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Abstract:
Described in this paper is a novel six-legged parallel platform
driven by fluidic muscles. The advantage of the platform is that
it is virtually free of stick-slip effects. Thus, the device is well-
suited for fine-tuned force control and for physical simulation of
virtual force-displacement laws. The legs of the platform are of
type RRPS and are equipped with a coaxial coil spring and a flu-
idic muscle providing push and pull forces. Each leg is equipped
with a force sensor, a pressure sensor and a magnetostrictive po-
sition encoder. The control scheme for the platform comprises
six control loops for the six operated actuators with model-based
force control comprising individual gas models as well as the
rubber nonlinearities for each leg. The control law also includes
the gas flow in the proportional directional control valve in 3/3-
way function. The present paper describes the basic architecture
of the platform, the dynamic models as well as testbed results
for the existing fluidic-muscle parallel platform DynaHex. It is
shown that the presented control scheme leads to a stable force
control of the platform for quasi-static motion. As an application,
the device will be employed in fields of biomechanics, as well as
in general environments requiring physical simulation.

1 Introduction

Parallel platforms are well-established today and are available
in multiple architectures and technologies [6]. In this setting,
most parallel platforms are position controlled [1]. A special
kind of task results when the parallel manipulator is targeted to
provide force control. In these cases, one seeks to control the

actuators such that a given force at the end-effector is achieved.
Current methodologies are based on hybrid force/position control
schemes, where the actuators are velocity-controlled with some
assumptions on the compliance of the environment [18]. For ex-
ample, the force-impedance control scheme proposed in [12] im-
plemented uses a robot system that consists of an industrial serial
six-axis robot and a small six DOF parallel manipulator fixed at
its flange. By this approach, the merits of the large workspace
of the serial robot are combined with the high bandwidth of the
parallel platform driven by electric motors. This concept is also
used e.g. for industrial force-feedback control [14]. However,
in some applications, such as very stiff environments, or in envi-
ronments with unknown or discontinuous stiffness properties, di-
rect force control would be more desirable. An example of such
an application is a testing device for cervical pairs [11], where
facet joint contact unsteadily occurs and would be destroyed by
errors in position control. An approach to circumvent this prob-
lem is the use of fluidic muscles, which have the advantage of
avoidance of slip-stick effects, and also have a very good trans-
mission behaviour between pressure and force. Additional ad-
vantages of fluidic muscles are their small size with respect to
achievable forces, as well as their long durability. Pneumatic
muscles are already used to control the pose of parallel plat-
forms [19]. By active force control, such fluidic muscles can
produce any desired force-displacement law. In this paper, we
analyse the use of pneumatic muscles for directly controlling the
force at the platform. Although they are more difficult to control,
we make use of the compliance and direct force controllability to
improve the end-effector behaviour when sudden contact arises.
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The optimal design of the platform has to take into account the
problems of singularity avoidance [13], optimization of manip-
ulability index [17] and dexterity index [15], direct kinematics
computation [4], as well as general technological issues [6]. A
solution to these problems can be found by interval analysis with
the software package ALIAS [7], used in the present work.

This design task is described in the first part of the present
paper, the modeling and control of the pneumatic muscles are
described in the second part and finally, experimental results ob-
tained with the developed force controller are presented.

2 Basic Design of the Platform

2.1 Basic structure

For the realization of the targeted platform, a six-legged
����� �

-
type parallel platform [6] was chosen, each leg being hinged by
a universal joint (RR) at the base and a spherical joint (S) at the
platform, with a prismatic joint along its leg axis as input stroke
(Fig. 1).
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Figure 1: Developed parallel manipulator

In order to avoid slip-stick effects, the actuators are chosen as
fluidic (pneumatic) muscles (MAS 20, Festo AG & Co. KG., [9]),
which operate by contracting in axial direction when inflated.

2.2 Actuators

As a fluidic muscle can only produce pulling forces, an additional
force element is required in order to provide also a push force.
This is realized in the present context by embedding the fluidic
muscle into a coaxial coil spring whose stiffness is determined
such that the required maximal pushing forces can be obtained
within the stroke of the fluidic muscle (Fig. 2). Each actuator is
equipped with sensors measuring force, pressure and stroke, as
illustrated in Fig. 2. The stroke of the hybrid actuator depends
on the specific type of the fluidic muscle and its length. For the
chosen fluidic muscle the stroke is �����
	�� mm.
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Figure 2: Force, position and pressure sensor

