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Control of McKibben Polymeric Artificial Muscles by
Means of Buffer Solutions

B. Tondu,™' S. Mathé,® R. Emirkhanian"

Summary: Reversible swelling and de-swelling of pH reactive polymers are mainly
made using strong bases and strong acids, typically with pH equal to 0 or 1and 14 or
13. As a consequence, pH-artificial muscles are triggered off at a pH too high for
internal use of such muscles inside the human body. The paper analyses the
possibility of using weak base-weak acid buffers to generate the ion circulation
necessary for swelling/de-swelling phenomena with a limited pH-range. The paper
further reports experiments with ion-exchange resins swelling and de-swelling in
response to standard NaHCO,/CH,COOH + CH;COONa weak base-weak acid
solutions. The ion exchange resin is placed inside the inner tube of a McKibben-
braided structure whose functioning we have discussed elsewhere in connection with
its reliability to define a chemo-mechanical artificial muscle with static and dynamic
behaviour close to human skeletal muscle. We experimentally show that a 0.25M
buffer solution leads to a maximum isometric force and a contraction time response
similar to that obtained with 0.1M NaOH/HCI strong base-strong acid. As a con-
sequence, our McKibben polymeric artificial muscle is now controlled within a 3.8 pH-
range: muscle contraction is triggered at about 8.3 pH, and muscle relaxation at about
a 4.5 pH. The dynamic performance of a 1770 mm long/7 mm diameter in isotonic

Introduction

Activation of artificial muscles by pH
variations is a promising approach in the
present-day search for “‘new motors” based
on artificial polymer muscle technologies!"
due to its chemical simplicity, its ease of
putting into work and its obvious rapidity in
the generation of pH steps in comparison,
for example, with control by temperature
variations. This purely chemical activation
mode also appears as an alternative to
electrical activation modes by current or
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mode, with loads between 0.25 kg to 10 kg, is reported.
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tension control. Furthermore, pH value in
the body is an important environmental
factor and can consequently be viewed as a
relevant bio-mimetic agent for artificial
muscles aimed at integration into the human
body. All pH-muscles are based on the use of
pH-sensitive polymers swelling either in
basic pH by means of acidic groups such as
—COOH or —SOsH, or in acidic pH by
means of basic groups such as —NH,. From
Kachalski and Kiihn’s historical experi-
ments,>?! to more recent attempts at using
thin strips of PVA-PAA* or PAN fibres!>"!
or chitosan-based fibres,® and even nano
PAN fibres,”) pH-muscle activation is mostly
made with 1M acid-base solutions, corre-
sponding to a [0-14] pH range. These
extreme pH values are motivated by the
maximum protonation and deprotonation
that they assure among ionisable reactive
polymer functional groups. In a previous
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work we showed how to employ the
McKibben-braided structure to construct a
compact pH-muscle producing a reversible
contraction force with 0.1 M, and even 0.05M
acid-base solutions."”) However, when lower
concentrations — 0.01M and 0.001 M - are
used, the force generated by the artificial
muscle dramatically decreases and becomes
zero at 0.0001M concentrations. Other
studies also emphasize the use limitation of
pH-muscles to very acidic or very basic
ranges: for example, PAAM hydrogel actua-
tors have recently appeared to be effective
for pH < 3 or pH > 12.'" Such pH values are
not adapted for future medical applications
in which the integration of a pH-muscle
inside the human body is imagined. We wish
to demonstrate in this paper how the use of
standard weak acid-weak basic buffer solu-
tions can be a very simple way of triggering
an ion-exchange resin pH-muscle with a
limited pH-range. Following section explains
the application of buffer solutions to the
control of ion-exchange resin pH-muscles;
and a in next section we report experimental
results obtained with our McKibben-type
braided structure both in isometric and
isotonic conditions.

