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Abstract—Estimating the force exerted by a pneumatic muscle
actuator by measuring its gauge pressure is challenging since
hysteresis is almost always present. This paper investigates the
hysteresis phenomenon in Pleated Pneumatic Artificial Muscles,
which is found to be largely independent of gauge pressure. A
Preisach based hysteresis model that can cope with the specific
shape of the force-contraction characteristic of pneumatic muscles
is proposed, and its results are presented.

I. INTRODUCTION

Pneumatic Artificial Muscles are air-powered contractile
actuators that generate linear motion. Their core element is
a reinforced membrane that contracts axially and expands
radially when pressurized. They have been studied extensively
(see [1], [2], [3], [4], [5] and the references therein), and
several types have been developed. The most commonly known
type is the McKibben muscle [1], [2], a braided muscle that is
commercially available from several manufacturers, but other
types and variants exist as well (see for instance [6], [7], [8]).

In general, pneumatic artificial muscles are lightweight
as well as intrinsically compliant or “soft”, because of air
compressibility. The increased safety that results from these
properties, combined with the trend towards more human-
centered robotics and safe human-robot interaction [9], [10],
[11], has generated renewed interest in artificial muscle actu-
ation (see for instance [12], [13], [14]). Pneumatic artificial
muscles have mainly been applied in rehabilitation (e.g. [15],
[16], [17], [14]), but they have also been used in various other
fields such as legged machines [18], [19] and even in parachute
soft-landing and guidance systems [20].

The artificial muscles used in this work, called Pleated
Pneumatic Artificial Muscles, are described in [6], [21], [22].
They have been applied in the bipedal walking robot Lucy [23]
and in a “soft” robotic arm [24], [25]. The pleated pneumatic
artificial muscle or PPAM was developed to improve on some
of the shortcomings of McKibben muscles. It has virtually
no threshold pressure, less hysteresis, and it generates higher
forces and has a greater contraction range than McKibben
muscles.

Since almost all pneumatic muscle based systems use some
form of feedback pressure control, these systems are always
equipped with pressure sensors. Theoretically, the measured
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Figure 1. A Pleated Pneumatic Artificial Muscle (PPAM) shown for three
different values of contraction.

pressure could be used to estimate the force exerted by the
actuator. In reality, however, hysteresis is always present,
which can make the estimates too inaccurate to be useful. In
this work, we present a first step towards the solution of this
problem in the case of the PPAM muscle.

This paper is organized as follows: section II introduces the
PPAM muscle and its theoretical model, section III discusses
the hysteresis phenomenon in the muscle, proposes a Preisach-
based hysteresis model and presents some results obtained with
this model. Conclusions are drawn in section IV.

II. PLEATED PNEUMATIC ARTIFICIAL MUSCLES

A. Concept

Pneumatic artificial muscles (PAMs) are contractile devices
whose core element is an inflatable membrane. When inflated
they bulge, shorten and thereby generate a contraction force.
The most common type, the McKibben muscle [1], [2], con-
sists of a rubber tube, which expands when inflated, surrounded
by a netting that transfers tension. Although relatively easy to
make, the McKibben muscle has some important drawbacks,
such as substantial hysteresis and a high threshold pressure,
under which no contraction occurs. Its total displacement is
limited to just 20% to 30% of the initial length. To remedy
these problems, a new type of PAM has been developed, the
PPAM [6], [21], [22]. The PPAM (see figure 1) has a folded
membrane that unfolds as it expands. Force is transferred
by Kevlar fibres in the pleats of the membrane. Because
of the unfolding, there is virtually no threshold pressure,
hysteresis is reduced when compared to McKibben muscles,
and contractions of over 40% are possible (depending on the
slenderness, described in the next section).
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Figure 2. fio (dimensionless force function) of a PPAM with N = 25 Kevlar
fibres.

