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ABSTRACT
This paper introduces a novel type of pneumatic actuator, namely the pneumatic textile actuator 
(PTA). Although the operating principle is similar to pneumatic artificial muscles, design, 
fabrication and properties of PTAs show significant differences. PTAs consist of double-layered 
textiles, fabricated in one piece using the Jacquard weaving technology. By filling the chamber 
between the two layers with pressurised air, one obtains a low-weight, high-power pneumatic 
actuator at very low cost. The paper first describes the design, fabrication and properties of PTAs 
in general. Then, the characteristics of a specific PTA are determined experimentally. Moreover, 
we derive a mathematical model of the dynamic behaviour of the PTA. The model forms the 
basis for a motion control algorithm, combining flatness-based feedforward and linear feedback 
control. Finally, the performance of the controller is evaluated experimentally. The results 
indicate that PTAs are well suited for motion control tasks requiring small displacements but 
high forces and minimum actuator weight.

1. Introduction

Pneumatic actuators are commonly used when high-
power densities and a clean working medium are 
required. There are many types of pneumatic actuators, 
such as conventional pneumatic cylinders or pneumatic 
vane motors. Pneumatic artificial muscles (PAM), also 
known as McKibben muscles, are a special type of actu-
ators where an elastic tube is filled with pressurised air. 
The contraction of the tube translates to a linear motion 
of the actuator. Besides the McKibben design, there 
exist a number of different PAMs with their respective 
strengths and weaknesses (see e.g. Daerden and Lefeber 
(2001) for a more detailed discussion). The present paper 
introduces a novel type of pneumatic actuator, namely 
the pneumatic textile actuator (PTA), developed by the 
Institute of Textile Technology and Process Engineering 
Denkendorf. The operating principle of PTAs is similar 
to PAMs. However, their design, fabrication and proper-
ties show significant differences. Jacquard weaving tech-
nology allows the production of fabrics with enclosed 
chambers that can be made airproof and filled with 
fluids. When such a chamber is filled with compressed 
air, it expands perpendicularly to the fabric plane. This 
leads, due to the bulging of the fabric’s surfaces, to an 
in-plane contraction (Figure 1). With the proper layout 
of the chamber(s), compressed air connections and force 

transmission elements, this effect can be used to create 
a low-weight, high-power pneumatic actuator at very 
low cost. In the first part of the paper, the operating 
principle, properties and fabrication process of PTAs are 
introduced (Section 2). Moreover, the characteristics of a 
specific PTA are determined experimentally (Section 3).  
The second part of the paper aims at the design of a 
model-based motion controller to demonstrate the per-
formance of PTAs. To do so, a mathematical model of 
the dynamic behaviour of PTAs is derived (Section 4). 
Based on the model, we design a motion controller, com-
bining flatness-based feedforward and linear feedback 
control (Section 5). Finally, the performance of the PTA 
in combination with the suggested controller is evalu-
ated experimentally (Section 6).

2. Pneumatic textile actuators

PTAs are made by Jacquard weaving. This technology 
enables the creation of flat fabrics, whose yarns can form 
one or several interconnected layers at every crosslink 
between warp and weft. Due to the high demands on 
single yarn tension control in the process of weaving, 
the different layers can be designed with very uniform 
stress–strain characteristics. Due to the crosslinking of 
the yarns between different fabric layers at the layers’ 
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interconnections, such connections can bear much 
higher forces as could be achieved with other processes 
like adhesive bonding or sewing. Electronically con-
trolled healds in modern Jacquard looms enable the 
production of CAD-designed multi-layered fabrics with 
arbitrarily shaped chambers. To produce PTAs, the fab-
ric is made air proof by film lamination on both fabric 
sides in an additional process. Single actuators can be 
cut out of the laminated fabric using an automated laser 
cutting machine. A PTA is completed by adding com-
pressed air connections and force transmission elements. 
The force transmission elements can consist of woven 
gutters, laminated layers of fibre composite materials 
or other connection elements like clamping devices. By 
producing the PTAs fabric out of high modulus polyester 
fibres, the production process can be very economic. 
Compared to the prices in similar textile processes like 
one-piece woven airbag production, PTAs can be pro-
duced in a very low price range. Using standard weaving 
technology, it should be possible to easily create PTAs 
with air chamber sizes of about two metres width and 
decades of metres in length. With special machines one 
cold even imagine PTAs with much bigger dimensions.

