:

Pry/Gty = 2[(1//12) - (sin(ao)zzz)/(1—cos(a3)/1§)] 3)
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where A2 varies between a minimum value equal to \/1/(3005(053) [17] and 1, as illustrated in Figure 2b

in the case where ao = 20< It is now clear that the system whose input is control pressure and output the
muscle contraction length is stable for any pressure, however, limited by the rubber tensile range.
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Figure 2. Interpretation of the braided sleeve movement of the McKibben artificial muscle
as the internal process giving to the actuator its artificial muscle nature; (a) combination of
the pressurized inner tube and the braided sleeve inside the McKibben structure; and (b) a
comparison between the static behavior of an unrestrained thin rubber tube becoming
unstable beyond the ballooning pressure and the stable behavior of the McKibben muscle
inner tube (see text).

Let us make a last comment: in the peculiar case of the McKibben artificial muscle, the braided sleeve
is responsible for the open-loop stability in position thanks to the kind of stiffness it gives to the actuator
but, in order that this stability is effective, stiffness must be associated to a kind of damping which, for
the McKibben muscle, comes from rubber elasticity and in a more important way from kinetic friction
inside the braided sleeve.

3. Concept of Linear Artificial Muscle

In order to better understand the link to be made between the proposed concept of artificial muscle
and the real skeletal muscle which will be here considered as our biological reference, we propose to
introduce an original concept of linear artificial muscle. This linear artificial muscle is considered as a
SISO-system whose generated force or torque F has the following general expression:

F(u, x) = Ku—bgx —byx (4)

where K, bo, b1 are constants not equal to zero. Let us consider a normalized u-control between 0 and 1
where u = 1 corresponds to a maximum positive force Fmax. It can also be assumed that the x-position
varies between 0 and a positive xmax-value. If no load is considered, the equilibrium position of the
artificial muscle, for a given u-value, is equal to Ku/bo. Consequently, we deduce: Xmax = Fmax/bo. It is
then possible to rewrite Equation (4) in the following form:
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F (U, %) = Finax (U= ——) b1 ©)
Xmax

It is interesting to note that our definition of the linear artificial muscle can be extended to the
definition of a linear velocity-type actuator if it is assumed that bo = 0 and to the definition of a linear
acceleration-type actuator if bo = b1 = 0, in correspondence with Figure 1. According to the proposed
definition, the linear artificial muscle behaves like an “active” spring whose stiffness is constant equal
to (Fmax/Xmax). It is worthy to note that the linear artificial muscle considered in this section, as the
biomimetic artificial muscle model considered in next section, are rough approximations of the real
behavior of artificial or natural muscles due to the “linear” character—in the meaning of a straight
line—of their static characteristics. For example, in the case of the McKibben artificial muscle that has
already been mentioned, the isometric force versus muscle x-displacement exhibits a typical convex
shape, complicated by a complex hysteresis phenomenon as described by Minh et al. [18], not considered
in our study. In a different way, springs made of shape memory alloy, like those fabricated by
Kim et al. [19], can exhibit a static characteristic for which a linear approximation of the static force
versus deflection at constant temperature appears to be particularly relevant (see in [19], figure in page
81). We did not try, in the framework of this paper, to classify artificial muscles according to the concave
or convex shape of their static characteristic, with or without hysteresis phenomenon. We consider, in
the spirit of Hogan’s work on the skeletal muscle (see further) that “linear” static characteristics are a
simple but powerful way for developing a general model of artificial muscle. More especially in this
section, our proposed concept of linear artificial muscle can be considered as an ideal artificial muscle.

There is, however, a difficulty in this definition of a linear artificial muscle, as also for any definition
of an artificial muscle based on the couple force-position and force-velocity: because the x-position is
involved in the force expression of the actuator, no evident characteristic force-velocity can be derived
by comparison with other actuators. We propose to overcome this difficulty in keeping the well-known
Hill curve considered for the skeletal muscle. In his historical 1938 paper [20], Hill indeed proposed a
particularly elegant way for characterizing the dynamic behavior of the contractile component of the
natural skeletal muscle: to record the velocity during the constant velocity phase just after the beginning
of the contraction, produced by a sudden quick-release of a given load. Such a quick-release process can
be applied to any artificial muscle and especially to straight artificial muscles, as illustrated in Figure 3a:
in a systemic perspective, quick-release is interpreted as a kind of “trial release” from zero position and
velocity, applied to the artificial muscle with a constant u-control value and a given load.