Buffer Solutions as a Simple Way
of Controlling a pH-Muscle at Low
pH-Ranges

PH muscles are generally controlled using
strong acid HCl-strong base NaOH. In the
case of a pH-sensitive polymer containing
acid groups such as the considered ion-
exchange resins with COOH functional
groups, resin swelling in basic pH is
obtained by the exchange inside the aqu-
eous medium of Na™ ions (from NaOH)
with H" ions (from COOH functions), and
the de-swelling in acid pH by the exchange
of H" ions (from HCI) with Na* ions (from
the RCOO Na™ functions). When pH
varies, the concentrations of Nat and H"
ions also vary. In point of fact, although the
term pH-muscle has been adopted for
designating this kind of artificial muscle,
it clearly appears that their pH-sensitivity is
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essentially an ion-sensitivity. This means
that the true control variable of these
artificial muscles is the concentration of
reactive ions inside the aqueous medium
when pH, in terms of control, is a secondary
control variable. By splitting these two
control variables, a high concentration of
reactive ions in the reactive medium with a
moderate pH would be maintained. The
standard use of buffer solutions can be
thus considered as a very simple and
efficient method of reaching this goal.
Consequently, we substitute a couple of a
weak acid buffer-weak base buffers for
the strong acid HCl-strong base NaOH.
One of these couples can be NaHCO; —
CH;COOH + CH3COONa. Subsequently,
we substitute a strong basic ion-exchange
equation responsible for the polymer
swelling:

RCOOH +Na"OH™

1
— RCOO Na' + H,0 )

by the following equation in which it is
assumed that the weak basic buffer is in
excess, i.e. a>>1:

RCOOH + aNa' +aHCO5

weak basic buffer
in excess

— RCOO™Na™ + (a—1)HCOj3
+ (a—l)Na* + aH,CO3
and the strong acid ion-exchange equation
responsible for the polymer de-swelling:

@

RCOO Na™ +H'CI™ 3
— RCOOH + Na™* CI™

by the following equation:

RCO; Na® + aCH3CO,H+aCH3CO, +(1NA;r
weak acid buffer in excess

— RCO,H + (a—1)CH3CO,H

+ (a+ 1)Na' + (a + 1)CH3;CO;

“)

It is important to note that buffered
solutions are often used to determine
the swelling dependency of a hydrogel
onpH.I">"51 However, this is generally
made as if the hydrogel candidate was
insensitive to the additional ions being
added to the medium through the buffer
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solutions. Sometimes it appears difficult to
understand if pH-sensitivity was determined
by dilution of strong acid-base solutions or
by buffered solutions (for example, in."®!) In
some other studies, relative in particular to
chitosan-based hydrogels, known to be
affected by ionic strength, the swelling
performances in modyfing pH by dilution
or by buffered solution are emphasized.
In,M""! for example, it is clearly mentioned
that the swelling of a modified chitosan
superabsorbant hydrogel is about 50% in an
on-off switching experiment from pH=10
to pH=3 in buffered solutions, while its
swelling ability in an HCI diluted solution of
pH=3 is about 300%. In the case of our
artificial muscle, we make the assumption
that the high ion-sensitivity of ion-exchange
resins is the crucial point for preserving the
high swelling ability of this material in
buffered solutions.

Application to the Control of a
Polymeric McKibben Artificial
Muscle

We have detailed in other papers our
approach to the McKibben pneumatic
artificial muscle!'®! and its adaptation to a
chemical control approach.'”! Figure 1

Peristatic
pump

Inside

Resin balls

Figure 1.
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Surrounding 4 W
the rubber
inner tube,"

ifa
the;ﬂbber
indier tube

synthesizes the experimental set-up used
to test such compact pH-muscles.