The relationship between air pressure and contraction force
is nonlinear and depends on the actual length of the muscles
(Fig. 3).
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Figure 3: Force-contraction curves of fluidic muscle

The maximal and minimal actuator forces "$#&%(' , ")#+*-, de-
pend on the current length � of the actuator due to the nonlinear
characteristic of the fluidic muscle: at a constant pressure the
muscle force decreases if the contraction increases. The corre-
sponding maximal and minimal forces in [N] at the attachment
point of the platform (”+” = pull, ”-” = push) are plotted for the
current actuators in Fig. 4. The corresponding relationships can
also be approximated by the equations.0/21436587 N
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Figure 4: Maximal and minimal actuator forces as function of
actuator length

2.3 Platform parameters

As basic design concept for the platform, a symmetric simplified
manipulator [5] was chosen, where the attachment points at the
base and the platform are located along the edge of a circular
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disk in three symmetrically distributed pairs of attachment points,
respectively (Fig. 5). Thus as design parameters one only has the
relative angle offsets ^)_ and ^a` and the circle radii b * and bdc at
base and platform, respectively. This design has many advantages
in manufacturing.

PSfrag replacements

ee
ff

gihgihg h
gGhgih

g hjkhml?n
lpolpq

ldr lps lpt ukvxw uyvzwukvzw uyvzw
gi{ gG{

g { gi{gi{ gi{j { | n| o| q| r
| s | t

base mobile platform

Figure 5: Attachment points of the joint center

As an additional design parameter, the height }0~\~ of the
end-effector location with respect to the plane passing through
the platform spherical joints (Fig. 6A) was considered. As will
be seen, this parameter has significant influence on the required
stroke of the actuators for completing a given platform motion.

A further important issue was the manufacturing of the spher-
ical joints, which needed to feature significant tilt angles in order
to allow for the desired large roll and pitch angles of the platform.
For this purpose, a customized version was built consisting of a
two-piece socket manufactured in a combination of milling and
turning. With the chosen spherical joints, a tilt angle of 25

�
was

made possible (Fig. 6B).
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Figure 6: A) Distance of the end effector from the platform plane.
B) Limit of spherical joint

For the placement of the hinge points at base and platform,
a theoretical investigation of the best placement points was con-
ducted in [11] which is briefly reproduced here for better under-
standing of the underlying concept.

The design consisted of the phases: (1) finding a singularity-
free basic configuration, and (2) verifying by interval analysis
that the platform will achieve the expected results (stiffness,
collision-avoidance, limited stroke, expected forces) within the
targeted workspace.

In order to achieve a singularity-free design of the platform,
the determinant of the inverse of the end-effector Jacobian � � �~\~
should be far from zero, which corresponds to a large ”manip-
ulability index” [17]. Here, the authors gratefully acknowledge
the kind support of Prof. Manfred Husty from the University of
Innsbruck in applying analytical methods for avoiding such sin-

gularities in the complete workspace. The end-effector Jacobian� ~\~ hereby maps infinitesimal length changes �p� of the legs to
corresponding infinitesimal variations � t ~\~ of the platform pose
at the end effector: � t ~\~ ���?~a~��p��� (1)

For the given architecture, it is easier to compute the inverse� � �~\~ of the Jacobian than the Jacobian itself, which could be done
using kinematical differentials [8]. This method is referred to as
velocity-based determination of Jacobians (column-wise evalua-
tion) and is not reproduced here in order to save space, as the
corresponding equations are trivial to the parallel platform com-
munity.

A possible, plausible criterion for the design of the platform
is minimizing the required stroke to move the platform, such
as to have large platform motions with restricted fluidic mus-
cle strokes. To this end, first, the stroke as a function of angle^ _ was regarded, showing that the minimal stroke is attained for^ _ �6^ ` , and in particular for ^ _ ��� � . However, the manipu-
lability index at this point always have a minimum equal to zero,
meaning that a configuration ^ _ ��^ ` is singular. Hence, this
optimizing criterion is not suitable for the platform design.