Moreover, in the Hill curve, the recorded velocity corresponding to a given load is often interpreted
as a maximum velocity during the physiological contraction before it decreases due to the viscosity
peculiar to any skeletal muscle, as illustrated in Figure 3b. In accordance with Hill’s spirit, the velocity
considered in our pseudo-Hill curve, will be exactly the maximum velocity reached during the “trial
release”. It is worthy to note that, although this concept of pseudo-Hill curve can be applied to any kind
of artificial muscle for which is specified a privileged “contraction” dimension.
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Figure 3. Use of the Hill-curve concept for defining the force-velocity characteristic of an
artificial muscle, (a) Hill’s quick-release test considered as a “release trial” of the artificial
muscle from zero position and velocity, with a constant u-control and given load, and
(b) characterization of the corresponding velocity as the maximum velocity reached during
contraction (redrawn from a typical skeletal muscle recording).

In the case of our linear artificial muscle model, whose static characteristic is shown in Figure 4a, the
pseudo-Hill curve is so derived from the look for the maximum velocity of the following dynamic
equation:

UFmax — Mg = MX+ by X + bgx (6)

where M is the considered load. Let us put rm = Mg/Fmax, We get:
(U—rm) =rm (X/9)+ 0y / Frax )X+ (Bo / Fmax )X (7
If rm = 0, the system behaves like a first order for which maximum velocity noted Vmax is given by:
Vimax =UFmax /b1 (8)

If rm is not equal to zero, we can derive the maximum velocity noted V from the classic solution
resulting from the second-order differential equation. It is easy to show that, for a given rw-ratio, the
ratio (V/Vmax) only depends on u and the damping Z-factor. We get:

z 22\/1 22 N

(arctg(—————— L )+arctg (

If Z<1,(V Ve ) = 2Z(u—1yy Je V1-2°

IfZ=1,(V/Vqmax)=2(u—-nry)/e 9)
(Z+\/22 )I (Z+\/ZT)
If Z>1, (V IVinax) =2Z@Z +VZ2 -1)u-1y)e 2¥Z 21

where the damping Z factor is related to the Fmax and xmax parameters of the artificial muscle static
characteristic and to the load-ratio rm by the following relation-ship:
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Z=cl\rny with ¢=(/g/2Fmax) 0 //0o) (10)

We give in Figure 4b the set of so-defined force-velocity curves parametrized in ¢ when u is equal to
1. Although our pseudo-Hill curve is not defined as an hyperbolic curve, it is interesting to check that
the c-coefficient plays a similar role to the (a/Fo)-coefficient role in the Hill curve: on the one hand, it
characterizes the concave curvature of the pseudo-Hill curve and, on the other hand, the lower is c, the
more curved is the pseudo-Hill curve, as this is the case for the (a/Fo)-coefficient in the case of the Hill
curve. In the bound-case where c tends to infinite, i.e., bo tends to 0, the pseudo-Hill curve tends to the
straight line: (V/Vmax) = (1 — rm/u). In this case, as previously noted, the actuator lost its artificial muscle
nature to be a velocity-type actuator. Moreover, the case ¢ = 1, for which the concave curvature of the
pseudo-Hill curve is still little marked, corresponds to the limit for which all “release trials” are
performed without overshooting since the limit between underdamping and overdamping is given by
Z =1 and so by: rm = ¢2 For any ¢ < 1, the time-response will exhibit an overshooting for any load
greater than c?Fmax/g. Moreover, we would like to show that the linear form of the pseudo-Hill curve can
also be considered in the case of a more biomimetic type of artificial muscle.
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Figure 4. Linear artificial muscle characteristics; (a) force-position characteristic; and
(b) force-velocity characteristic defined as a pseudo-Hill curve (for u = 1)—see text.

4. Biomimetic Artificial Muscle for Antagonist Actuators

4.1. Biomimetic Artificial Muscle Combining a Non-Linear Static Characteristic with
a Linear Viscosity

In his classic paper about impedance control in human movement, Hogan [21] introduced the
following simplified static force model of the contractile component of the skeletal muscle we propose
to write in a normalized form:

F =UFmax (1— X/ Xmax) (12)

where Fmax and xmax are, respectively, the maximum force and maximum x-contraction corresponding to
u =1, as illustrated in Figure 5a. Although this actuator is clearly non-linear due to the product of u by
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X, it is always in accordance with our definition of the artificial muscle: whatever the external force
generating, for a given u, an equilibrium position X, it is obvious that a variation of Jx around this
equilibrium position produces a return force 6F = —(UFmax/Xmax)ox and so the actuator stability results.
Let us associate to this non-linear static model a linear damping term similar to the one considered in the
previous section. During the quick-release process, the value of u-control is constant and it is interesting
to remark that for u = 1, which corresponds to the usual physiological conditions of the experimental
quick-release under maximal neural activation, the model’s equations become the same for the
biomimetic muscle model and the linear one. As a consequence, the curves of Figure 4b can also be
considered for the force-velocity characteristic of the biomimetic artificial muscle in the case u = 1. The
Hill curve equation can take several forms. We will consider the following one:

(P+a)(V +b)=cst (12)

where P is the imposed tension which, according to our notation, is equal to Mg, V is the maximum
velocity reached just after the dynamic contraction began, and a, b are constant coefficients
characterizing the shape of the Hill curve. This relationship can be written in the following normalized
form:

V 'Vinax) = 0/Vma ) A= (@7 Fpa) —v ) / v (13)

where rm = Mg/Fmax Where Vmax is the maximum velocity for no load and Fmax is interpreted as the
tension producing no displacement i.e., the tension P of Equation (12) which prevents any isotonic
contraction of the artificial muscle because this tension is equal to the maximum muscle force Fmax. In
their paper about biorobotic actuators, Klute, Czerniecki, and Hannaford [22] consider that the
(a/Fmax)-coefficient characterizing the curvature of the Hill curve belongs to a typical [0.12-0.41] range.
In fact, if we take into account other studies, non-considered by the previous authors, this coefficient can
reach higher values: a 0.81-value is, for example, considered by Ralston et al. for a human major
pectoralis whose data are reproduced in Figure 5b [23]. These last authors also emphasize, at their time,
that the (a/Fmax)-coefficient is subject to wide variation for a given type of muscle. On Figure 5c, we
tried to match the two extreme cases for (a/Fmax), 0.12 and 0.81, with a corresponding pseudo-Hill curve
as defined in previous section: a ¢ equal to 0.12 has been considered in the case of the Hill curve
characterized by (a/Fmax) = 0.12 and a c equal to 0.5 has been considered in the case of the Hill curve
with (a/Fmax) = 0.81. If a certain discrepancy is notable for the lower value in (a/Fmax), the concordance
between the proposed model and the real data (represented by circles) is rather good for (a/Fmax) = 0.81.

Such a relatively good concordance between the Hill curve approaching the real data and the
pseudo-Hill curve, derived from a linear viscous friction component, emphasizes, according to us, the
great importance of a viscous-like component inside the artificial muscle to get a dynamic behavior close
to the one of the skeletal muscle, whatever in fact the chemical or physical origin of such an equivalent
viscosity, as this can be checked with authors who tried to apply the force-velocity characterization by
the Hill curve to their artificial muscles: Caldwell, for example, designing a so-called pH-muscle by
swelling and deswelling a polymer gel inside a hard cylinder [24], or Nakamura et al. designing a
pneumatic artificial muscle with straight strings and rings surrounding an inflatable rubber tube [25], or
still, the author of this article, in the case of the McKibben pneumatic muscle [26]. Moreover, we
considered the real data in load and dimensions (Xmax = 9 cm, Fmax = 200.1 N) given by Ralston et al.
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(see table in Figure 5b) for simulating the corresponding time-response of the quick-release—interpreted
as a step-response of value u = 1—with ¢ = 0.5. Although real-time responses are not reported in the
Ralston et al. article, the authors specify that ‘[the sigmoid character of curves] is always the case expect
with very heavy loads, when the curve tends to be flat over a large portion of the excursion’, which is
well checked in Figure 5d with a minor overshooting appearing for high loads. Moreover, rising times
are in very good accordance with other available experimental results [27]. It is also worthy to note that,
in the case of u = 1, the time responses shown in Figure 5d correspond both to the non-linear static
characteristic combined with a linear viscous friction and to the full linear artificial muscle model. This
suggests that a purely linear artificial muscle, as we defined it, can approach, in a very satisfying way,
the dynamic behavior of a real muscle and, therefore, the question arises to know which could be the
interest of considering the non-linear static characteristic of Figure 5a instead of the linear one. The
answer to this question will be given by the consideration of the actuator made of two antagonist
artificial muscles.