Compared to conventional pneumatic actuators, i.e. 
pneumatic cylinders, PTAs have quite different kine-
matics and mechanical characteristics. PTAs consist of 
fabric and therefore can transmit pulling forces only. The 
maximum contraction of a PTA lies at about 33%. This is 
caused by geometry. Ideally, the bulging chamber layers 
form a circle when inflated. This means the deflated rec-
tangular PTAs initial length is half the circumference of 
the resulting cross section. The minimum PTAs length is 
the resulting circles diameter. In reality, the form of the 
inflated PTA deviates from the ideal circle, which leads 
to a reduction in the maximum contraction.

In a conventional pneumatic cylinder, the piston 
surface determines the actuators maximum force and 
is only a small part of the actuators whole inner surface. 

In PTAs, the whole surface of the pressure chamber is 
working as force transmitting element. This leads to 
high forces even at low inner pressures. A PTA with a 
200 × 200 mm sized air chamber can transmit forces up 
to 3500 N at about 0.7 bar relative pressure. Due to the 
mechanism, the working surface changes its orientation 
with travel, which leads to a decreasing force of the PTA 
at increasing travel distance. Because there is no piston 
in a PTA, the energy dissipation is very low compared 
to conventional pneumatic cylinders. Friction occurs 
only between yarns at the interconnection of the double- 
layered chamber surfaces and in a very small-scale move-
ment compared to the actuators travel. A main benefit of 
PTAs is not only the high force at low pressures, but the 
ultra-lightweight construction. A 200 × 200 mm PTA’s 
maximum travel range is about 70 mm. Its total weight, 
including the connection parts, is about 65 g. A com-
parable conventional pneumatic cylinder weighs about 
1800 g. This leads to a force/weight ratio of about 53 N/g 
of a PTA, compared to about 2 N/g of a pneumatic cylin-
der. Compared to McKibben PAMs, PTAs achieve higher 
contraction, resulting in more available actuator travel 
for actuators of the same length. Finally, PTAs can be 
designed with almost arbitrary two-dimensional initial 
geometries, including multiple pressure chambers and 
air supply lines.

3. Force and volume characteristics

In contrast to conventional pneumatic actuators, the 
tensile force F exerted by PTAs depends not only on 
the pressure p inside the pressure chamber but also on its 
contraction. Considering only one dimension of motion, 
we define the actuator travel z = l0 − l as the difference 
between the current length l and the initial length l0 
of the flat and unloaded PTA. Besides the force, also 
the volume V of the PTA’s pressure chamber depends 
on pressure and actuator travel. The force and volume 

Figure 1.  novel pneumatic textile actuator (Pta) developed by the Institute of textile technology and Process engineering 
denkendorf, Germany.
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approximation methods like the finite element method. 
Therefore, the force and volume map of an exemplary 
200 × 200 mm PTA were derived experimentally. The 
experimental data were obtained by measuring the force 
and volume for different combinations of actuator travel 
and relative pressure. For mathematical modelling and 
controller design, analytical expressions for F(z, p) and 
V(z, p) with certain demands on differentiability will be 
useful. Therefore, the data are fitted using multivariate 
polynomials of the form

where nF,z  =  4, nF,p  =  2, nV,z  =  2 and nV,p  =  1 are the 
degrees in z and p, respectively, and pa is the ambient 
pressure. The coefficients cF,ij and cV,ij are obtained by 
least square regression. The resulting polynomials 
approximate the static force and volume map, as long 
as z and p stay within the data range (Figure 2). However, 
extrapolation beyond the given data should be avoided, 
since the fit may become inaccurate and even lose its 
physical meaning, e.g. the force may become negative, 
which is impossible due to the fact, that the PTA can 
only transmit tensile forces.

4. Dynamic model

The system under consideration consists of 
a 200  ×  200  mm PTA in series with a mass– 
spring–damper element clamped to a rigid frame (Figure 3).  
A proportional control valve regulates the airflow to 
the pressure chamber. The pressure inside the  chamber 
and the position of the mass are measured using a  
pressure and position sensor, respectively.

