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Abstract Electrically driven Stewart platforms are used in the field of machine tool-
ing and robotics, where very accurate positions have to be reached associated with
heavy loads. In this paper we present a pneumatically driven Stewart platform pow-
ered by fluidic air muscles. Due to the elasticity of the muscles and air as driving
medium, the robot is predestined for applications where compliance plays a major
role. Compliant behavior is necessary for direct contact with humans. Fitness is an
area, where this contact is given and a fast movement is needed for the body work-
out. Another field of application are simulators for computer games or 6D cinemas.
To realize the six degrees of freedom (x, y, z, α, β , γ) for the Tool Center Point
(TCP) there are six fluidic muscles. Due to the fact that the muscles are only able to
pull on the platform, there is a spring in the middle that applies a compressive force
to the moving part of the robot. The spring is a non modified spiral spring which is
commonly used for the suspension of a passenger car. As a result of the kinematical
model (inverse kinematics, forward kinematics) the workspace is optimized. To di-
mension and test the dynamical behavior, a Matlab/Simulink model is derived. This
is done by applying the Projection Equation, a synthetical method for obtaining the
equations of motions for multi body systems. Based on the dynamical model we
develop a control concept in a cascaded structure (pressure control, linearization,
position control). A laboratory setup is used to validate the simulation model. Both,
simulations as well as experimental results demonstrate the success of the proposed
concept.
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1 Introduction

In modern life, manufacturing companies without robotic systems are hard to imag-
ine. Normally these are articulated robots for manipulation tasks and Hexapod sys-
tems in milling machines. In [12] and [13] a hexapod system is introduced using
stiff electrical drives with a very high accuracy. Some basics for parallel kinematic
robots can be found in [8, 9].
For applications where humans are directly involved, like fitness devices or simula-
tors for virtual environments, compliance plays a major role. The compliance can be
reached by using pneumatic muscles as driving units instead of stiff electric servo
drives. In this paper we present a parallel kinematic built as a Stewart platform with
a movable upper platform and a fixed lower platform connected by 6 fluidic mus-
cles, see [14] for details. The muscles can only pull on the platform, so a pre-stressed
spring in the middle of the hexapod delivers the compressive forces. Figure 1 shows
the design of the system under consideration. To move the platform in the 3D space
some kinematical calculations are done. The inverse kinematical problem is easily
evaluated by vector chains, while the forward kinematics is solved numerically. The
Projection Equation [2] is used to derive a dynamical model of the hexapod. By
inserting the trajectories with their time derivatives, the inverse dynamical model
can be used to improve the behavior in the sense of a feed forward control. The
feedback control is realized as cascaded structure consisting of a pressure control,
linearization of the muscle behavior and a linear position control, see [4]. Some
basic concepts for controlling fluid muscles can be found in [10]. Singh et al. [16]
show the design and control of a single pneumatic actuator that also acts against
a pre-stressed spring. An enhancement of the valve-actuator behavior is shown in
[15]. Aschemann et al. [1] give a contribution to a flatness-based trajectory control
of a pneumatically driven carriage. In [7] instead of static characteristic lines a dy-
namical model of the muscle is described improving the dynamical behavior of the
system.

2 Design

As already mentioned the hexapod consists of a moving platform and a fixed base
platform coupled by 6 fluidic muscles. The muscles run with a maximum pressure
of 6 bar delivering forces up to 6000 N/muscle by a weight of 0.2 kg, see Fig. 5 for
the characteristic lines of the used muscles. The platform in Fig. 1 has a height of
0.5 m by a diameter of 0.4 m. The weight is about 20 kg. Due to the construction,
friction effects only occur in the ball bearings at the ends of the muscles and are
therefore negligible. The muscle itself does not have any friction. The spring apply-
ing all compressive forces is from a passenger car with a stiffness in longitudinal
direction of about 105 N/m. The desired trajectories can either be planned offline, or
directly taken from a force feedback joystick with 6 degrees of freedom, built again
as a Stewart platform. A detailed description for this joystick is given in [11]. The
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Fig. 1 Photo of the system. The left side of the photo shows the joystick, while the right side is the
pneumatically driven hexapod.

electrical buildup is shown in Fig. 2. All the control schemes are designed by using
Matlab/Simulink. With the Real Time Workshop the control code is built for a Real
Time Application Interface (RTAI) patched linux kernel, running on an embedded
computer board with a 1GHz processor. Phytec eNET-CAN Boards on the PC104
bus of the embedded system perform the CAN communication (1MBaud) to special
designed analog - digital and digital - analog converters. These are directly con-
nected to the joystick and the hexapod. The measured values are the lengths of each
actuator by linear potentiometers and the pressure in the muscles. The actuating
values are the voltages for the pressure sensitive valves.

