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Abstract— The mathematical models for two widely used
pneumatic systems in the soft robotics community are pre-
sented: syringe pumps and compressed air systems. These
models enable prediction and optimisation of performance
of soft actuators under pressurisation, allowing the user
to select pneumatic components for a desired behaviour.
Analytical models are confirmed with simulations devel-
oped using SimScape Fluids and SimScape Electrical within
Simulink/MATLAB. By using a polytropic law, the models
show agreement with the simulations with less than 10%
discrepancy for the typical pressures used with soft actuators.
Syringe pumps are shown to be much slower compared to the
compressed air systems. In the latter, the addition of an air
receiver allows very short actuation time.

1. INTRODUCTION

The rising interest in soft robots is outlined in recent
papers reviewing fabrication procedures [1], biological in-
spiration [2], actuation methods [3], sensing [4], control [5],
stiffening techniques [6] and biomedical applications [7].
The building blocks of soft robots are the soft actuators. One
important category of soft actuator is the fluidic elastomer
actuator (elastic inflatable actuator), whereby actuation is
performed using pneumatics or hydraulics [8]. While these
actuators have been extensively used in the literature, the
fluid power systems used within the soft robotics commu-
nity have received less attention. In [9], the authors have
compared pneumatic energy sources used in autonomous
and wearable soft robots and provided a system-level
framework to support the design of untethered pneumatic
soft robots, nevertheless the dynamics of actuation is not
discussed.

The basic components of a compressed air pneumatic
system are the air compressor, the receiver and the valves.
Positive displacement compressors are the most widely used
and deliver a fixed volume of fluid each cycle, regardless of
the pressure at the outlet port [10]. Valves are used to control
the direction, flow rate and pressure of the compressed air.
The air receiver (storage reservoir or gas tank) is used to
store a given volume of compressed air and offers larger
system capacity and reduction of pressure changes during
short-term demand [11]. The latter is particularly relevant
for the intermittent demand commonly experienced in soft
robotics. Pressure control in the air receiver is normally
achieved using on/off controllers by starting the compressor
when the receiver pressure falls below some minimum value
and stopping it when pressure rises to a satisfactory level.

The most popular pneumatic control architecture for
soft robotics is the fluidic control board [12], an open
source hardware platform available from the Soft Robotics
Toolkit that was originally employed in the experimental
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platform of [13], [14]. The board consists mainly of a
diaphragm pump and a set of solenoid valves. MOSFETs
allow the use of Pulse-Width Modulation (PWM) to control
the pressure of fluid passing through the valves. Pressure
sensors provide feedback on the behaviour of the system.
Basic control options are manually adjusting switches and
knobs or automated simple codes running on the included
Arduino microcontroller. Advanced control options can be
implemented using LabVIEW or Simulink.

Manual pressurisation of syringes, while monitoring the
pressure, is the simplest method for evaluation of the
behaviour of soft actuators. This method has been employed
in characterisation studies to investigate the relation between
the geometrical parameters or material characteristics and
the bending and extension of soft actuators [15]. Some
studies have also used this method to validate FEM results
[16]. An automatic alternative is the use of syringe pumps
[17]. In order to convert the rotational motion of the motors
into linear motion of the syringe plunger, syringe pumps
can rely on a rack and pinion [18], [19] or lead screw
mechanisms [20]-[22]. In the latter, the motor rotates a
threaded rod that drives a nut attached to a 3D printed
syringe plunger adapter.

The analytical modelling of syringe pumps has been
essentially limited to hydraulic systems. In addition, most
models only consider the flow rate being dispensed by the
syringe, with no consideration given to pressure dynamics.
In [23]-[25], the Poiseuille equation is used to establish
the flow rate considering fully developed laminar flow. The
flow rate can also be determined by relating the volume
of fluid for a single pitch movement and the time required
for the rotation [19], [26]. In [27], the authors have used
the lumped parameter approach to develop a second-order
relation between the output flow rate and velocity of the
piston motion for hydraulic fluid (constant bulk modulus).

A. Contributions of this work

In soft robotics, many of the studies using pneumatic
control systems are focused in characterisation, in which
the speed of actuation is not a concern. However, this
is relevant for practical applications of soft robots. While
pneumatic energy sources are widely used in soft robotics
[9], their modelling has not yet been adequately described.
In particular, the modelling of syringe pumps has been
limited to the output flow of hydraulic fluids with little
attention to pressure dynamics.