The dynamic model of the system consists of three parts, 
namely the equations of motion of the mass in terms of the 
position z(t) (Section 4.1), the dynamics of the pressure 
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characteristics are governed by the elasticity of the fabric, 
as well as the change of the pressure chamber’s geometry. 
Due to the very low mass of the fabric, inertial effects 
can be neglected, such that there exist static non-linear 
maps F(z, p) and V(z, p).

Theoretical derivation of the non-linear force and vol-
ume maps for arbitrary two-dimensional initial geome-
tries of the pressure chamber is a challenging task. Even 
for simple rectangular geometries, this employs the use of 

Table 1. Mathematical symbols and their physical units.

Symbol Unit Description
t s time
z m actuator travel
l m length of the Pta
l0 m Initial length of the Pta
V m3 Volume of the pressure chamber
F n tensile force
p Pa absolute pressure inside the pressure 

chamber
pa Pa absolute ambient pressure
ps Pa absolute supply pressure
prel Pa Pressure inside the pressure chamber relative 

to ambient pressure
ml kg load mass
dl n s/m Viscous damping coefficient
kl n/m Spring stiffness
T K ambient temperature
m kg Gas mass inside the pressure chamber
Rs J/mol K Specific gas constant
g m/s2 Constant of gravity
χ Isentropic exponent
ρa kg/m3 density of dry air at ambient conditions
ψ(p1, p2) flow function
p1 Pa Primary/upstream pressure
p2 Pa Secondary/downstream pressure
b Critical pressure ratio
C(ν) m3/Pa s flow conductance
ν normalised valve position
x, xd System state/desired value
f(x) drift vector field
g(x) Input vector field
y, yd Controlled variable/desired value
u Control input
uff, ufb feedforward/feedback control portion
umax, umin upper/lower limit of the control input
kP, kI Proportional/integral controller gain
x* flat coordinates
Φ(x), Φ−1(x*) transformation to flat coordinates/inverse 

transformation
α(x), β(x) Short forms for the lie derivatives of the flat 

output
T1, T2, T3, T4 s transition times

Figure 2. experimental data (dots) and polynomial fits (mesh) of the non-linear force (left) and volume (right) maps of a 200 × 200 mm 
Pta, depending on the actuator travel z and relative pressure prel = p − pa.
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p(t) inside the PTA’s pressure chamber (Section 4.2),  
and the valve model (Section 4.3). The mechanical and 
pneumatic parts are coupled via the tensile force F(z(t), 
p(t)) and the volume V(z(t), p(t)). In the following, when-
ever there is no ambiguity, the argument t is omitted 
for the sake of brevity. The mathematical symbols used 
throughout this paper are summarised in Table 1.

4.1. Equations of motion

Applying Newton’s second law yields the second-order 
differential equation

 

with the point mass ml, the spring stiffness kl and the 
constant of gravity g. The viscous damping coefficient 
dl is introduced to reflect damping effects in the system 
and has to be identified experimentally.

4.2. Pressure dynamics

The state of the air inside the PTA’s pressure chamber 
is determined by its absolute pressure p(t), volume V(t) 
and temperature T(t). The gas mass inside the pressure 
chamber is denoted by m(t). Within the range of oper-
ating temperature and pressure, it can be assumed that 
the state obeys the ideal gas law

 

where Rs = 287.058 J/(kg K) is the specific gas constant of 
dry air. The material of the textile allows heat flow through 
its surface such that the change of state behaves between 
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the ideal adiabatic and isothermal conditions, which can 
be described as a polytropic process (Beater 2007), i.e.

 

The polytropic exponent χ lies in the range between 1 
(isothermal process) and the isentropic exponent κ = 1.4 
(adiabatic process) and has to be identified experimen-
tally. The total differential of Equation (3) combined with 
Equation (4) yields the pressure dynamics

 

where T is now assumed to be constant. Since the vol-
ume of the pressure chamber depends on the position 
and pressure, the time derivative of the volume can be 
expressed as follows:

 

By substituting Equation (6) in Equation (5), the coupled 
pressure dynamics become

 