In the centre we show a typical compact
laboratory-developed McKibben muscle:
its initial external diameter is around
7mm and its initial active length (except
for metal tips) is around 70mm for its
shortest prototype, to around 170 mm for
the longest. The braided sheath is made of
nylon; and surrounds a rubber inner tube
filled with 580 to 780 wm resin balls. The
swelling of these resin balls generates a
circumferential stress inside the rubber
inner tube that the interwoven braided
cords transform into a linear contraction
force. The feeding of the artificial muscle in
weak base buffer A and weak acid buffer
AH, is alternatively realized by a peristatic
pump. As sketched on the right-hand side
of the Figure, the experimental set-up can
be used in two modes: an isometric mode
aimed at establishing static performances of
the artificial muscle, and an isotonic mode
for dynamic performances of the artificial
muscle when a load is attached.

Static Characteristics in Isometric
Conditions

The pH-muscle isometric test is performed
at a zero contraction ratio, i.e. at initial
active length of the muscle in order to

« - Interwoven
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Experimental set-up for determining the static and dynamic performances of a polymeric McKibben artificial
muscle fed alternatively by a weak base buffer and a weak acid buffer.
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determine its maximum force since it is
known, in analogy with skeletal muscle,
that McKibben muscle produces its maxi-
mum force at a zero contraction ratio.
Figure 2 gives the static characteristics,
according to this isometric mode, of the pH-
muscle defined in Figure 1: curves la and
1b, respectively, correspond to the swelling/
de-swelling pH-muscle triggered by the
couple 0.1M strong NaOH base-strong
HCI acid, similar to our already published
results, while curves 2a and 2b, respectively,
correspond to the swelling/de-swelling of
pH-muscle triggered by the couple weak
base buffer-weak acid buffer.

It clearly appears that the use of the
buffer solution leads to the same maximum
force. However, the response time during
the swelling phase measured at 95% of this
value, is changed from about 40min to
about 70 min. The weak base and weak acid
buffers were tested under similar concen-
trations, equal to 0.125 mol/L which corre-
spond to the concentration of HCO3 ionsin
the extra-cell physiological liquid, and
thus to a feasible integration of the device
inside the human body. The effect of this
concentration on pH-muscle response time
can, however, be questioned. Figure 3 gives
the result obtained for the previously
considered pH-muscle prototype fed by
identical weak acid-weak base buffer con-
centrations varying from 0.1 to 0.5 mol/L.
Increasing buffer concentration implies, as

90

in the case of strong acid-strong base,
higher ionic strengths and, as a conse-
quence, quicker response times. It is
interesting to note that the use of a 0.5M
basic buffer leads to a quicker response
than with a 0.1 M NaOH solution, without
us being fully able to explain it. However, a
drawback to this ionic strength increase is a
limited swelling and, consequently, maxi-
mum force is lower, as illustrated in
Figure 3.a for the 0.5M basic buffer
solution. For this reason, we have limited
our search for the “best” concentration to
buffer solutions generating the same
maximum force of about 80N, in the case
of our pH-muscle prototype. In each
experiment, pH was electronically deter-
mined. In Figure 3.b response time change
during isometric concentration is given, and
Figure 3.c shows response time change
during isometric relaxation for solutions
with 0.1 M, 0.125M and 0.25M concentra-
tions. In each case, comparison is made with
strong base-strong acid solutions. It clearly
appears that a 0.25M concentration of our
buffer solutions leads to a response time in
concentration close to, and even lower
than, the best one generated with a strong
base, although in the same conditions this
response time is about twice that generated
with strong acid in case of isometric
relaxation. This latter point could be
explained by the size difference between
the HCl molecule — responsible for the
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Figure 2.