B. Characteristics

A relatively accurate mathematical model that describes
shape, volume, diameter, exerted force and maximum con-
traction of PPAMs can be found in [22], [6], [26]. Under the
assumption of negligible membrane elasticity the static force
exerted by the muscle is given by

F = pl3 fio (e,10/R, N) (0

In this expression, p is the applied gauge pressure, [y is the
muscle’s uncontracted length (or maximum length), R is its
radius in uncontracted state (or minimum radius), N is the
number of Kevlar fibres in the muscle and € is the muscle
contraction. If we call [ the muscle length, we have e = 1 —
1/lp. fio is a nonlinear, dimensionless function that depends
on contraction and on the design-time parameter lo/R (called
the slenderness). f;o is shown in figure 2 for different values
of lo/R. As figure 2 and equation (1) show, there is a varying
force-displacement relation at constant gauge pressure. This
results in muscle-like behaviour, with very high forces being
generated at small contractions and very low forces at large
contractions, as shown in figure 3 for a muscle with slenderness
lo/R = 6 and Iy = 6 cm. Due to the inelastic approximation
used in deriving (1), this model is only valid for contractions
above 5% [26]. This is not a problem since the contraction
should generally be kept above 5% anyway, to avoid excessive
material loading.

In practice, the dimensionless function fig (¢,lo/R, N) is
difficult to work with since it is not available in analytical
form. In order to evaluate it for given € and ly/R, a system
of equations involving elliptic integrals has to be solved
numerically (see [26], [6]). Another problem is that the radius
R is usually not accurately known, and varies slightly between
different muscles. For these reasons, the full mathematical
model is usually only used during the design phase of a system
that involves PPAMs. Once the slenderness and number of
fibres is known, fiy is approximated by a function of the
following form [22]:
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Figure 3. Force exerted by a PPAM with lo/R = 6, lp = 6 cm and N = 25
for different gauge pressures.

The coefficients are determined by fitting (2) to the theoretical
fto or to measured data.

III. HYSTERESIS IN PPAMS

Chou and Hannaford [2] report that the main cause for hys-
teresis in the McKibben muscle is Coulomb friction between
the braided mesh shell and the internal bladder. Although
the PPAM has a different working principle, it too displays
hysteresis in the force-contraction characteristic, but less than
the McKibben muscle. This hysteresis is not modeled in (1).

A. Experiments

Fig. 4 shows the experimentally obtained force-contraction
characteristic of a PPAM with 40 fibres. These measurements
have been performed with the muscle mounted in a tensile
testing machine and the following sinusoidal force function
imposed:

F(t) = Asin (wt) + B,

with A = 1400 N, B = 750 N and w = 27/500rad/s. The
gauge pressure was controlled to be as constant as possible by
a pneumatic servo valve. One period is shown for each gauge
pressure. The hysteresis is clearly visible.

Fig. 5 shows the dimensionless force function f;y, ob-
tained from the same data by computing the quantities
F (t) /pm (t)13 (see eq. (1)), and plotting them against
€m (t). In these expressions, Fy, (t) is the measured force at
time ¢, py, (¢) the measured pressure and ¢,, () the measured
contraction.

For contractions above 5 %, the hysteresis observed in the
dimensionless force function f;y does not differ significantly
between the three curves shown (the difference for contractions
below 5% can be explained by the elastic behaviour of the
muscle fibres, which is not taken into account in (1)). This
indicates that the hysteresis in f;o is essentially pressure
independent.

Fig. 6 shows the measured dimensionless force function of a
PPAM with 25 fibres. These measurements were taken while
the muscle was fitted in a 2-DOF arm powered by PPAMs
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Figure 4. Measured force-contraction curves of a PPAM with lo/R = 6,
lo = 6 cm and N = 40 fibres for different gauge pressures.
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Figure 5. Measured dimensionless force function of a PPAM with lg/R = 6,
lo = 6 cm and N = 40 fibres for different gauge pressures.

(see fig. 7, more information can be found in [24]). While the
gauge pressure was kept as constant as possible by a servo
valve, the link powered by the muscle was rotated manually,
and the muscle force and contraction were measured. For easy
comparison, a curve from figure 5 (taken from a muscle with
40 fibres) is also shown in fig. 6.

Once again the different curves do not differ significantly,
indicating independence of gauge pressure. The fact that the
dimensionless force function for N = 25 is lower than for N =
40 is consistent with the theoretical model [22]. It is striking,
however, that the hysteresis effect is much less pronounced for
the case N = 25 than for the case N = 40. This indicates that
friction between the Kevlar fibres and the membrane may be
an important contributing factor to the hysteresis.

