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SUMMARY

In this paper, a lumped parameter model of a robotic fibre
placement system consisting of a Motoman SK-120 robot, a
force/torque sensor, a pneumatic actuator and a stiff
workpiece holder is developed and experimentally verified
for the purpose of predicting and characterising the dynamic
behaviour of the fibre placement system. Special attention
has been given to the dynamics of the actuator which is
represented as a mass confined to move between two non-
linear springs and dampers. The overall model containing
manipulator, force sensor, pneumatic actuator and the
workpiece holder dynamics is of the tenth order. Step
response experiments were conducted to verify the model
and to determine the approximate values of the parameters
in the mathematical model. The results prove that the
established model is accurate enough to explain the
dynamic behaviour of the fibre placement system and it can
be employed to quantify the influence of the dynamics of
the pneumatic actuator on the constant force-based fibre
placement. The well-known fact that the dynamics of the
pneumatic actuator varies with the piston position has also
been experimentally demonstrated.

KEYWORDS: Pneumatic actuators; Mathematical modelling;
Robotic fibre placement; Force sensing.

1. INTRODUCTION

Fibre reinforced composites offer the advantages of light-
weight, high stiffness and high strength over traditional
materials, such as steel and steel alloys, aluminium, brass,
wood, etc., in many areas such as automotive, aerospace and
sporting equipment. However, the traditional method of
producing composites, usually known as manual fibre
placement, is tedious, time consuming as well as labour
intensive. Employing an industrial robot equipped with a
specially designed fibre placement head can rectify these
undesirable features. The robot is responsible for the
accurate positioning and manipulation of the unit. The key
element of the unit is a constant force pneumatic actuator
that provides the compaction force needed. Although
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pneumatic actuation has been commonly used to generate
motion between two hard stops, it is able to replace
hydraulic and electric actuation in robotic contact task
applications, where a source of compliance is needed to
compensate for impulsive forces as well as to improve the
stability of the system. The natural compliance of the
compressed air can be exploited for contact applications.
Justifications for this has been extensively discussed in the
literature.'

When compared to hydraulic actuators, pneumatic actua-
tors are simple, inexpensive, clean, easy to maintain, and
have a high power to weight ratio.® On the other hand, the
fundamental problems associated with pneumatic actuators
are the compressibility of air, poor damping ability,
significant mechanical friction, the time delay in system
response due to stiction, pressure drop along transmission
pipes, and other non negligible non-linearities, which
change with time and operating conditions. Especially when
using low-pressure air as the working medium, the non-
linearities bring themselves forward in significant drift and
hysteresis in the system, which affects the accuracy and
repeatability. No matter what type of a pneumatic actuator
(symmetric or asymmetric) is used, the response of a
pneumatic system is dominated by the variation of leakage
and friction in the cylinder with the piston position,
compressibility of air, and a time constant, which indicates
how fast air fills the cylinder.”'* Glass cylinders with
graphite pistons have been employed to develop an air
bearing between the piston and the cylinder, and hence
friction and air leakage can be reduced significantly.'

In the literature, either state space models or linear
transfer functions are used to mimic the behaviour of
pneumatic systems about the mid-stroke operating
point.*"'" Due to the reasons presented above, pneumatic
drives are inherently complex and difficult to model with
any precision. However, it will be useful to develop just
sufficiently accurate mathematical models in interpreting
and characterising the behaviour of pneumatic servos rather
than as an exact design tool.

In this paper, a lumped parameter model of the robotic
fibre placement system based on a constant force pneumatic
actuator is developed and the model parameters are obtained
from comparing the simulated contact force to the actual
force measured by a force/torque sensor. The results prove
that the established model is accurate enough to represent
the dynamic behaviour of the fibre placement head and
it can be employed to quantify the influence of the
dynamics of the pneumatic actuator on the force-based fibre
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Fig. 1. Schematic of the pneumatic actuator.

placement. The well-known fact that the dynamics of the
pneumatic actuator varies with the piston position has also
been experimentally demonstrated.

2. MATHEMATICAL MODELLING OF A
PNEUMATIC ACTUATOR

The manipulator translates the fibre placement head along
the desired path in the plane of the workpiece holder and the
pneumatic actuator supplies the compaction force needed. It
must be re-emphasised that the response of such a system is
dominated by the dynamics of the pneumatic actuator.
Therefore, a special attention is given to the actuator
dynamics. Many researchers have reported on the dynamics
analysis of pneumatic actuators before.'**¢"1*!" A similar
analysis is given below for the sake of completeness.
Consider an asymmetric pneumatic actuator driven with a
four-way valve, shown in Figure 1. It is assumed that the
piston is moving downwards. An equivalent mass, non-
linear spring and a damper system can represent this
combination. Thus, the equation of motion for the system
is:

d’z dz
e@"'bea:AlPl_Asz_Fc_Ff (D

m

where m, is the lumped mass of the piston, rod and the fiber
placement head in the vertical direction, b, is the viscous
damping coefficient,* A, and A, are the areas of the piston,
P, and P, are the pressures in the chambers 1 and 2, F, is the
contact force between the fiber placement head and the
workpiece, and F; is friction force or any disturbance force
acting on the end point along the z axis.