As a second possibility, the dependency of the leg stroke on
the end-effector offset was regarded. This is shown in Fig. 7,
where the stroke is plotted over the upper platform radius for
different values of the platform offset. As can be seen, an op-
eration point below of the platform always leads to higher re-
quired stroke, while positive offset values reduce the amount of
the required stroke. Taking } ~\~ ���L���2��� , one can obtain a
stroke of 40 mm at the prescribed upper radius of 100 mm, which
is a realistic stroke for the chosen fluidic muscles. At this value,
the manipulability index at the home position renders a value of
5.9 E+5 m ��� , which is acceptable. This shows that choosing
a suitable operation point is crucial for a good behavior of the
platform.
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Figure 7: Stroke as function of } ~a~ and bL` ( ^)_°�²±;�J� �p³ ^a`´�� � )

In addition to singularity, the range of motion and the tar-
get forces of the end-effector were analyzed using the interval-
arithmetic library ALIAS [7]. Hereby, the functional verification
of the platform is carried out using the maximal stroke values,
which were set to �µ#+%Z'¶�¸·¹�?�º� �2��� and �¢#+*-,»�¸·?·¹�µ�¼�2��� .
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3 Modeling and control of fluidic muscle

3.1 Model of the fluidic muscles

For developing a model-based control, the characteristics of each
fluidic muscle were identified by individual measurements due to
possible differences in the six actuators. At first the relationship
between force " on the one side, and stroke ½ and pressure ¾ on
the other (as depicted by Fig. 4) was approximated by a ninth
order polynomial:

"¿�ÁÀÃÂ©½ ³ ¾0ÄÆÅ %(Ç�È-É �Ê%®Ë È Ì �¤Í %¼È ½ % ¾ È (2)

The coefficients were obtained from experiments and data fit-
ting using least squares [2].

For the dynamic gas model, we regard the ideal gas law and
the polytropic equation ¾0Î � Ï �ÑÐÒ³

(3)¾Ó� ��Ô � const.
³

(4)

from which after taking the time derivative one obtainsÕ¾=�×Ö �¦ÐÎ ÕÏØ±ÙÖ ¾Î ÕÎ ³
(5)

where � ,
�

,
Ð

, Î and Ï denote the density, gas constant, temper-
ature, volume of the fluidic muscle and gas mass, respectively.

For the performed actuations it can be assumed that the vol-
ume of the fluidic muscle only depends on the stroke. We ap-
proximate this volume-stroke dependency displayed in Fig. 8 by
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Figure 8: Volume of pneumatic muscle over stroke

a third order polynomialÎÚÂ©½dÄÆ� �Ê %ZÌ �ÆÛ % ½ % (6)

leading to the time derivativeÕÎÜ� d Î¶Âx½LÄ
d Ý � d ÎÚÂ©½dÄ

d ½ Õ½Ñ�ßÞ �Ê %ZÌ �Ãà Û %x½ % � �-á Õ½�� (7)

The mass flow
ÕÏ with which the muscle is inflated has a non-

linear characteristic and is a function of pressure ¾ inside the mus-
cle and the input voltage â of the valveÕÏã�
ä)Âå¾ ³ âÃÄ ³

(8)

where the supply pressure is assumed to be constant and the func-
tion ä)Âå¾ ³ âÃÄ is still unknown.

By substituting (8) and (7) into (5), one obtains the represen-
tation for

Õ¾ Õ¾=�×Ö �ÑÐÎÚÂ©½dÄ ä)Â4¾ ³ âÃÄæ ç-è éê Gë(ì Ë ípË îdï ±ðÖ ¾ÎÚÂ©½dÄ d Î¶Âx½LÄ
d ½ Õ½æ ç-è éê ¯Gëñì Ë ípËxòì ï � (9)

which can be viewed as a superposition of two termsÕ¾=�
ó � Â©½ ³ ¾ ³ âÃÄXô´ó � Âx½ ³ ¾ ³ Õ½LÄ (10)

In Eq. (10), the second term can be readily computed once
the approximation Î¶Â©½dÄ is known (from measurements) and the
pressure is given.

The difficult term in Eq. (10) is the first term, as the nonlinear
valve function ä)Âå¾ ³ âÃÄ is problematic to measure. In the sequel,
we propose an alternative way of determining this term, based on
an interpretation that makes its measurement easier.

Assume the position of the actuator to be constant. Then,
for the velocity it holds

Õ½¶�õ� , and the second term of the right
side of the equation vanishes. Thus the first term in (10) is just
the pressure rate for fixed actuator length and given voltage and
pressure values ö Õ¾ ì Âå¾ ³ âÃÄ2� Õ¾aÂx½ ³ ¾ ³ â0ÄJ÷÷÷ ì ÌXøúù ûAüyýÿþ � (11)

In order to determine this two-parametric function, the actua-
tor is fixed into a rigid frame at different lengths and then voltage
step functions of the amplitude â are applied to the fluidic mus-
cle starting at ¾ � � . From the resulting transient pressure step
response and the ensuing time histories, the slopes at different
times and thus also at different pressures can be determined nu-
merically, yielding a field of slopes for each voltage step response
(Fig. 3.1).
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By distributing the computed slopes at the corresponding pa-
rameter pairs â ³ ¾)ÂkÝ�Ä , one obtains a parametric representation of
the surface

ö Õ¾ ì for each given fluidic muscle length (Fig. 3.1).
These parametric surfaces can be repeated for several fluidic mus-
cle lengths and can then be used to compute the first term in (9)
for any value of ¾ ³ â and ½ .