3 Kinematics

For the kinematical and the dynamical model of the robot (in Sect. 4) the vector
q = (x, y, z, α, β , γ)T (TCP coordinates) is used comprising the minimal coor-
dinates. x,y,z are the coordinates of the TCP, while α,β ,γ is a representation of
the orientation in Cardan angles, see Equ. 2 for a definition of the rotation sequence.
Fig. 3 shows a truncated model of the system. In contrast to serial robots, the inverse
kinematics is easy to solve, see [9]. The length of the ith leg mi is equal to
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Fig. 2 Signals and electrical design.

Fig. 3 Topology of a hexapod
leg.
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with the position r of the moving plate and the rotation matrix AIB transforming
coordinate system B to system I. By choosing Cardan angles as representation for
the orientation for the moving plate, the rotation matrix is

AIB = AT
BI =

(
AγAβ Aα

)T = AT
αAT

β AT
γ (2)

where Aα is an elementary rotation about the x axis, Aβ about the y axis and Aγ
about z, respectively.
In contrast to the inverse kinematics, the forward kinematics evaluates by given
muscle lengths the position and orientation of the TCP. A satisfying analytical so-
lution is not available. There are some approaches in [6] which are not usable in
realtime computations. However, in this paper a numerical solution is chosen. A set
of constraint equations φ including the inverse kinematics,



Modeling and Control of a Pneumatically Driven Stewart Platform 5

φ =
(

φ1 .. φ6
)T

, φi = mi|q(n) −mi,d = 0, i = 1..6,

where mi,d is the desired length of muscle i leads to the Newton-Raphson iteration
scheme [3]

q(n+1) = q(n) − φ ′∣∣−1
q(n) φ |q(n)︸ ︷︷ ︸

δ (n)

(3)

with q(n) the solution of the nth iteration, δ the Newton direction and φ ′ = ∂φ/∂q is
the appropriate Jacobian. Due to perfect starting points only 2 iterations per timestep
are necessary for an adequate accuracy. To decrease the calculation time for Equ. 3
it is more efficient to evaluate δ from

φ ′∣∣
q(n) δ (n) = φ |q(n)

by solving this systems of equations iteratively, see [5] for details.

4 Dynamics

There are several methods for deriving the equations of motion. In this work, the
projection equation - a synthetical method is used. Linear momentum p = m vc

and angular momentum L = J ωc are projected into the minimal space (minimal
velocities q̇) via the appropriate Jacobians

N

∑
i=1

((
∂Rvc
∂ q̇

)T (
∂Rωc

∂ q̇

)T )(
Rṗ+ Rω̃ IR Rp− Rfe

RL̇+ Rω̃ IR RL− RMe

)
i
= Q.

All the values like the translational velocity vc or the rotational velocity of the center
of gravity ωc can be inserted in arbitrary coordinate systems R. In contrast to ωc,
ω IR is the velocity of the used reference system. The matrix J is the inertial tensor,
while ω̃ p characterizes the vector product ω ×p. fe and Me are imposed forces and
moments acting on the ith body. In the present case a body fixed reference system B
is used for the description of the moving plate. The velocities in this system read

Bωc = BωIB =
[

AγAβ e1 Aγe2 e3
]⎛
⎝ α̇

β̇
γ̇

⎞
⎠ ,

Bvc = Bṙc + Bω̃IB Brc.

The weight of the muscles is about dimensions smaller than the moving plate and
load, so it can be neglected. Special investigations have to be performed in the mod-
eling of the muscles and the spring forces. The principle of virtual work reads

δW = δqT Q = ∑δ IrT
i IFi = ∑δqT

(
∂Iri

∂q

)T

IFi
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with
IFi = Fi

Imi

‖ Imi‖ .