Therefore, in this work, the analytical modelling for the
two most widely used pneumatic systems in soft robotics
are presented: compressed air systems (similar to the fluidic
control board) and syringe pumps. The models presented
here allow the user to not only predict performance but
also to derive component specifications for a given set of
soft-robotic performance requirements.
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II. FUNDAMENTALS OF PNEUMATIC SYSTEMS
MODELLING

A. Thermodynamic Models for Pneumatic Systems

The following assumptions are considered in this study
[28]-[30]: the gas is ideal; pressures and temperature within
each control volume are homogeneous; kinetic and potential
energy terms are negligible; mass flow rate leakages and
viscous work are negligible; and supply and exhaust pres-
sures are constant. As described in [29], the most general
thermodynamic model for compressed air systems consists
of three equations:

(1) Ideal gas law (equation of state):

P =pRT (1
where P is the pressure, p is the density, R is the ideal
gas constant and 7 is the temperature. For air, R =
287 Nm/(KgK). Further improvement of the pressurisation
model can be achieved by considering temperature changes
inside the chamber using a polytropic law [30]:

(r=1/y
T TO( )

(2) Conservation of mass (continuity equation) [31]:

P

o) 2

d
PiQi —PoQo = E(PV) 3)
where p; and Q; are the input density and flow rate, p, and
0, are the output density and flow rate, and p and V are
the density and volume of the control volume. If a mean

density is assumed throughout,

av Vdp
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The bulk modulus () of a compressible fluid is given
by

dP dP d dP
p—-_v& _p,p_4n )
av."dp p B
Combining the above equations yields
a’V V dP
=— 6
Qi—0Qo= ﬁ i (6)
where ‘fi—‘t/ corresponds to the boundary deformation term
and %# is the fluid compressibility term. For an isothermal
process, 5 = const — 3 = P. Alternatively, for an isentropic
process (adiabatic and reversible), £ = const — B = kP
[32].

(3) Energy equation [29], [33]

—Gou + ka(minTin W=U @)

where g;, and q,, are the heat transfer terms across the
walls, kC, (1 Ty, — titgy Ty ) s the net internal energy of
the mass flow into the system, W = PV is the rate of
change in the work, and U is the change of internal energy.
Furthermore, k =C), /C, is the specific heat ratio, T;, is the
temperature of the incoming gas flow, C, and C, are the
specific heats at constant pressure and volume, respectively.

qin — Moyt Taul) -
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Assuming the incoming flow has the same temperature
as the gas in the chamber (7, = T) and adiabatic process
(gin — gouwr = 0), the energy equation simplifies to

. RT
P=k— ®)

The general equation for a polytropic process ranging
from y = 1 (isothermal process) to ¥y = 1.4 (isentropic
process) is given by [29], [30]

RT .
7 (min

P .
(min - mout) - kVV

pP=y ©))

For a pneumatic cylinder system, [34] propose that the
temperature inside the chamber lays between the theoretical
adiabatic curve in the charging process and isothermal curve
in the discharging of the chamber. Consequently, a value of
Y= 1.2 is suggested. According to [9], many soft robots
operate below 10 SLM at 100 kPa, hence conditions are
polytropic but most likely nearer to isothermal than to
adiabatic. Finally, [30] has augmented (9) by considering
the heat transfer coefficient between the air inside the
control volume and its walls, which only led to a difference
of about 10% compared to classical polytropic models.

Py
Yy

- mout)

B. Lumped Parameter Models for Pneumatic Systems

A modelling framework is developed using an energy-
based approach to develop lumped parameter models for
fluid circuit components [31], [32], [35]. The use of an
electrical circuit analogy helps to quickly establish a cir-
cuit diagram and is based on the following comparisons:
pressure <+ voltage and volumetric flow rate <> current.
Consequently, fluid capacitance (C), resistance (R) and
inertance/inductance (L) are derived as

128l 4
nd} ' B’

where ( is the dynamic viscosity of the fluid, d;, is the
hydraulic diameter, / the length and A the area of the control
volume [36]. The hydraulic diameter is simply the diameter
for a circular pipe.

p!
A

R= C= L= (10)

III. AIR COMPRESSOR SYSTEM
A. Analytical Modelling

In the analytical modelling, five different scenarios with
increasing complexity are considered. Firstly, an electrical
circuit equivalent is derived for each case. Once a differ-
ential equation model is achieved, a pneumatic equivalent
description is derived and thermodynamic models are in-
cluded.