3
4

5
6

7

0

1

2

3

0

0.2

0.4

0.8

1.0

1.2

1.4

1

2

3

4

PSfrag replacements

� ���� �������

��� ������� � � ���
3

4
5

6
7

0

2

4

6

-30

-20

-10

0

10

20

30

PSfrag replacements

� ���� �������

��� ������� � � � �
Figure 10: Generation of

ö Õ¾aÂ4¾ ³ â0Ä surface for fixed ½
It should be noted that the procedure must be repeated for

pressure decreases resulting from a closing valve, as the corre-
sponding coefficients and thus the parametric surfaces for pres-
sure decrease are different than those for pressure increase.

This method of collecting the pressure rates resulting from
the voltage step functions into a parametric surface now be im-
proved by the following semi-analytic approach. From the step
response time histories in Fig. 3.1, one can recognize that these
are quite close to exponential functions. By parameterizing these
exponential functions for fixed stroke ½ (see [3]) asö¾"!$#�#&%' û ø ÂkÝ)(�âÃÄ�* îdÌÃøúù�û üyýÿþ �,+ � Â®â0Ä Âÿ� ±.- ��/ ¯Gë îLï10 Äaô2+ � Â®â0Ä (12)

one can determine the coefficients + � Â®â0Ä ³ + � ÂkâÃÄ and + � ÂkâÃÄ from
least squares fitting of the parametrized exponential function with
the measured step responses for constant actuator strokes ½ and
constant valve voltage step functions â . The time derivative of
the exponential approach then leads to following expression:ö Õ¾3!4#&#�%' ûAø ÂkâÃÄ � + � Â®â0Ä4+ � ÂkâÃÄ�- �5/ ¯Gë îdï60 (13)

After resolving Eq. (12) for the exponential function and
back-substituting this expression into Eq. (13), one obtains the
approximation of the pressure rate (for fixed â and ½ ) asö Õ¾"!$#�#&%' û ø ÂkâÃÄ � + � Â®â0Ä87¹Â9+ � Â®â0ÄXô:+ � ÂkâÃÄ)±ð¾�Ä (14)

which shows that the pressure rate is approximately a linear func-
tion of the pressure.

For pressure decreases a corresponding exponential function¾"!$#�#&%;&< ø ÂkÝ)(�âÃÄÆ�=+ � ÂkâÃÄ�- ��/ ¯-ë îdï�0 ô2+ � Â®â0Ä-� (15)

is used as approximation, where the parameters+ � ÂkâÃÄ ³ + � ÂkâÃÄ ³ + � ÂkâÃÄ are again determined from the corre-
sponding measurements and least squares fitting. For the time
derivative one then obtains:ö Õ¾"!$#�#&%;&< ø Â®â0Ä � ±>+ � ÂkâÃÄ�+ � Â®â0Ä�- ��/ ¯ ë îdï60 (16)

which after re-substituting the corresponding expression for the
exponential function analogously to Eq. (14) leads toö Õ¾"!$#�#&%;&< ø ÂkâÃÄ � + � Â®â0Ä?7�Â9+ � Â®â0Ä2±ð¾�Ä (17)

which again is a linear expression in ¾ ..
Using the experimentally established function ó � Âx½ ³ ¾ ³ â0Ä , the

nonlinear valve characteristic ä)Âå¾ ³ â0Ä can be determined easily.
This was achieved by inflating and deflating a closed pressure
vessel, yielding the parameter surface displayed in Fig. 11. Dy-
namical effects of the magnetic slide inside the valves are ne-
glected.
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Figure 11: Experimentally measured mass flow

3.2 Force control

The task of force control is to determine a target voltage NPO
which will achieve a given target force " O at the actuator.