Since the link rotation in the experiment was performed
manually, it was impossible to achieve a constant contraction
rate. Fig. 8 shows two measurements (with N = 25), one
where the link was moved relatively slowly (roughly 40
seconds for the loop shown) and a second one where it was
moved five times faster (around 8 seconds for the loop in the
figure). The two curves hardly differ. Since the same kind of
experiment but with different gauge pressures yields the same
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Figure 6. Measured dimensionless force function of a PPAM with lg/R = 6,
lo = 6 cm and N = 25 fibres for different gauge pressures. For reference,
one curve measured for a similar muscle with N = 40 is also shown.

Figure 7.
Muscles.

2-DOF robotic arm powered by Pleated Pneumatic Artificial

result, the hysteresis in f;y seems to be independent of the
contraction rate.

B. Modeling

The experiments suggest that the hysteresis in PPAMs can
by modeled by incorporating hysteresis into the dimensionless
force function f;y. Since most phenomenological hysteresis
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Figure 8. Measured dimensionless force function of a PPAM with lo/R =~ 6,
lo =6 cm and N = 25 fibres for different loop speeds.
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Figure 9. Measured and approximated dimensionless force function of
PPAMs with 25 and 40 fibres. Both have lo/R ~ 6 and lp = 6 cm.

models have difficulties describing hysteresis loops whose
general form resembles that of f;y (see fig. 2), we cannot model
the hysteresis in f;o directly.

This can be overcome by looking at the error between the

observed (hysteretic) ft%ySt and its least-squares fit ft%t of the
form (2). Modelling the hysteretic muscle force as (cf. eq. (1))

physt = gz physt g
— P2t - (1+eld) 3)
we get
g =l @
it

the relative error between the observed hysteretic dimension-
less force function and its least-squares fit. In these equations,
square brackets have been used to indicate quantities that de-
pend hysteretically on e, i.e. that depend on the current value of
€ as well as on certain past values. Fig. 9 shows the measured
fio for both muscles (N = 40 and N = 25, both measured at
p = 1.5 bar), as well as their fitted approximations, and fig.
10 shows the relative error e [¢] for both cases.

The relative error e [¢] between the hysteretic curve and its
approximation is no longer dependent on the specific shape of
the dimensionless force function, which has been factored out
(see ft%t (¢) in (3)). This means we can model e [¢] by taking
the scaled difference between a more conventional hysteretic
loop (one that can easily be generated by a hysteresis model)
and its non-hysteretic linear approximation (see fig. 11). It is
clear that we cannot expect a perfect match, since the exact
shape of e [¢] is not fully reproducible among experiments.

C. The Preisach Model

The exact hysteresis model used is not crucial to our
approach, as long as the output of the model always stays
inside the major loop. Since it is well studied [27], intuitive,
invertible under mild conditions (see e.g. [28], [29]), and
because it has already been applied to various problems outside
of its original scope (see for instance [30], [31], [32]), we have
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Figure 10.  Relative error e [e] between the measured and approximated
dimensionless force function of PPAMs with 25 and 40 fibres. Both have
lo/R~ 6 and lp = 6 cm.
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Figure 11. Major hysteresis loop calculated with the Preisach model, and its
linear approximation.

chosen for the Preisach model. It was Introduced in the 1930°s
by F. Preisach to model magnetic hysteresis [33], and has been
called the most satisfactory mathematical model of hysteresis
available [28].

The output of the Preisach model is calculated as the
weighted superposition of elementary relay hystereses voz [u]
(see fig. 12). Each relay has two switching values « and (3
(with o > 3), so the relays can be represented by points in the
half-plane « > (. The contribution of each relay to the output
of the Preisach model is determined by a weighing function

7%
Wi = [ [ 10(0.5) v o] dads.