Case 1: Ideal air compressor directly charging actuator.

Here, the air compressor is modelled as a constant
volumetric flow rate source with no leakage. The actuator is
modelled as a constant volume chamber (V,). The electrical
analog is shown in Fig. la. The charging of the capacitor
is described by I = C%. For the pneumatic equivalent,
I = Q. (the volumetric flow rate of the air compressor),
C=V,/(kP,) and V = P,. Therefore,

dP,  kQ.
= P,
dt v, ¢

Case 2: Real air compressor directly charging actuator.

(11)
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Fig. 1: Electrical analogs of the five cases considered for
compressed air systems.

The air compressor is modelled as a constant volumetric
flow rate source with leakage (R¢). The electrical analog is
shown in Fig. 1b. Using KVL, the charging of the capacitor
is described by I = # +C %. The pneumatic equivalent is

0, — P, n Vo dPy  dPy  kQc k

“ Rc kPpdt T dt V, VuRc

Case 3: Real air compressor charging actuator through
pipe.

The tube connecting the source and the actuator is
modelled as a purely resistive component (Ry). The elec-
trical analog is shown in Fig. 1c. Using KVL, KCL and
the component constitutive relations yields the pneumatic
equivalent:

P*  (12)

a

RiVa RcVa
0.— (2o T n N dPa  Fa | dPu_kQcp Kk oo
¢ Rc dt  Rc ~ dt o % Rea'
(13)

RLVa"'RCVa

where o = Re
Case 4: Full system with simultaneous charging of receiver
and actuator.

The system is augmented by including an air receiver
in the fluid path between the air compressor and actuator.
The air receiver is modelled as a constant volume chamber
(Vr). The electrical analog is shown in Fig. 1d. Writing the
node equations at the receiver and actuator and introducing
C,= Va/(kPa), Cgr= VR/(kPR), I=Q. vg=Pgand v, =P,

By _ kP’ kPR | KPePu | KPeQc
dr RcVg  RpVg R.VR Vr
dP, kPRP, kP
a _ Rla _ a (15)
dt R1V, RV,

Case 5: Full system with pressure control.

Firstly, the air receiver is pressurised by the compressor
with no fluid flow allowed between the receiver and actua-
tor. Once the desired pressure is reached, the compressor is
turned off and the compressor discharges into the actuator
through a valve. The behaviour of the valve and the pressure
switch at the receiver are modelled as simple switches in
the electrical analog shown in Fig. le. In the first scenario,
the system has the same configuration as Case 2. In the
second scenario, writing the node equations at the receiver
and actuator results in the following pneumatic equivalent:

dPyx  kPRP,  kPg?

— = 16

dt R Vg R Vg (16)
P, kPrP, kP?

d a _ k Rfa k a (17)
dt RV, RV,
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B. Simulation Results

Using the package Simscape Fluids within MAT-
LAB/Simulink, simulations have been developed to analyse
the behaviour of the cases previously described. The full
system in Case 4 is shown in Fig. 2. In Case 5, the flow
rate source and leakage are replaced with an infinite flow
resistance and the initial pressure of the receiver is set at
its maximum desired pressure, which models the final stage
of pressurisation of the receiver. The comparisons between
the mathematical and Simulink models are shown in Figs.
3 and 4 with the parameters from Table I.

TABLE I: Parameters for compressed air simulations.

Initial absolute pressure (Fp) 101.325kPa
Flow rate (Qc¢) 6.67e-5m3/s (4LPM)
Diameter of actuator (D) 20e-3m
Length of actuator (L,) 200e-3m
Dynamic viscosity of air (i) 1.849e-5Pa-s
Length of transmission line (L;) 0.6m
Diameter of transmission line (d;)  S5e-3m
Length of leakage pipe (L¢) Im
Diameter of leakage pipe (dc) Se-4m
Volume of air receiver (Vg) le-3m3 (1L)
Initial relative pressure of 300kPa

receiver (Pgo) in Case 5

The parameters for the transmission line are chosen
to match standard Smm tubing used with soft actuators.
Additionally, the length and diameter of the pipe modelling
the leakage of the compressor are selected to obtain a
leakage resistance of ~ IOIONm’z/m3s’l, as suggested in
[37].