Comparison of the static characteristics of the pH-muscle between a 0.1N strong base NaOH-strong acid HCl (1a
and 1b) and a weak base buffer NaHCO, - weak acid buffer CH,COOH + CH,COONa (2a and 2b).
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Influence of buffer concentration on artificial muscle response time, (a) isometric contraction and relaxation for
0.1M to 0.5 M buffer solutions, (b), (c) corresponding change of the 95% response time in contraction (b) and
relaxation (c) as a function of base/acid concentration (solid line) and in comparison with artificial muscle
control by means of 0.1M NaOH/HCI solutions (broken lines), (d), (e) ditto for 80% response time.
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de-swelling (Eq. 3) in the strong acid case —
which is lower than the CH3;COOH mole-
cule — responsible for de-swelling in the
weak acid case (Eq. 4) — and, as a result,
moves slowly in the buffer solution. This
result is in any event very promising for a
future use of weak base and weak acid
buffer to trigger pH-muscle: our ion-
exchange resin muscle is now able to
produce 95% of a maximum isometric
force of about 80N in about 36 min, and
to relax reversibly in about 27min in a
limited range of [8.3-4.5] compared to
the efficient strong base-strong acid [12-1]
pH-range. Moreover, the 80% instead
of 95% response time was considered,
using the same experimental data as
in Figures. 3.d and 3.e.

This choice was motivated by resin-
swelling properties: they swell or de-swell
rapidly at the beginning of the ion-exchange
process, and subsequently at a slower rate
when only a limited part of the resin has not
exchanged ions. It clearly appears that 80%
response times correspond to about half of
95% response time, which is still a very
positive complementary result. This leaves
us with having to prove experimentally
that weak base-weak acid buffer use does
not limit the dynamic behaviour of our
pH-muscle.

Dynamic Characteristics in Isotonic
Conditions

In accordance with McKibben artificial
muscle theory, the maximum force pro-
duced by the artificial muscle is indepen-
dent of its initial length. Let us call ¢ the
muscle contraction ratio defined as
e = (lop—1)/ly where [y, as already specified,
is the initial muscle length and [ its current
length. Theoretically, maximum contrac-
tion ratio is independent both of /, and of
muscle control pressure.'®! In practice, this
is not true due to the bound effect which
causes a loose force in the proximity of the
muscle tips where the contracted muscle
diameter is lower than in its centre. This
phenomenon is particularly obvious for
very short-length muscles. It is still not true,
however, because of static and Kinetic
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friction forces inside the braid muscle which
provoke a high maximum contraction ratio
at low control pressure. In the case of
pneumatic McKibben artificial muscles,
whatever the choice of braided sheath
material, the maximum contraction can
vary from about 25-30% at 5 bar to about
15-20% at 1 bar. Concerning our pH-
muscle, the pressure inside the rubber inner
tube is a consequence of the swelling
phenomenon. By analogy with a pneumatic
muscle, and in the knowledge of geome-
trical initial braid angle «, initial length
lo and initial internal radius rg - (see our
paperM for a rigorous definition of these
parameters), it is possible to determine an
“‘equivalent” pressure P.q, from estimated
maximum isometric force value Fy given in
Figure 2 above. We established the general
formula relating, for a given pressure P,
McKibben static force F to contraction

ratio &8

F(e, P) = (nrd) Pla(1—¢)*> —b] with

a = 3/tan’(ag) and (%)

b = 1/sin’(ap)

For ¢ =0 we obtain the maximum force
expression:

Fo = (nr5)P(a—b) (6)

and thus, in the case of our pH-muscle, the
expression of the “equivalent” pressure:

Pequ = FO/[(”’(Z])(Q*b)} (7)

From the estimated values ry ~ 0.35cm,
ap ~25deg and Fjy~ 80N, we obtain:
Pqu = 2.5bar. Note that for the same
geometrical parameters and the same
choice of reactive chemical agents, product
quantity inside the muscle is a factor
influencing maximum force value and,
consequently, equivalent pressure. For
example, in reported isotonic experiments,
a more compact fulfilment of the muscle in
comparison with Figures 2 and 3 experi-
mental results leads to a maximum force of
about 120 N, and an equivalent pressure of
about 4 bar. In accordance with our studies
on McKibben pneumatic artificial muscle,