The region P of support of u (c, 3) in the half-plane « > (3 is
usually referred to as the Preisach plane. In this work, we will
assume this region to be bound between the lines § = —1,
06 =1 and a = 1, as shown in fig. 13. We will also assume
that p (v, 3) is normalized in P, ie. [ [, p(a, 3)dad3 = 1.
P is divided in two parts, P, and P_, in which the relays 7,3
have outputs +1 and —1 respectively, so we have
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Figure 13. Preisach plane P (in gray), divided in P4 (relays with output
+1) and P_ (relays with output —1) by the typical staircase line.
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The boundary between P, and P_ is a staircase line, as
explained in for instance [27], [32]. The “memory” of the
Preisach model is encoded in the shape of this line.

The major hysteresis loop shown in fig. 11 is the output of
the Preisach model to one period of a sine function as input

and with the normalization /i (o, 3) of
—(B—a—c)’~(B+a—d)?
_J e a+p8<0
N(C&ﬁ) - { e—(ﬁ—a—c)z—(ﬁ+a+d)2 a—|—ﬁ>0 (5)

as weight function, where ¢ = —0.1 and d = —1 [34].

D. Application to the PPAM

Using the above described Preisach model, we now write
e [¢] form eq. (3) as

eld =3- (Wie) - wit(e)),

with
—1<e =2

—-1<1. ©6)
€max
d is a scaling factor. W [e;] is the output of the Preisach model
and T/t (es) is the linear approximation obtained by fitting
the two major loops generated by W [es]. Both W [e;] and
it (es) are shown in fig. 11 for weight function i (see (5)).
Definition (6) of €5 assumes the major hysteresis loop of
fto to be between € = 0 and € = emax, which are mapped to
-1 and 1 respectively, the minimum and maximum input values
of the considered Preisach model. In what follows, the value
of emax was chosen to be 35%.
The hysteresis model of the PPAM muscle thus becomes
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Figure 14. The dimensionless force function fthoyst [€] as calculated by the
hysteresis model. The experimentally determined values for p = 1.5 bar are
also shown. Muscle parameters were lo/R = 6, l[o = 6 cm and N = 40.

E. Results

Fig. 14 shows the result of the model for the muscle with
40 fibres using & (cf. (5)). The fit f,gt was obtained from the
measurements taken at p = 1.5 bar (also shown in the figure),
and the optimal value of § was determined with the least-
squares method (6 ~ 0.299). The correspondence between
model and measurement is good for 7% < e < 20%, the
most important region in applications. This result is slightly
misleading, however, since the muscle isn’t usually used at
constant pressure.

In the following test (performed with data taken from the
muscle with 25 fibres), we started out the same way: fyo was
fitted from the data taken at 1.5 bar, and an optimal Value for
0 was estimated from this data (0 ~ 0.139). Next, f was
calculated again, this time from all available data (taken at
gauge pressures of 1 bar, 1.5 bar and 2.5 bar), while § wasn’t
changed. Finally, the muscle’s output force was calculated from
the hysteresis model (7) for the three cases. The result is shown
in fig. 15. Again, the most important deviations are situated
in the low e ranges. This is due to inaccuracies both in the
model and in ftot, which isn’t perfectly tuned for all gauge
pressures. It is important to remark that the forces shown in
fig. 15 were calculated using measured pressure values, the
pressures were not assumed to be exactly equal to their desired
values. Slight pressure deviations (which always occur because
of disturbances and imperfections in the pressure regulating
valves) can generate considerable force differences in PPAMs,
so they have to be taken into account.

IV. CONCLUSIONS AND FUTURE WORK

The hysteresis phenomenon in PPAM muscles was exper-
imentally investigated. It was found that the hysteresis in the
dimensionless force function f;y is largely independent of
gauge pressure and contraction rate. The main physical cause
of the hysteresis seems to be friction between the Kevlar fibres
and the inflatable membrane.

A Preisach-based model for the hysteresis was proposed,
and its results were presented. The model performs well for
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Figure 15. Muscle force as calculated by the hysteresis model, as well as

measured values. Muscle parameters were lo/R ~ 6,lp = 6 cm and N = 25.
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contraction range that is most important in applications,
7% < e < 20%.

Future work will focus on numerically determining a better
Preisach weight function p from experimental data in order
to further expand the contraction range where there is good
agreement between the model and the experiments.
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