The equations of state for ideal gas in the chambers 1 and
2 are

P,=pRT;, P,=p,RT, 2)

where p, and p, are the air densities, R is the gas constant,
and T, and T, are the air temperatures in the chambers. The
volumes V, and V, of the chambers can be expressed as
follows:

* Although air provides little damping, it is included in the model
for completeness.
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V1=A1<I£+z>, V2=A2<;—z> 3)

where L is the stroke of the cylinder and z is the
displacement of the piston from the mid stroke. The mass
m, and m, of the air in the respective chambers are:

m;=V,p;, m,=V,p, 4)
By substituting Equation 2, Equation 3 and Equation 4 into
Equation 1, the following equation is obtained:

d*z dz
_ +b _
¢ dt
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where d is the half of the stroke. It must be noted that the
expression on the right-hand side of Equation 5 represents
the net force driving the piston and that k, denotes the
equivalent spring constant of two springs corresponding to

\
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Fig. 2. Experimental step up for model verification.
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Fig. 3. Lumped parameter model of the fibre placement head in
the z direction.

the air filled in the chambers 1 and 2. This equivalent spring
constant can be rewritten as:

m,RT, +m2RT2

ke:kl"'kz:ﬁ & — 2

(6)

As given in Equation 6, the equivalent spring constant is a
function of the mass, the temperature of the air and the
position of the piston from the mid-stroke.*”'? It is
practically impossible to measure these quantities in order
to evaluate the equivalent stiffness. However, it must be
noted that when the piston approaches the mid of the stroke,
the equivalent spring constant has a minimum value. On the
other hand, while the piston is approaching the upper and
lower dead positions, k, tends to approach infinity.

If the pressures P, and P, in Equation 1 are known, the
dynamic behaviour of the actuator can be analysed using
Equation 1. The approximate pressure dynamics are given
in references [1,4,6] and are depicted here for complete-
ness:

P,=P(1—-e “")+P,(0)e " )
PZ = Pz(o)e ~ ) (8)

where P; is the supply pressure and P;(0) and P,(0) are the
initial pressures in the chambers 1 and 2 and they are almost
equal to each other. The time constants 7, and T, are
expressed as:

Az

~ _Ad—2)
" C,RT,

"7 CRT,

and )

Ty

where C, is the coefficient of specific heat. So, the pressure
difference driving the actuator is:

P,—P,=P0)(e "W —e “)+P(1—e ) (10)
N————
AP

As the time t approaches infinity, the pressure difference is
equivalent to the supply pressure. In many applications, the
pressure difference is monitored by an analogue pressure
regulator system that sends a control signal to the servo-
valve to produce the desired pressure difference. It is well
known that there are basically two time delays in a physical
pneumatic system; the delay between the piston and the
pressure transducer, and the delay between the valve and the
piston. The latter determines how quickly the cylinder fills
with air and therefore dominates the behaviour of a
pneumatic actuator. In the light of this, the transfer function
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relating the pressure difference AP driving the actuator to a
desired pressure difference AP, is given as:**!'""?

AP 1
AP, 7s+1

Y

where T is a global time constant for the pressure control
system, which is a pressure regulator for the fibre placement
head considered in this study, and is an indication of how
fast the regulator takes an action to build up a desired
pressure in the cylinder. This follows that the actuator force
F,(s) in Equation 14 can be evaluated from:

F,(s)=A,x AP, x <1> (12)

Ts+1

It was claimed that the time delay at room temperature and
atmospheric pressure for the air with the density of 1.27 kg/
m® is three milliseconds per meter of pipe length.!" In
another study,' it was found that the time delay was in the
order of 0.01 sec. As presented in Section 4, the time delay

in our experimental system was as high as 0.09 second.