4.3. Valve model

A proportional directional control valve regulates the 
airflow ṁ(t). Due to the valve’s fast dynamics (the cut-
off frequency is greater than 100 Hz), it is assumed that 
the spool position is directly proportional to the applied 
voltage which is normalised to v(t) ∈ [−1, 1], where 
v > 0 means inflation and v < 0 deflation of the PTA. 
Mathematical modelling of the airflow through a valve 
is based on the assumption of a stationary flow process 
through an ideal convergent nozzle. Under this assump-
tion, the airflow is governed by three effects. First, the 
airflow depends on the ratio between the pressure of the 
upstream air p1(t) and the downstream air p2(t) which 
is described by the flow function ψ(p1, p2). An elliptical 
approximation of the flow function is given by

 

where b is the critical pressure ratio. Qualitatively, the air-
flow increases for decreasing pressure ratios until it reaches 
its maximum at the critical pressure ratio (Figure 4).  
At this point, the airspeed through the nozzle reaches 
speed of sound and cannot increase any further. Note 
that the meaning of upstream and downstream pressure 
is different for inflation and deflation of the PTA. The 
second effect governing the airflow through the valve 
is the variable flow conductance C(v) which depends 
on the spool position v(t). The flow conductance is 
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Figure 3. Schematic of the system.



96   M. HEIDINGSFELD ET AL.

 

 

where y(t) is the controlled variable (output) and u(t) 
the control effort (input). From Equations (2) and (7) 
follow the non-linear vector fields

The terms Vxi
(x

1
, x

3
) and Fxi (x1, x3) denote the partial 

derivatives of the volume and force maps with respect to 
the state xi. The valve model Equation (9) is deliberately 
not included in the state-space representation. The input 
u(t) therefore does not reflect the physical input v(t) but 
the airflow ṁ(t) through the valve.

5. Controller design

Motion control of pneumatic systems in general is 
a challenging task, which is mainly due to the com-
pressibility of air, leading to highly non-linear pressure 
dynamics. Friction effects as well as the non-linear flow 
characteristics of the valves impose additional challenges 
on the control problem. The use of linear controllers 
usually leads to poor control performance in terms of 
accuracy, bandwidth and robustness. Therefore, many 
sophisticated control algorithms have been proposed in 
literature. For position tracking control of pneumatic 
cylinders, fuzzy control (Renn 2002), sliding mode con-
trol algorithms (Bone and Ning 2007), controllers based 
on state-dependent Riccati equations (Weickgenannt 
et al. 2010) and control via immersion and invariance 
(Rapp et al. 2012) are found. Wolbrecht and Wells (2014) 
propose an adaptive control scheme with particular con-
sideration of the valve’s dead band. For the control of 
PAMs, e.g. sliding mode control (Jouppila et al. 2014) 
or flatness-based position-tracking control algorithms 
(Hildebrandt et al. 2002) have been suggested. Beater 
(2004) presents the mathematical model and control 
algorithms for pneumatic vane motors. In the present 
paper, we will employ a combination of flatness-based 
feedforward control and linear feedback control to solve 
the control problem.

The control problem can be stated as follows: given the 
system (11), let the output y(t) asymptotically track the 
reference trajectory y

d
(t) ∈ ∁3 by applying an appropriate 
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governed by the complex geometry of the valve and is 
usually determined experimentally (Figure 5). Finally, 
for a fixed spool position and pressure ratio, the air-
flow is directly proportional to the primary pressure. 
Combining all effects, the airflow through the valve is 
given by

where ρa is the density of air at ambient conditions. 
A more detailed derivation of the valve model can be 
found in literature, e.g. in (Rao and Bone 2008) or (Maré  
et al. 2000).

4.4. State-space representation

By introducing the state
 

the system dynamics can be expressed compactly in  
single-input–single-output control affine state-space form
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Figure 4.  flow function ψ(p1, p2) depending on the pressure 
ratio between downstream pressure p2 and upstream  
pressure p1.
note: the dashed line indicates the critical pressure ratio b = 0.528 of dry 
air for an ideal nozzle.

Figure 5.  typical flow conductance C(v)∕C
max

 of a valve 
depending on the spool position, where C

max
 gives the 

maximum flow through the valve.
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Furthermore,
 

with

 

Given the desired output trajectory yd(t) and its time 
derivatives, the desired state trajectory xd(t) is computed 
by the inverse transformation

 

To compute ϕ-1(⋅) from Equation (15) the force map 
F
(
x
1
, x

3

)
 has to be solved for x3. In case of the poly-

nomial approximation Equation (1a), this can be done 
explicitly. For higher order polynomials or other types of 
approximations, numerical solution might be necessary.