www.ms-journal.de

243



2441

Macromol. Symp. 2010, 296, 238-247

these swelling pressures are well adapted
to our McKibben structure. However, in
comparison with an artificial pneumatic
muscle whose dynamic response in isotonic
conditions can be determined in response
to a pressure step-response, there is no
evidence that the pressure inside our pH-
muscle will keep near-constant during the
swelling process generated by the base flow
circulation. Knowledge of the swelling
pressure change inside the pH-muscle is,
in fact, secondary as it concerns the fluid
flow aimed at producing the control
pressure of a pneumatic artificial muscle.
However, this comparison between
pneumatic McKibben muscle and its pH
version highlights a dynamic working
principle: the pH-muscle dynamic contrac-
tion occurs along its length since the
swelling process allows the muscle sheath
to open and thus generate a contraction
force. In other words, as long as the pH-
muscle can produce an ‘“‘equivalent” pres-
sure force generator in accordance with
pneumatic McKibben artificial muscle
theory. In our previous work!'% we demon-
strated a maximum contraction ratio of
about 15% with a 0.25kg load. In order to
test the dynamic ability of our new control
process, and more particularly its maximum
contraction ratio, we designed a longer
muscle of /y ~ 170mmwith the same ry and
ap parameters. Figure 4 gives the corre-
sponding time responses of this muscle for
constant loads varying from 0.25kg to

14

10kg, and Figure 5 the corresponding
powers.

In comparison to our previous results
showing the isotonic contraction of a
similar pH-muscle triggered by 0.1M
NaOH/HCl solutions (Figure 7 in,['!) these
curves exhibit similar dynamic perfor-
mances:

— The maximum contraction ratio of 11%
with a 1 kgload is in good agreement with
the mechanical properties of McKibben
artificial muscle, for which it is known
that a maximum contraction load-free
ratio of 25-30% can be expected. The
maximum contraction of 13% obtained
with a light load of 0.25kg could, how-
ever, be improved by increasing the
quantity of resins inside the muscle inner
tube. We did indeed emphasize in our
previous study!'®! the significant role of
resin quantity in the production of maxi-
mum isometric force and in maximum
contraction ratio, as a consequence of
the resulting swelling pressure. We have
asyet not defined a standardization of the
muscle “filling”, and thus we still have to
determine the optimum quantity of
resins which should be inserted inside
the rubber inner tube without distorting
the shape of the braided sheath, or inhi-
biting fluid circulation.

— The experimentally tested ability of the
artificial muscle to lift loads from 0.25 kg
to 10kg extends our previous dynamic

,-_:2 0.25 kg = 0.5 kgy
15_9’::) P 2 kg =
% ° // —_—— T
- e ——

g 3 /7///// 5*%9 Z ka
= g [///,/ X
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Figure 4.

Dynamic characteristics of pH-muscle obtained in isotonic conditions with given loads.
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results,'” which were limited to a load
range of [0.5kg-3kg]. This clearly
demonstrates the “‘strength’ of this small
muscle and its resistance to breaking,
which is directly due to the braided struc-
ture.

The time corresponding to maximum
power varies from between about 15min
and 22 min, and is in good agreement with
the corresponding mean time of 17 min
obtained for similar experiments with 1M
NaOH/HCI solutions.

Conclusion

This study is concerned with highlighting
the possibility of controlling a pH-muscle
derived from a McKibben-type braided
structure in a restricted pH range. Weak
acid-weak base buffers appeared as a
practical way of generating Na™/OH ™ ions
concentrations necessary inside the muscle
for the swelling/de-swelling phenomenon of
a commercial ion-exchange resin with
limited basic/acid pH-values relatively
close to neutral pH. The standard use of
NaHCO; as a weak base buffer and of
CH;3;COOH + CH3COONa as a weak acid
buffer led to emphasizing the possibility of
triggering pH-muscle with static and
dynamic performances close to the ones
generated by means of 0.1 M NaOH/HCI
solutions, and using 0.25 M solutions. This

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Tme (min)

result can be synthesized as shown in
Figure 6, gathering hysteresis cycles corre-
sponding to change with isometric force pH
at zero contraction ratio, produced after
90 min. This time reference was chosen to
include the trapezoidal-shaped cycle
generated with strong base and strong acid
near the rectangular shape cycle corre-
sponding to the use of weak base and weak
acid cycle; when base and acid molar
concentrations are low, maximum muscle
force is effectively reached after a very
long time (the corresponding values are
in accordance with graphs given in our
previous paper!’”’ — see in particular
Figure 3). The comparison illustrates the
significant restriction of the pH-muscle
hysteresis cycle, due to the buffer solutions
employed.
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Figure 6.

