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The prototypes of a McKibben actuator and a straight
fibre muscle are presented. Their experimenta1 char-
acteristics are shown. For both kind of typology a
mathematical model, able to evaluate the traction
force as a function of the contraction ratio and the

suppty pressure, has been developed, taking into ac-
count the geometrical dimensions of the muscles and
the mechanical characteristics of the materials. The

models have been validated experimenta11y. Finally,
by means of such models, a comparison between the
behaviour and performance of the two kinds of actua-

tor has been carried ouL
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1. Introduction

muscle,

  In certain Robotic applieations it is neoessary to adopt
actuators with non common peculiarities, often provided
by the Hexible Pneumatic Actuators (FPA). Among the
FPAs, the muscle actuators turn out particularly interest-
ing, showing advantages such as low weight, higl)
force/mass ratio, high efficiency, lack of sliding parts and
therefore of wear, no need of lubrication, no emission of
po11uting substances, the possibility of working with
cheap and non po11uting fluids (air, water), the possibility
of working in extreme environments (absence of atmos-
phere, heavy temperature gradients, high magnetic fields,

vibration noise).
  Therefore, structures for biomechanical and aerospace

use may be effectively driven by such actuators.
  Among the muscle actuators, the McKibben muscle
earned a big suocess, as testified by numerous papers on
identification and modelling of its mechanical behav-
iour.ii,iZ3) Besides, the McKibben muscle has been pro-

 ::,li.e,dpa".,Sek"i,ed'ffS,,a,P£,,1,i,C,a,,t,i9nSofbothbiomechanicaland  Besides the McKibben muscle, a new typology of
  actuator has been recently proposed: the straight fibre

muscle,9'4'
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Fig. 2. Prototype of McKibben muscle.

   wnen supplying the actuator at a certain pressure, the
chamber tends to expand (Fig.1(b)). In such a way, once
a definite load has been imposed, the muscle, because of
the not lengthening fibres, becomes shorter and reaches
a new equilibrium configuration; vice versa, once a given
length is imposed, the muscle exerts a defmite traction

force.

   If the fibres are wound on the deformable chamber

with a certain angle different from 90 deg, the actuator
is called McKibben musclel.i'i2'5) If the fibres, on the
       are disposed parallel to the actuator axis, it iscontrary,

 called straight fibres muscle.9･4･t･6)
  Although the structures of the two typologies of ac-
tuator are substantially similar, the mode ofoperating and
the perforrnance, at the same conditions, are very differ-
ent. Figure 1(b) shows, for a generic contraction, the
deformed shape of both the McKjbben and the straight
fibres muscle. It is evident that the shortening of the
McKibben muscle is due to a dilatation ofthe deformable

chamber that keeps almost constant along the actuator
axis. In the case of the straight fibre muscte, on the con-
trary, the shortening is due to a cask-1ike deformation of

the elastomeric chamber.

  In order to evaluate correctly, at the design stage, the
most suitable typology of actuator for the specific appli-
cation, a non-linear modelling of both kmd of muscles

has been here developed.
  The models, presented in this work, have been sub-
sequently validated experimenta11y and used for a com-

parison of the two actuators.

2.1. The McKibben Muscles

  A prototype of McKibben muscle has been realised
(Fig.2). The deformable chamber, of silicon rubber, is
O. 1m long, has an internal radius of 8mm and a thickness
of 2mm. The not lengthening fibres, nylon made, are

F

a'g,

Flg. 4. McKibben muscle gc

wound on the
   The proto
The actuator

Known and c
free end. By
set; its va
gauge (Cele
O.50/o F.S.)
ured by a po
sco, DV301;
measure was 

was calculated.

   Figure 3 
as the short
length, as a 
pressure. As
definite con
decreases, f
tion ratio i

a certaln contractlon.

  The McKib

tropic homog
At the initia
traction for
lo, internal 

a fibre of length lf and angle cto.
  A Cartesia
z direction 
Another frame
this fiame o

Journal of Robotics and Mechatronics Vol. 13 No. 1, 2oo1 57



Ferraresi, C., et al.

i

       ts

       e.eoN

       looo
       o

       oF.5SNo
       e

       s

       F.10SN
       e

       e

       eo

       o

       eo

       ooe       o

       o
       e

       .s

       toeostts2N
pNew"lpen

Fig. 5. Comparison betwoen thcoretical (continuous line) and
experimenta1 characteristic of McKibben muscle

symmetry axis, the p axis is radial, and the e axis is
tangential.