3. MATHEMATICAL MODEL OF FIBER
PLACEMENT HEAD
The fibre placement system consisting of a Motoman
SK-120 robot, a wrist force/torque sensor sensor, an
asymmetrical pneumatic actuator and a stiff workpiece
holder is shown in Figure 2. Although the base on which the
manipulator is installed is very stiff, the dynamics of the
base is represented by a spring with a stiffness of k, and a
damper with a damping coefficient of b, for the sake of
completeness and generality. Since there might be many
sources of flexibility in the structure of a typical manip-
ulator, it is a common practice''® to mimic the dynamic
behaviour of a manipulator with two masses, m; and m,,
connected to each other through a damper and a spring. The
spring constant k, together with the damping coefficient b,
reflects the dynamics of the manipulator in the z direction.
The stiffness constant can be due to the structural stiffness
of the manipulator, position gains or the stiffness of
transmission and drive train or the combination of these.
Similarly, the damping is a combination of the viscous
joint damping and active damping from joint space into
Cartesian space. A force sensor can exhibit its dynamics,
especially when it is in contact with a stiff environment and/
or impacts with a stiff environment. The same argument is
also valid for an environment impacted by a very stiff
robotic system. Therefore, the sensor and the workpiece
dynamics are separately represented by a spring and a
damper. As demonstrated experimentally in Section 4, the
dynamics of the fibre placement head is dominated by the
dynamics of the pneumatic actuator. The actuator dynamics
are given by Equation 5, from which it is obvious that the
actuator can be represented by a single mass connected to
the force sensor and the workpiece holder with a spring and
a damper. If the individual lumped parameter models of the
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Experimental Step Response, Compaction Force=20kgf
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Fig. 4. Experimental step responses. The top, middle and bottom plots show the step responses for the upper-dead, mid-stroke and lower-
dead positions of the piston, respectively.

manipulator, the force sensor, the actuator and the environ- Z.(s) Ns)
ment are combined; the model shown in Figure 3 is S =S X
established. The force F,, denotes the force driving the F, D@
manipulator in the z-axis direction. Since the manipulator is
responsible for the motion in the x-y plane of the workpiece

holder during a fibre placement operation, F,,=0. For the  p(s)=[m,s?+ (b, +b,)s + (k; + k) 1[bss+ ks ][bss + ks]*

where

experimental results presented in the next section, a constant +[mys?+ (b +b,)s + (ks + k) I[b,s + K, P[bes + ks
force was applied to the workpiece in the z direction only by +[m,s%+ (by +by)s + (K, +K,) [[m,s*+ (b, + by)s + (K, +Ky)]
the pneumatic actuator while the manipulator was kept at X M8+ (by+by)s + (ky+ k) [bss + ks
halt. +[ms?+ (bs+by)s + (ks + ko) 1[b,s + k, 1’ [b,s + k ]
The open loop transfer functions for the model in Figure +[m,s*+ (b, +by)s + (K, +K,) [[m,s*+ (b, + by)s + (K, +ky)]
3 are obtained as: X [mgs?+ (bs+be)s + (ks + ko)1 [b,s+ Kk,
+[m,;s*+ (b, +b,)s +(k, +k,)][m,s*+ (b, +bs)s + (ky+ks)]
Z.(s) Ny(s) X [mgs®+ (bs+bg)s + (Ks+Kke)1[bys + k, I

+[m,8*+ (b;+by)s + (k; + k) ][m,s* + (b, +bs)s + (K, +Ks)]

x [mgs?+ (bs+bg)s + (ks + ko) 1[b,s + k, I

+[m,s?+ (b, +by)s + (k; + k) [[m,s> + (b, + by)s + (k, +k;)]

Z,(s) Ny(s) % [m38*+ (b +b,)s + (k;+k,) ] [m,s”+ (b, +bs)s + (K, +Kks)]
F, D s)’ x [mgs*+ (bs+bg)s + (ks +K)]

F, D(s)’

N;(s)=— [m:s*+(bs+bg)s+ (ks + ko) I[b,s + Kk, ][ bys +k;]

Zs) NyGs) bes+k]

F, DGs)’ (13) " Ny©)=[m;s+ (b, +by)s +(k,+ k) [Imes+ (by-+by)s
+(ks+kg)1[bss +k;][b,s +k,]
Z.(s) Ny(s) N;(s)=— [mys’+ (bs+bg)s + (ks + ko) I[bs+k,][bys +k,]
A A — [mys*+ (b, +by)s + (k, +Kk,)] % [m,s*+ (b, +bs)s
F. DGs) + Ky + K ) Tms?+ (b + bo)s + (ke+ k) I[b,s-+ k]
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Table I. Values of the parameters in the model for the three positions of the piston.

b;, (i=1,---6)

k;, (i=1,---6)
N s/m N/m

m,, (i=1,-+ - 5)
kg
Upper-dead 30, 20, 12, 14, 10.5
Mid-stroke 30, 20, 12, 14, 10.5
Lower-dead 30, 20, 12, 14, 10.5

1500, 1400, 1300, 210, 100, 350

1500, 1400, 1300, 115, 100, 350

1500, 1400, 1300, 275, 300, 350

300000, 200000, 400000,
21000, 10000, 150000

300000, 200000, 400000,
15000,11000,150000

300000, 200000, 400000,
20000, 12000, 150000
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Fig. 5. Experimental and simulated step responses for the upper-dead position of the piston.