Reduction of the Static force(pH) hysteresis cycle of
our artificial muscle controlled by means of a 0.25M
NaHCO,/CH;COOH + CH;COONa buffer solution in
comparison with a IM NaOH/HCl solution (curve with
circles).
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This technical possibility of reducing the
hysteresis cycle Force (pH) by means of
buffer solutions, highlights the fact that the
true control variable of our pH-muscle is
not pH itself, but ion concentration. In our
view this is a general result, and we consider
that triggering reactive polymer swelling/
de-swelling by means of buffer solutions
could be applied to other types of pH-
muscles. This pH-range restriction is parti-
cularly interesting for a human-friendly use
of these artificial muscles. Although the
pH-range reduction demonstrated in our
study is still higher than the typical extra-
cellular pH of a healthy person, varying
between 6.8 and 7.2, it can be considered as
a first step towards a more complex process
associating our pH-limited range artificial
muscle with a primary chemical device able
to generate the moderate pH-range needed
for artificial muscle working, and to do so
using bio-compatible materials. The use
of bio-compatible yeasts, for example,
triggered by glucose could be a possibility
for such a primary device, as was recently
discussed in the ANR-OSMOTEUR
project!’l whose authors of the paper are
project partners. Beyond the integration
issue of a complete muscle based bio-
compatible device, the present-day relative
slowness of contraction and relaxation
responses remains questionable. In its
present state, the proposed pH-muscle is
more a kinetic energy accumulator, whose
release necessitates a series-spring like
device, than a truly artificial skeletal
muscle. Two ways will be considered with
the aim to reduce the swelling/de-swelling
time inside the artificial muscle enveloppe
and, as a consequence, the artificial muscle
response time. Firstly, it must be empha-
sized that currently-reported results have
been obtained using commercial resins
(Amberlite IC, Rohm & Haas Company).
In a further work, we will attempt to
synthesize new types of resins with the hope
of reducing response time as, for example,
developed in'*"! where drug release experi-
ments with a novel pH-sensitive ion
exchange resin composed of Methy/acrylic
acid/styrene cross-linked with divinylben-

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

zene, are reported. As emphasized ““[The
drug] is rapidly released in 15mn” (page
633), which in accordance with associated
curves corresponds to an 80% time
response of about the same period. It can
be hoped that the incorporation of judi-
cious ionic functional groups onto the cross-
linked ion exchange resin could produce
even quicker pH-sensitive resin. Secondly,
because the ion-exchange principle is also
applicable to hydrogels, we also will con-
sider this approach. In a previous paper[m]
we have reported preliminary experimental
results of a similar artificial muscle filled
with a specific hydrogel synthesized from
acrylic acid and acrylamid. A time response
of about 8min has been obtained in
isometric conditions with 0.1 mol/L strong
acid-strong base solutions. However, this
performance has a weaker reliability
than exhibited performances with the
considered commercial ion-exchange resin,
due to the powder character of the reactive
agent and therefore the risk of drastically
reducing or even stopping the percolation
process. A solution could then consist in
synthesizing a new type of hydrogel
derived from our actual acrylic acid-acry-
lamid structure with a greater degree of
cross-linking. The establishment of more
chemical bonds between polymer molecule
chains would make possible the re-shaping
of the hydrogel into micro-balls as
done with the used highly cross-linked
commercial ion-exchange resins. And so,
one way or the other, to tend, due to
McKibben technology, towards an artificial
muscle whose macroscopic behaviour is
statically and dynamically close to skeletal
muscle, and in addition triggered by a bio-
compatible control variable.
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