Fi is the force of the ith muscle, while Imi/‖ Imi‖ is the normalized direction, see
Equ. 1. The spring for the compressive forces is included with the help of a potential
Q = −(∂V/∂q)T , where the potential function V can be approximated by

V =
1
2

ctrans,z (z− l0)
2 +

1
2

ctrans,xy
(
x2 + y2)+

1
2

crot,γ γ2 +
1
2

crot,αβ
(
α2 +β 2) .

As can be seen in the potential function, there is a different stiffness in z (ctrans,z)
and x,y (ctrans,xy) direction and in γ (crot,γ ) and α,β (crot,αβ ) direction. The values
are evaluated by an identification process. l0 is the length of the force free spring.
The dynamical modeling process delivers the equations of motion in the form

M(q) q̈+g(q, q̇) = B(q)u, (4)

where u =
(

F1 .. F6
)T

is the control input of the 6 muscle forces. M(q) is the mass
matrix and g(q, q̇) contains all nonlinear effects like coriolis forces, gravitational
forces and so on. To calculate the inverse dynamical model the equation of motion
is solved for the forces u by premultiplying Equ. 4 with B−1. Due to the mechanical
design, a singular position of the hexapod and therefore a singular matrix B is not
possible.

5 Control

To test the performance of the robot on a test rig, an embedded system, running
with a RTAI patched Linux kernel, is used to achieve the real time performance.
A Nano Luke Board equipped with a 1 GHz processor fulfills the requirements to
let all computations run in a sample time of 2 milliseconds. Matlab/Simulink is
used to develop the overall software system whereas the computationally intensive
functions are included as C code. Fig. 4 shows the control concept in a schematic
way for one leg.
The desired values in TCP coordinates can either be generated by a trajectory gener-
ator (offline) or by a joystick (online). The offline paths are needed for manipulation
tasks, while the online ones are useful in the field of fitness where a trainer plans
the motion. The TCP coordinates are via the inverse kinematics transformed to the
desired lengths and a desired stroke h in % for each muscle is calculated,

hd,i =
md,i

m0
100%

(m0... total length of the muscles). A PID controller delivers in combination with
the inverse dynamic model
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F f f = B(qd)
−1 (M(qd) q̈d +g(qd , q̇d))

the needed muscle force. The force - pressure - stroke relation of the muscles is
represented by characteristic lines, see Fig. 5, which can be approximated by a look
up table to fulfill the requirement of low computational effort. The lines in Fig. 5
are identified in a statical experimental process.
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Fig. 5 Characteristic lines of a fluidic Festo muscle DMSP40.
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Assuming an input force Fi and the stroke hd,i, the desired pressure pd,i is obtained
as a direct result of this relation. A succeeding PID controller tracks the pressure of
the ith muscle. The system is tested with desired trajectories shown in Fig. 6. The
maneuver is a fast movement in z-direction, followed by x and y movements for the
TCP. There is a small control error due to limitations in the input variables of the
pneumatic valves.
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Fig. 6 Measured and desired TCP coordinates.

Figure 7 exemplarily shows the desired (md,1) and the measured (m1) length of
muscle 1. The behavior is satisfactory with respect to the required accuracy.

Fig. 7 Measured and desired
length of muscle 1.
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The pressure control behavior for muscle 1 is shown in Fig. 8.
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Fig. 8 Measured and desired
pressure of muscle 1.
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6 Conclusions

In this paper we presented a new type of parallel mechanism using fluidic mus-
cles as an innovative driving system. A main advantage is the simple design of the
Stewart platform consisting of a moving plate, a fixed plate connected by 6 muscles
and a pre-stressed spring. The 6 degrees of freedom (x,y,z,α,β ,γ) are interrelated
to the lengths of the muscles (m1, ..,m6) by kinematical computations. The inverse
kinematical problem is easily solved by vector chains, while the forward kinemat-
ics is evaluated by a Newton iteration scheme. From a dynamical point of view, the
system consists of 9 bodies. A representation in minimal space, where constraint
forces are faded out, is evaluated by the Projection Equation leading to a simulation
model and an inverse dynamical model enhancing the control performance. Due to
the high nonlinearities of the pneumatic muscles, a lot of work has to be done in the
evaluation of the control concept. The shown cascaded scheme consisting of pres-
sure control, linearization, model based feed forward control leads to a satisfying
behavior. In the future investigations, observers to model the load (mass, center of
gravity) have to be implemented.
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