  Supposing thin the tube wall and constant its thick-
ness, increasing the supply pressure, for a given supply
 pressurep,･ the equilibrium along the directions x and z

are:

prl e odsl+nToosot .............. (1)
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F+ ,tr2p t u,A + fsinct...,..,..... (2)

The constitutive material equations, in circumferential
and axial directio" supposing an infmite Poisson's ratio,

are:

 r e r〈i + II:'t) ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ ･ (3)

 ls l6(1+lil't) ･････････････････ (4)
Finally imposing the geometrical congruity between the
not extensible fibre and the flexible tube, it is possible to

write:

(2:cr)2 + (i)2 . (:l )2 .
............. (5)

Since the inclination angle ct between the tangent to the
wire and the circumferential direction is:

         l
            ................ (6)a e arctg        2m

it is possible to write the following equation:
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Fig. 9. 3-D scheme of deformed straight fibres muscle

imposed. Qualitatively, the muscle shows a mechanical
behaviour similar to the McKibben muscle. A direct com-

parison between the two prototypes is not possible, since
the dimensions are different, but it is possible to see thag
at same supply pressure and same contraction ratio, the
traction force of the straight fibre muscle is remarkably

higher.
  The straight fibres muscle has been modelled as a tube
of homogeneous and isotropic material (Figs.8 and 9)
having Young modulus E, initial length lo, initial radius
ri and thickness s, linked to the heads of radius ro and

strengthened axially by N fibres having cross section Af,
initial length lo and Young modulus Ef.

  The forces acting on x-direction are: the projections
of the internal pressure forces, the projections of the ten-
sions in the fibres and the resultant of the stress u in the

membrane. In particular, called T the tension in each of
the N fibres, the resultant of the tensions in x-direction is
given by the sum of the projections of T in this direction.
Supposing that the cross section of the deformed chamber
assumes the shape of a circular arc with radius R, as
indicated by continuous 1ine in Fig.8, the force equilib-

rium of 1/4 actuator in x-direction can be written as:

 z3,"":2 /, ･pcosacosrprRdourp - tsm¢ (iil.iLfr,os(2-N"t)) -         "ro+Rco -co

-Mksfo

ri -ri d{p . o ..... (8)

Similarly, the forces acting in z-direction are: the pulling
force F of the muscle, the projections of the internal
pressure forces and the projections of the tensions in the

r s r. + R(costp

and integrad
equatlons:
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Fig. 11. Traction force ofa McKibben muscle, for different
winding angles, and of a straight fibrcs muscle versus the

contraction ratio (1 bar supply pressure)
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Flg. 12. Elastomeric chamber strain of a McKibben muscle,
for different winding angles, and of a straight fibres muscle

versus the contraction ratio (1 bar supply pressure)

comparison between the thcoretical and experimenta1
traction force as a function of the supply pressure, for

different contraction ratios, is shown in Fig.10.

3. Comparative Analysis

  The mechanical behaviours of the two muscle acma-

tors are substantially differeng as partially highlighted by
the experimenta1 results. In fact, although the actuators
are similar in structure, they have a different operating
principle and therefore, even with equal geometry and at
same supply pressure and contraction ratio, they provide
different traction force, with different stresses in the ma-

terial of the rubber chamber and the fibres.

  An experimenta1 comparison of the two actuators' be-
haviour, with various values for the geometrical and
structural parameters, would be particularly onerous, re-
quiring the construction and characterisation ofnumerous
prototypes. But the availability of the two mathematical
models, previously described and experimenta11y vali-
dated, allowed to carry out an extensive comparative
analysis, in order to evaluate the main differences and
individuate the fields of application for the two typolo-

gies of muscle actuators.
   The analysis has been carried out starting from a com-
mon reference geometry for the two actuators: initial
length O.2m, initial radius 10mm, chamber wall thickness
1 mm. Besides, a Young modulus of O.5rvll'a has been

assumed for the elastomeric m
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 Flg. 14. Maximum chamber strain (a) and traction force (b)
 of a straight fibres muscle (-) and a McKibben muscle (.t)
 versus the initial length, for different contraction ratios (1 bar

 supply pressure)

varies, with contraction ratio imposed to O% and for dif-
ferent supply pressures.