Finally, by solving Equation (16) for u(t) and applying 
the desired trajectories x

d
(t) and y⃛d(t), the feedforward 

control law reads
 

5.2. Linear feedback control

To attenuate disturbances and compensate for model-
ling errors, the controller is augmented by a linear feed-
back controller. The feedback controller has a cascading 
structure, consisting of an inner pressure controller and 
an outer position controller. The proportional pressure 
controller stabilises the pressure along a given reference 
trajectory. The integral position controller corrects this 
reference trajectory, based on the position error, i.e. 
the reference pressure is increased when the position 
is below the desired position and vice versa. Hence, the 
feedback controller is given by
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input u(t) to the system. Generation of suitable reference 
trajectories is an independent problem that will not be 
considered here. Instead, it is assumed that y

d
(t) and its 

first three time derivatives are known beforehand. To 
solve the control problem, a two-degree-of-freedom con-
troller will be used. It consists of a non-linear feedforward 
controller u

ff
(t), generating the nominal input required to 

track the reference trajectory and a linear feedback con-
troller u

fb
(t) to attenuate disturbances and compensate 

for modelling errors (Horowitz 1963). The total control 
effort is the sum of both controllers

 

Ultimately, the physical input v(t) has to be computed 
from the control effort u(t). This is done by inversion of 
the valve model (9) in a subsequent step. In the following 
subsections, the different components of the controller 
will be derived step-by-step. For the sake of clarity, the 
overall structure of the control concept is depicted in 
Figure 6.

5.1. Flatness-based feedforward control

The basic idea of feedforward controller design for out-
put tracking control is to invert the input/output behav-
iour of the system. This task is greatly simplified if the 
system under consideration is differentially flat. A sin-
gle-input–single-output system is said to be differentially 
flat, when there exists a (possibly fictitious) flat output 
as a function of the state, such that the system’s state 
and input can be expressed in terms of the flat output 
and its time derivatives (Fliess et al. 1995). Conveniently, 
the system (11) is differentially flat with respect to its 
physical output y(t). The flat coordinates x∗(t) are given 
by the diffeomorphism

 

which is obtained by differentiating Equation (11b) with 
respect to time and using Equation (11a), resulting in
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Figure 6. Block diagram of the control concept for Ptas as it is implemented at the test bench.
note: the numbers in braces reference the corresponding equations.
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a given reference trajectory, violation of Equation (21) 
can be checked beforehand by evaluating Equation (19). 
If Equation (21) is violated, the given reference trajectory 
is not exactly realisable. From a practical point of view, 
u
ff
(t) should not exceed about 80% of the available con-

trol effort in order to leave some reserve for the feedback 
controller. The effect of input constraint violation will be 
demonstrated in the experimental validation.

6. Experimental validation

For experimental validation of the suggested motion 
control algorithm for PTAs, point-to-point motions are 
considered. These are motions from position y(t0) = y0 
to y(t1) = y1 with t1 > t0, where the system is at rest before 
and after each motion cycle, meaning that

 

This type of motion was chosen because it reflects a com-
mon task in industrial applications. From Equation (19) 
it follows that the reference trajectory yd(t) has to be 
three times continuously differentiable, in order to be 
exactly realisable. These requirements are met by poly-
nomial reference trajectories of the form

 

where T = t1 − t0 is the transition time, and pk are the pol-
ynomial coefficients. Since the reference trajectories are 
planned before each motion cycle, the time derivatives 
of Equation (25) can be obtained analytically.