N,(s)=[m,s*+ (b, +b,)s+ (K, +K,) |[mss*+ (bs+b)s + (ks + k)]
[bss +K;]2+[mys?+ (b;+b,)s + (k; +Kk,)]
[m,s+ (bs+bg)s + ks +Kg)[b,s +k,]*
+[m,s?+ (b, +by)s+ (K, + k) |[mys*+ (b, +by)s + k, + k3)]
% [m;8*+ (b;+b,)s + (k3 +k,)][mss*+ (bs +by)s
+(ks+kg)]

N;(s)=[m,s*+ (b, +b,)s + (K, +K,)|[bss + k;][bss + k]
+ [m3s2 +(bs+by)s+(k;+ky)][b,s+ kz]z[bss +k;]
+[m,s*+ (b, +by)s + (k, +k;)][m,s*+ (b, +b,)s
+ (K, + k)] X [mys* + (bs+b,)s + (ks + k) |[bss+Ks]

The contact force measured by the force/torque sensor is
F.(s)=k3(Z,(s) — Z(s)) from which the open loop transfer
function between the actuator force F,(s) and F(s) is
obtained as:

F(s) . Ny(s) = N(s)
F(s) ° D

(14)

4. VERIFICATION OF MATHEMATICAL MODEL

The experimental set up shown in Figure 2 includes a
Motoman SK-120 robot, a JR3 force/torque sensor, a
pneumatic actuator in contact with a very stiff worktable
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through a cylindrical steel roller. A pressure regulator
controlled the desired force in the z direction, which was set
at 20 kgf (= 196 N). The pneumatic actuator embodies an
SMC compact guide cylinder with a bore diameter of
32 mm, a piston area of 804 mm?, and a stroke of 100 mm.

Step response tests were accomplished to experimentally
verify the mathematical model. The experimental (norm-
alised) step responses of the manipulator in the vertical
direction, shown in Figure 4, are for three different locations
of the piston — upper dead, mid-stroke lower dead positions.
The coefficients in the lumped parameter model expressed
by Equation 13 are heuristically selected such that the
simulated step response of the contact force calculated from
Equation 14 fits these experimental step responses measured
by the force sensor. The values of the parameters in the
model are depicted in Table I for the three positions of the
piston. It must be noted that the actuator dynamics
represented by K4, by, K5, bs, dominate the contact behaviour
of the system.

As shown in Figures 5, 6 and 7, the normalised step
response of the model matches the experimental step
response quite well. It must be emphasised that the stiffness
and damping coefficients for the pneumatic actuator depend
on the position of the piston. When the piston is at the upper
dead point, the response contains some oscillations, see
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Fig. 6. Experimental and simulated step responses for the mid-stroke position of the piston.
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Fig. 7. Experimental and simulated step responses for the lower-dead position of the piston.

Figure 5. This could be due to the unpressurised air in the
lower portion of the cylinder. Drawing the same analogy,
when the piston is at the lower dead point, there exists no
unpressurised air in the cylinder and therefore, the step
response does not contain any oscillations, see Figure 7. On
the other hand, when the piston is at the mid stroke, the
response contains little oscillations when compared to the
upper dead position, see Figure 6. As expected, the effective
stiffness, k,+ks, at the mid stroke position is smaller than
those at the upper and lower dead positions, see Table I. It
was found that the time constant for all of the experimental
results was of the order of 0.09 second, which is
significantly large. Since the bore diameter and the stroke of
the actuator were not large enough, the time constant did not
change with the position of the piston. But, the stiffness and
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damping constants of the pneumatic system changed with
the piston position.

5. CONCLUSIONS

In this study, a tenth-order lumped parameter model of the
robotic fibre placement system has been developed. Step
response experiments were conducted in order to verify the
model and to evaluate the approximate numerical values for
the parameters in the model. The experimental force step
response is compared to the simulated response such that a
close correspondence between them can be obtained. The
results prove that the established model is accurate enough
to represent the dynamic behaviour of the fibre placement
system and it can be employed to quantify the influence of
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the dynamics of the pneumatic actuator on the constant
force-based fibre placement. The well-known fact that the
dynamics of the pneumatic actuator varies with the piston
position has also been demonstrated experimentally.
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