To determine this relationship, one has on the one hand the
force relationship from Eq. (2), which can also be parametrized
(for fixed ½ ) as a univariate function of pressure ¾" �×À0Âx½ ³ ¾�ÄÆ�¸À ì Âå¾0Ä (18)

On the other hand, one has the differential equation Eq. (10),
which, after resolving for the first term, yieldsöó � ëñì Ë í ï ÂkâÃÄÆ� ó � Â©½ ³ ¾ ³ âÃÄ$� Õ¾�± ó � Âx½ ³ ¾ ³ Õ½dÄ (19)

For given stroke ½ , stroke rate
Õ½ and pressure ¾ , Eq. (19) can be

regarded as a univariate function

öó � ë(ì Ë í ï Â®â0Ä of â which can be
resolved for the target voltage asâ)Â4¾ ³ ½ ³ Õ½AÄQ� öó � �� ë(ì Ë í ï3Q Õ¾�± ó � Âx½ ³ ¾ ³ Õ½AÄ)Rã� (20)

In order to evaluate this equation, one needs approximations for
the stroke rate, the target pressure and the target pressure rate at
any state of the system. These are proposed to be determined as
follows.

The stroke rate can be approximated by backward finite dif-
ferences ö Õ½¹Â®Ýÿ%xÄÆ� ½¹ÂkÝ % Ä2±°½¹Â®Ý % � � ÄÝÿ%\± Ýÿ% � � ( ö Õ½�Â®Ý � ÄÆ� � (21)
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The target pressure ¾SO is obtained from the inverse of the uni-
variate force-pressure function of Eq. (2) as¾ O �×À � �ìØÂ®" O Ä (22)

Finally the target pressure rate is approximated by a virtual
pressure rate T Õ¾3O obtained by the assumption that the target pres-
sure ¾SO will be achieved from the current pressure ¾ after some
time delay � Ð

. The interpretation of this approach then yieldsT Õ¾ O ÂkÝ % ÄÆ� ¾3O Â®Ýÿ%xÄ$±=¾)ÂkÝÿ%©Ä� Ð (23)

Thus, one obtains the target voltage asN O ÂkÝ�ÄQ� öó � �� Ë ì Ë í Â T Õ¾ O ô ¾ d Î¶Â©½dÄ
d ½

ö Õ½QÄ (24)

By putting all equations together the block diagram given in
Fig. 12 is obtained. Here the target force and the measured po-
sition are inserted into the first inverse model yielding the target
pressure, which then is subtracted from the measured pressure
and divided by � Ð

, yielding the virtual pressure rate. The mea-
sured position, the approximated velocity, the measured pressure
and the virtual pressure rate are inserted into the second inverse
model yielding the target voltage. In case of perfect inverse mod-
els, the measured force is equal to the target force, but however
due to model inaccuracies, there is a remaining error which is in-
serted into a PID controller generating a correcting voltage which
then is added to the target voltage. The total voltage U then is sent
to the valve which inflates or deflates the actuator. This actuator
control was implemented on the real time system dSPACE.

-

-
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3.3 Flatness based control

An alternative for force control is a flatness-based approach, for
which however the trajectory must be known. The character of a
flat system is that (1) it has the same number of inputs and out-
puts, (2) the system inputs and the system states can be computed
by using the system outputs and their derivatives [16]. For a po-
sition control, the position ½ of the fludic muscle can be chosen
as system output and the mass flow rate

ÕÏ through the valve can
be chosen as the system input. Thus the first condition for a flat

system is fulfilled. With Eq. (8) and Eq. (9) the plant takes the
state-space form Õj � k�Â j Ä\ô2lÚÂ j Äúâ0%Z' (25)m � n�Â j Ä (26)

where [10]:op Õ¾ Õ½ q½
rs � otp ± ÖÎ ÕÎÕ½" _ ± Ï c À»±°"vuÏ c

rxws ô op Ôy �ÑÐ��
rs â0%Z' (27)m � ½ ³

(28)

and â0%Z'×� ÕÏ . Here, " _ is the fluidic muscle force, Ï c is the
platform mass, and "8u is the spring force. Using Eq. (2), the
state space vector j � � ¾ ³ ½ ³ Õ½ � T can be expressed by ½ ³ Õ½ and

q½ :

j � op{z %ZÇ�È-É R%kË È Ì � Í %åÈ�ÂkÏ c q½&ô Ï c À�ô "8uÆÄ % ½ È½ Õ½
rs

(29)

By differentiating the acceleration
q½ with respect to time and re-

solving the equation for
Õ¾ one obtainsÕ¾=� Ï c ...½ ô d U�|
d 0 ± Õ½ z %(Ç�È-É �%®Ë È Ì � à Í %¼ÈL½ % � � ¾ Èz %(Ç�È-É �%®Ë È Ì �~} Í %åÈL½ % ¾ È � � � (30)

Thus, the input
ÕÏ can be calculated from Eq. (5) asÕÏ � ��ÑÐ�� Î¶Âx½LÄÖ Õ¾�ô d Î¶Âx½LÄ

d ½ Õ½ ¾"� ³
(31)

where Eq. (30) is used to compute
Õ¾ .