FA load (kg)|max vel. (m/s)
0.8 | 1.025
F. . 1.7 | 0.98
m ax
u=1 2.7 | 0.895
5. 0.61
u I:m ax <1 7.3 | 0.525
9.6 | 0.36
12 0.305
—> 14 | 021
UXnax  Xmax X 20.4| 0.
(a) (b)
1 1
k &——NReal data 0.0 0.8 kg — e
0.9 . 7k
0.8 \\0 a Lipear mode| (c=0.5) 08 . 2.7ky
07 \ \\ | | —=Hill’§ curve fo human ’é‘ 0.7 // | 5 kg
o 7 \\ \Q pectgralis jmajgr R y =
S 06 N (@/F,1.=0.81) - 08 A/ A 7.3 kg
Feim e
= | g~ Hill’ssyrve for raf @ 0.4
E 0.4 f diaphrag%hglscle (a/F..=0.12) 8_ 0.3 //;// 12kg
-~ 03 Timsar = S ///// 14 kg
0.2 |model ] \\1;\ 0.2 y////y
0.1(=412) R 0.1 /
: e N/
0 0102 03040506070809 1 0 0.1 02 0.3 0.4 0.5 0.6
Mg/F,__-Ratio Time (s)
(©) (d)

Figure 5. Biomimetic artificial muscle and its comparison with the skeletal muscle,
(a) force/position characteristic, (b) real data used for the comparison between a human
pectoralis major and the proposed biomimetic artificial muscle with a linear viscous damping
(rewritten from [23]), (c) comparison between the force/velocity characteristic withu =1 in
two extreme cases of Hill’s curve—the circles correspond to the real data given in (b)—(see
text), and (d) time-simulation of the quick-release of the biomimetic artificial muscle in load
conditions given in (b).
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4.2. Constant Moment Arm Antagonist Artificial Muscle Actuator

Although some artificial muscles can be considered as bi-directional actuators like bending
electro-active polymers, the majority of straight artificial muscles are essentially one-directional
actuators. By analogy with muscular physiology, this is an antagonism principle which makes it possible
to transform the straight artificial muscle into a bi-directional revolute actuator. A classic way for
defining a revolute actuator with two straight artificial muscles consists of linking them by means of an
extensible chain and pulley system, as illustrated in Figure 6.

L Xb > Xt 0 ( )
- a
X0 ®©
- <~
b —
1cCps - é_ \\ 0=0
triceps /
(b)
X, 0
biceps -
triceps
X, —T10

Figure 6. Constant moment arm antagonist actuator, (a) initial state, and (b) current state.

Such an actuator can be said at constant moment arm since the agonist and antagonist muscular
actions respectively generate a positive and negative torque with the same and constant moment arm r
where r is the pulley radius. We can write the resulting torque T as follows:

T = r[Fy (Up, %) — F (Ut %)] (14)

where, by analogy with the animal biceps/triceps system, Fo(ub,Xb) and Fi(ut,xt) are the forces generated
by the artificial biceps and the triceps for, respectively, a u,-control and a xs-muscle contraction length,
and a ut-control and a xi-muscle contraction length. If xwo are Xio are, respectively, the initial xo and x
muscle contraction lengths, we have:

Xp=Xpo+r€ and X =Xo—ré (15)
Assuming that the two muscles are identical, let us first apply Equations (14) and (15) to the linear
artificial model considered in Section 3 according to the notation of Equation (5). We easily get:

(Xp0 —%0) _ 2r6

T= (rFmax){(Ub —U) - }_2b1r29 (16)

max Xmax

Although its two independent inputs, the actuator behaves like a SISO-system whose equivalent
single input u can be written as follows: u = (ub — ut) — (Xoo — Xt0)/Xmax Where up and ut vary between 0
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and 1 and, consequently, u varies between ‘=1 — (Xbo — Xt0)/Xmax” @and ‘+1 — (Xo0 — Xt0)/Xmax’. In the case
where Xbo = Xto, the static characteristic of the actuator takes a particularly simple form, as follows:

Tetatic = (rFmax){u —ﬁ} with —1<u<+1 (17)
Xmax
The actuator can then be considered as a bi-directional linear artificial muscle whose constant stiffness
is equal to 2r2Fmax/Xmax and joint angle varies in the range [~Omax, +0max] Where Omax = (Xmax/2r). We give
in Figure 7a the corresponding torque/angle characteristic in the normalized form T/rFmax versus 6/6max,
limited to the case of positive actuator angle and torque.
If we now apply Equations (14) and (15) to the biomimetic artificial muscle model of Equation (11)
with a linear viscous component whose coefficient is always noted bz, we get:

X X ro 2
T= (rFmax{ub(l—ﬂ)—ut (L-—10) —(up +ut)—}—2blr 0 (18)
Xmax Xmax Xmax

The actuator is no more a SISO-system since its two inputs ‘U’ and is ‘ut’ cannot be combined into a
single control variable. In the particular symmetrical case in which X0 = X0 = Xo, the static torque
equation is simplified into the following one:

Tstatic = (rFmax){(l—X—o)(Ub —U)—(up + Ut)i} (19
Xmax Xmax

In his paper [21], Hogan interprets a similar expression by claiming that (up — ut) is responsible for
the actuator torque while (u» + ut) is responsible for the joint stiffness. If it is true that, whatever the
choice for xpo and xvwo, the actuator stiffness is given by “(ub + ut)(r’Fmax/Xmax)” and is so proportional to
(ub + ut), the other torque component is proportional to (u» — ut) only when Xwo = X0 = Xo. In this last
symmetrical case, the joint angle varies in the range [~6max, +0max] wWhere Omax = (Xmax — Xo)/r, and the
corresponding static torque can then be rewritten as follows:

Tstauc=(rFmax)(1—X—°){(ub—ut)—(ub+ut)i} (20)
Xmax Omax

We give in Figure 7b the corresponding torque-angle characteristic in the case of positive angle and
torque: it is clear that the actuator is now able to modify its stiffness—i.e., the slope of its static
characteristic—while keeping a given equilibrium position. We can now understand the advantage of
the non-linear biomimetic static artificial model by comparison with the linear artificial muscle model:
the first one makes possible, when two such muscle models are set into antagonism, to mimic the double
nature of the natural joint muscular system as a controller of angle position and angle stiffness.
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q Tstatic/rFmax 4 Tstatic/rFmax(l'XO/Xmax)
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Figure 7. Torque-angle characteristics for the constant moment arm antagonist actuator,
(a) the case of two identical linear artificial muscles, and (b) the case of two identical
biomimetic artificial muscles showing the ability of the actuator to modify its angular
stiffness (from slope 1 to 2, for example, by increasing the sum of agonist and antagonist
control values) while keeping the same equilibrium position (for simplicity reasons we
limited our graphs to positive angle and torque).

4.3. Elbow-Type Antagonist Artificial Muscle Actuator

The constant moment arm antagonist actuator is, however, an idealized model of a revolute
physiological-like joint actuator. We now consider a more realistic model directly inspired from the
elbow joint: the antagonist artificial muscle actuator is always made of a biceps and triceps-like straight
muscles but the muscles are now directly attached to the links in analogy with the physiological reality.
The model is organized as follows. On the one hand, the biceps has its origin in point A’ on the fixed link
(arm) and is inserted in B’ on the mobile link (forearm), as illustrated in Figure 8a.

The distance between point A of Figure 8a and elbow joint center E is noted A and the distance
between point B and E is noted B. Two offsets are considered, under the form of angles a and f, to
express the fact that the distances AA’ and BB’ are not equal to zero in the reality. On the other hand, it
is supposed that the ‘tendon’ of the triceps is driven around the elbow joint center with a constant radius r.

0.8
Zo7 u=1
Zosl AL INQ
_§0'5 ¢ |u=0l8 \{
S/ NN
=
£0.2 =
A N
“ OME\

0 20 40 60 80 100 120 140 160
Angular position (deg)

(b)

Figure 8. Elbow-type artificial muscle actuator, (a) actuator scheme, and (b) corresponding
torque-angle characteristic (see text).
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Let us note, as previously made, respectively F» and F: the forces produced by the biceps and the
triceps, 6 the elbow joint angle, and T the torque generated by the two muscles. From a simple geometric
analysis of Figure 8a, we deduce the following relationships for L(6) = AB:

L(0) = A% + B2 +2AB cos(0+a + 3) (1)

As a consequence, the moment arm of the biceps muscle, which corresponds to the distance d from
E to the line segment [AB], now depends on the joint angle according to the following relationship:

d(0) = ABsin(@+a+ B)/ L(O) (22)

We deduce the following torque expression:
T=Ty,-Ty with T,=d(@)FR and T;=rk (23)