  At same conditions, the traction force always in-
creases as the supply pressure increases. Besides, the
traction force of a McKibben actuator is not depending

on its length.
  On the contrary, straight fibres muscles of greater
length usually show greater traction foroe. As a matter of
fact it can be noted that, in case of low supply pressures
(O.2 bar), the characteristic of traction foroe versus initial

length shows a maximum.
  It can be noticed that, for a great initial length of the
chamber, the straight fibre muscle provides, at same con-
ditions, a greater traction force. On the other hand,
McKibben actuators with a small mitial length seem to

be more performing.
  The Fig.14(b) shows a comparison between the foroes
given by the two typologies of actuators for a supply
pressure of 1 bar, again as a function of the initial length
and for different contraction ratios. Every configuration
shows a reduction of the traction force as the contraction

increases. Also in this conditions, straight fibres muscles
with great initial length provide a traction force much

greater than the corresponding McKibben muscle.
  As a matter of fact, considering also the strain of the
chamber (Fig.14(a)), it can be notioed that it is not pos-
sible, for instance, to use the straight fibres muscle ana-
lysed with contraction ratio of 10%, if it has an initial
length greater than O.2m, because in this case the material

would be subjected to a strain greater than the 4009o.
  On the contrary, the McKibben muscle is less prob-
lematic from the point of view of material strain. In par-
 ticular, the strain £ of the chamber depends only on the
contraction ratio of the actuator, i.e. on the initial and

actual lengths to and l, and on the winding angle a, ac-
cording to the following relation:

(

 
s

 
e

Vlol-:-17sui7tt
l.cos(z

 -1)･1oo ........ (16)
  In order to reduoe the deformation of the elastomeric

chamber of the straight fibres muscle, at same conditions,
it is necessary to adopt greater diameters, as shown in
Fig.15(a), which reports the strain of the material for both
typologies of actuators, supplied at 1 bar, for several con-
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  The models have been validated on the base of ex-

perimenta1 tests made on two prototypes actually realised.
  The analyses showed that the two typologies of mus-
cles, even though they present a similar structure, show
a substantially different mechanical behaviour, as regards
both the traction force and the strain of the elastomeric
chamber.

  Muscles with dumpy geometry (low length-diameter
ratio) are generally more performing if realised in the
McKibben typology. Vice versa, straight fibres muscles
provide a traction force greater than McKibben ones in
case of slender geometry.
  However, it has to be considered also that the models
do not take into account the effect of the actuator heads,
which are particularly important in case of dumpy ge-
ometry. As a matter of fact, dumpy actuators turn out to
be less performing of what simulated by the models.
  The straight fibres muscle usually shows a force per-
formance greater than that ofa McKibben muscle having
the same geometry. On the other hand, the material ofthe
straight fibres muscle may be subjected to higher strains,
that can easily reach the mechanical resistance limits.
  Since the performance of such actuators depends on
numerous factors, such as geometrical parameters (initial
length and radius, chamber thickness, winding angle),
structural characteristics (Young modulus of elastomeric
chamber and fibres) and operative conditions (supply
pressure, contraction ratio of the actuator), it is very dif-
ficult to foresee the behaviour of a prototype before its
construction. The models proposed here allow to evaluate
theoretically the performance ofboth kind ofactuators as
a fimction of all the aforesaid factors, and therefore can
be an effective too1 for the choice of typology of the
actuator and its design.
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Nomenclature

A
2
:
l
l
.
A
'
 
.
,

rt

rt:

ro:

s:

T

a:

u, Uct Ut:

x, y, z:

 ¢
:

e:

r, e, C:
rp:

area of the chamber cross section

area of the fibre's cross section

Young's modulus of the elastomeric
chamber

Young's modulus of the fibre
traction force

actual length of the muscle
length of one fibre
initial length of the muscle
number of the fibres

coils number of the fibre

supply pressure
curvature radius of the deformed

actuator

radius of the generic cross-section
initial radius of the chamber of the

straight fibres muscle
radius of the end-cap
thickness of the chamber

tension of the fibre

angle between the tangent to the fibre
and the circumferential direction

normal stresses of the elastomeric

chamber

reference timle

angular semi-amplitude of the
deformed actuator

angular coordinate
reference frame

angular coordnate
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