4 Results

4.1 Manufactured platform

The above-derived procedure was implemented on a realization
of the platform, as shown in Fig. 13. The hexapod is controlled by
a DS 1005 system from dSPACE. The platform can lift approx-
imately 100kg when all actuators are activated to their maximal
push/pull values. For the force control runs described below, the
platform was fixed by a rigid shaft which was fixed to a raft, such
as to be able to hold the strokes of the actuators fixed.

4.2 Actuator force control

Each actuator was individually measured, and it turned out that
the parametric surfaces for the actuators could diverge substan-
tially, although the same standard components were employed.
Thus, the platform model requires individual validation for each
component in order to yield acceptable results First steps us-
ing a linear PID control without inverse model showed an un-
stable behavior due to this nonlinear relationship between pres-
sure/force and stroke. Measurements showed that the relationship
between force and pressure was almost proportional with a very
high gain from pressure to force. One could verify that a vari-
ation of 10 mbar leads to an oscillation of 3 N. This means that
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due to the accuracy of the pressure sensors only a force control
with an accuracy of 3 to 4 N is feasible. Fig. 14 shows the re-
sult of the model-based force control for a prescribed sinusoidal
target force. Due to the instability resulting from rapid changes
of the target force, a period of 80 sec needed to be chosen. Thus
the control is currently suitable only for quasi-static changes. The
amplitudes are +/- 200 N and it can be seen that the error between
target and measured force is below 3 N. Due to the amplifications
of the pressure variations explained above, the error value can not
be further reduced.
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Figure 14: Result of single actuator force control

4.3 Force control of the complete platform

The model-based force control of the single actuator was embed-
ded into the force control of the platform. The aim was to trans-
mit the target forces/torques given by the computer simulation to
the end effector of the platform. The first task is to determine
the six target actuator forces �»% ³ à �²� ³ � �A� ³ · for a given wrench
w ~\~ at the end-effector ��~\~ (Fig. 15). Hereby, a wrench con-

sists of a moment and a force applied to the origin of the ref-
erence frame. The corresponding transmission equation for an
ideal platform (neglecting friction) is known to be� �
� O~\~ w ~a~ � (32)
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Figure 15: Forces at platform

For the actual control, the platform target wrench w ~a~ is
mapped to the actuator forces using a more elaborate model pro-
grammed with the multibody C++ library Mobile [8] using the
kinetostatic transmission method and simple friction models.

The target forces are then transmitted to the dSPACE con-
trol unit using the interface CLIB (Fig. 16). The control unit
itself computes the 6 model based control loops yielding the
voltage signals at the six actuators of the hexapod. The feed-
back is given by 18 sensors measuring the pressure, force and
position of each actuator. Again, after implementing the force
control one could verify that only quasi-static changes in force
could be tracked, while faster force changes lead to instability.
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Figure 16: Platform control scheme

Fig. 17 shows a test run with pure target force prescription (no
moment) at the platform. The force prescription is divided into
three steps, with a pure x load ¢�£¤£��¦¥ ±«	��J§ �¨§ �¨§ª© O
in step 1, x and y load ¢ £¤£ � ¥ ±«	��J§ ±«	¹�¨§ �¨§ © O
for step 2, and finally a load in x, y and z-direction ¢ £¤£ �¥ ±«	��¨§ ±«	¹�¨§ ±«	��J§�© O for step 3. The results show a fair
agreement at the end of the step responses but at the beginning
there are overshoots, the maximum overshoot here is 5 N over a
settling time of 30 sec. The settling time could not be reduced
because this would have led to a greater overshoot. Thus the cur-
rent platform is suited only for slow changes of prescribed forces
at the end effector.
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5 Conclusions

Presented in this paper is a novel six-legged parallel platform ac-
tuated by a combination of coaxial fluidic muscles and coiled
springs. The platform is suited for force control, for which an
appropriate control scheme is developed. The proposed force
control uses an exponential approximation of the voltage step re-
sponses for inverting the gas model. As shown, this models is
suitable for quasi-static force prescription. Future work will be
devoted to designing an adaptive scheme which allows for faster
transients and in particular helps to solve the problem of aging of
the fluidic muscle parameters, which is significant.
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