It is assumed, by analogy with the human elbow joint, that the joint angle 6 varies from 0 to a
Omax-value lower than 180< It is also assumed that, in the zero-joint angle position, the triceps is fully
contracted—i.e., its Xo-position is equal to xmax—Wwhile the biceps is not contracted—i.e., its x:-position
is equal to 0. In order to make easier the computation of the actuator torque, it is considered that the
biceps can contract at least of a xmax-length and so the following expression for the maximum joint value
Omax is deduced: Omax = (Xxmax/r). It is worthy to note that no passive tension is taken into account in our
model. By applying the non-linear static model of Equation (11) to the artificial biceps and triceps force
expressions, we get:

Fo = Uy (1—— 2=
max

0 (24)
R =UtFnax ()
ema.X

The torque produced by the triceps is given by: T =U;(rFnax)(@/6max) and, by combining
Equations (21) to (24), we get the following expression for the torque produced by the biceps:
A

max

T, = Up Frax BSIiN(@ + a + ) {1_

L. () (Ln (0) - Ly (6’))}

(25)

with L, (0) = \/1+ (T'i)2 + 2(3/:) cos(@ +a + fB)

In order to compare the two antagonist actuators, we propose to choose the B-dimension in order that
the maximum moment arm of the biceps is equal to r. It is easy to check that d(6) is maximum for
0= atan2(\/1—(B/A)2 ,—(B/ A)) and that this maximum is equal to B. By putting B = r in Equation (25)
and by considering the expression of fmax, we get the new expression for the biceps torque:

U, Sin(@ + a + ) {1_ L,(0) - L, (9)}

To = (Fma) =) 105 (B7 A)Brmax

(26)

Both Tp and Ti-expressions are now proportional to rFmax and we can then define the normalized
corresponding total torque T/rFmax = (To — Tt)/(rFmax) as we did it for the constant arm antagonist
actuator. We give in Figure 8b the corresponding static torque-angle characteristic of the elbow-type
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actuator for a = = 10< Omax = 180°— a — S, (B/A) = 0.2 and by imposing (ub + ut) = 1—the input up is
denoted u on the graph. By comparison with the torque-angle characteristic shown in Figure 7b, the new
static characteristic no longer exhibits a uniformly decreasing slope in the #-range corresponding to a
given constant u-value. Let us consider, for example, the case u = 1 and let us assume that the actuator
is submitted to a constant resistive torque: a double equilibrium position can result from such a situation
corresponding in Figure 7b to the points P and Q. If the system is set in Q and if it removed from this
equilibrium position, for example, by a positive angular variation, its restoring torque is negative, as
illustrated in Figure 7b, leading the actuator to asymptotically come back to Q but, if the actuator is set
in the equilibrium position P, the restoring torque, corresponding to the same positive angular variation,
IS now positive with, as a consequence, to move the actuator to the point Q. While Q is an asymptotically
stable equilibrium position, P is only an astatic equilibrium position.

5. Conclusions

The systemic approach of the actual notion of artificial muscle we tried to defend in this article is
based on a simple and general observation: any actuator privileges a dimension, in position, velocity, or
acceleration, with respect to which it is stable. By comparison with classic actuators, artificial muscles
define a new type of actuators whose positioning is naturally stable. This open-loop stability in position
is the consequence of some internal process whose diversity makes the actual diversity of artificial
muscle technology.

The well-known second order linear system can so be interpreted as the dynamic equation of a linear
artificial muscle relating its force or torque to its position by means of its gain with respect to a given
stimulus, its stiffness and its viscosity. Since the so-called force/velocity characteristic of any artificial
muscle cannot be defined in a simple way, as done for a classic actuator, we propose to define it as a
pseudo-Hill curve expressing the maximum velocity reached during “contraction” versus the load the
artificial muscle has to lift against gravity. In the case of our linear artificial muscle, we show that the
pseudo-Hill curve can be parametrized in only one c-parameter depending on static Xmax, Fmax and
viscosity coefficient peculiar to the considered artificial muscle model. We also show that our linear
artificial muscle model can relatively well approach the Hill curve of a real skeletal muscle by means of
a judicious c-coefficient.

However, a non-linear static force/position characteristic is necessary for making possible an artificial
muscle antagonist actuator whose stiffness and angular position can be independently controlled by
means of the two independent artificial muscle inputs. Moreover, if this antagonist actuator is designed
according to a typical elbow-type joint structure—i.e., without the artificial muscle moment arms both
being constant—the corresponding static characteristic lost the uniformly decreasing slope obtained in
the case of the constant moment arm antagonist actuator with, as a consequence, the existence of both
asymptotic and astatic equilibrium positions.

We hope that, beyond its speculative approach, this analysis could bring help for interpreting and
comparing static and dynamic behaviors of artificial muscles.
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