The experimental results show four different motion 
cycles with the transition times T1  =  T2  =  2  s and 
T3 = T4 = 0.5 s, respectively (Figure 7). In the figure, the 
duration of each motion cycle is marked with a light grey 
background. During the first motion cycle, the position 
is increased, meaning that the PTA has to be inflated. 
The results show, that the position trajectory y(t) closely 
follows its reference trajectory with the maximum error 
smaller than 0.2 mm during this motion cycle. The pres-
sure trajectory p

rel
(t) also follows its reference trajectory 

but shows a small offset. This offset is caused by the out-
put of the integral position controller, which is added 
to the pressure reference trajectory, indicating that the 
actual pressure required to achieve the desired position 
is smaller than the pressure predicted by the model.  
A possible explanation is that the stiffness of the springs 
is smaller than the nominal stiffness used in the model 
or that the force map underestimates the force of the 
PTA. The control input u(t), which corresponds to the 
desired mass flow to the pressure chamber, is the sum of 
the outputs of the feedforward and feedback controllers. 
In the first motion cycle, the control signal is dominated 
by the feedforward controller and the feedback control-
ler only makes minor corrections. In the second motion 
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The reference trajectories x
1,d
(t) and x

3,d
(t) are obtained 

from (18), such that consistency between feedforward 
and feedback control is guaranteed. The controller gains 
were adjusted heuristically. First, the proportional gain 
k
P
 is increased for k

I
= 0, until audible valve chattering 

occurs and then reduced by about 20%. Then, the inte-
gral gain k

I
 is increased from zero until the steady-state 

error vanishes in reasonable time.

5.3. Valve inversion

In the system model given by Equation (11), the con-
trol effort u(t) corresponds to the airflow ṁ(t), albeit 
the physical input to the system is the normalised spool 
position v(t) ∈ [−1, 1] of the valve. While it is always 
possible to compute the airflow ṁ(t) from the spool 
position v(t) according to Equation (9), the opposite 
does not apply. From physical considerations it is obvi-
ous that there exist certain limits on the airflow. First, 
the maximum airflow through the valve is bounded by 
the variable flow conductance C(v), which gives a maxi-
mum possible airflow for every spool position (Figure 5).  
Second, the airflow depends on the ratio between 
upstream and downstream pressure, which is described 
by the flow function Equation (8). For example, when the 
downstream and upstream pressure are equal, the air-
flow ṁ(t) = 0 for all spool positions v(t). Third, the air-
flow is proportional to the absolute value of the primary 
pressure, i.e. increasing the primary pressure increases 
the airflow for a fixed pressure ratio and valve position. 
Hence, the control effort is limited by the dynamic input 
constraints

 

where

 

If Equation (21) holds, the valve model can be inverted 
by

 

where C−1(⋅) is the inverse map of the flow conductance. 
If Equation (21) is violated, the spool position is set to 
v = ± 1 for u > 0 and u < 0, respectively, in order to 
obtain the maximum possible airflow. Note, that while 
the lower limit umin is determined by the valve’s charac-
teristics, the upper limit umax may be easily increased by 
increasing the supply pressure ps (cf. Equation (22)). For 
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on the primary pressure, which is lower for deflation 
(p1  =  p) than for inflation (p1  =  ps). In the proposed 
control scheme, the input saturation leads to integrator 
wind-up, such that the pressure and position trajectories 
shoot over their references until the integrator is cleared. 
This undesirable behaviour could be improved by the use 
of well-known anti-wind-up strategies.

7. Conclusion

The present paper introduces the novel PTA devel-
oped by the Institute of Textile Technology and 
Process Engineering Denkendorf. A mathematical 
model describing the static and dynamic behaviour 
of an exemplary motion system employing a rectan-
gular 200  ×  200  mm PTA has been derived. Precise 

cycle, the position is decreased, meaning that the PTA 
has to be deflated. Again, the position and pressure tra-
jectories closely follow their reference trajectories. The 
control input, however, is no longer dominated by the  
feedforward controller but significantly corrected by  
the feedback, indicating that the model overestimates the 
required mass flow to decrease the pressure. In the third 
and fourth motion cycles, the transition time is reduced 
significantly, such that the dynamic input constraints are 
violated. The control signal u(t) is exceeding its limits, 
leading to a saturation of the valve signal v(t). In the third 
motion cycle the reference trajectories can still be fol-
lowed. In the forth motion cycle, however, the saturation 
effect is more pronounced, yielding substantial deviation 
from the reference trajectories. This can be explained by 
the fact that the maximum possible mass flow depends 

Figure 7.  experimental results of four motion cycles with polynomial reference trajectories of transition times T1  = T2  =  2  s and 
T3 = T4 = 0.5 s (light grey background indicates duration of motion cycles).
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