In Case 1, it is shown that, for a polytropic index of
1.2, the analytical model almost precisely matches the
simulations. Throughout Cases 2-5, the actuation process
was assumed isothermal. In Cases 2 and 3, a polytropic
index of 1.1 has improved the accuracy of the analytical
models. Similarly, in Cases 4 and 5, a polytropic index
of 1.2 is recommended. Furthermore, in Cases 4 and 5,
the transmission line is shown to have great influence in
the pressurisation of the actuator and the model does not
provide the accurate approximation of the other cases for
the 60cm long pipe. However, reducing the length of the
transmission line has improved the accuracy of the model
in comparison to the simulations results.

IV. SYRINGE PumpP
A. Analytical Modelling

In the mathematical modelling of the pneumatic syringe
pump, the continuity equation is used with Q; =0, dVs/dt =
—A,x, B =kPs and Vs =V —Apx, where Vs is the volume
of the syringe, Ps is the pressure, A, is the area of the
piston, x is the displacement of the piston and Vj is the
initial volume of the syringe. Hence,

Vo —Apx dPs
kPg dt

Using an electrical equivalent and assuming that the
transmission line can be modelled as a purely resistive
component (Ry), the equation for the output flow is

Ps—F,

Qo:TL

Apx_Qo = (18)

19)
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where P, is the pressure of the actuator.
Combining these two equations yields
dPs

kP

kPs(P, — Ps)
At~ Vo—Ax "

_— 20
RL(VQ—APX) ( )

The charging of the actuator from the output flow of the
syringe pump is similar to Case 1 and can be written as

_dP _dPi  KkP.(Ps—P.)
T dr dt RV,

_PS_Pa

Qo R,

2D
where C, and V, are the capacitance and volume of the
actuator, respectively.

In addition to the thermodynamic model described above,
the modelling of the syringe pump requires an equation of
motion for the piston dynamics given by Newton’s Law
[38]. Neglecting friction,

d*x

d*x
Fn—PsAp=mp > =

drr

Fn

mp

PsA,

mp

(22)
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where F,, is the force provided by the motor and m,, is the
mass of the piston. Neglecting losses, energy conservation
yields T,,w,, = F,x, where T, and @, are the torque and
angular velocity of the motor, respectively. Equations (20)-
(22) can be grouped to form a fourth-order mathematical
model of the syringe pump.

Considering a syringe pump with lead screw mechanism,
the linear velocity of the plunger is related to the angular
velocity of the motor by

14
=L o
2T "

where p is the pitch of the screw [39]. The majority of
syringe pump designs employ a stepper motor. In this
case, the angular velocity of the motor is controlled by the
stepping rate (f), which corresponds to the number of steps
per second [40], as given by

X (23)

2rf
Nrev

where N,,, is the number of steps per revolution.

A simplified model can be achieved by considering the
stepper motor as constant source of angular velocity (“‘slew-
ing” operation). From equations (23) and (24), X = %,
resulting in the following third-order model:

n =

(24)

. kA kPs(P, — P
New(Vo—Apx) > RL(Vo—Apx)
. kP,(Ps—P
p, = MalPs —Fa) (26)
RLV,
i=L o, 27)
2r

B. Simulation Results

Using the packages Simscape Fluids and Simscape Elec-
trical, simulations have been developed to analyse the
behaviour of the syringe pump and for comparison to
the simplified mathematical model in (25)-(27). The full
model is shown in Fig. 5. The comparison between the
mathematical and Simulink models is shown in Fig. 6a.
The parameters for the actuator and line are kept as before,
while the additional parameters are listed in Table II.

V. PNEUMATIC SIZING

In this section, a method to determine the sizing of pneu-
matic components for a required application is developed.
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as a pipe and the actuator as a constant volume chamber.

TABLE II: Parameters for syringe pump simulations.

Initial volume of syringe (Vo)  6e-5 m> (60mL)

Diameter of piston (D)) 29e-3m
Length of syringe (Ly) 90e-3m
Stepping rate (f) 700 steps/s
Number of steps/rev (Nyey) 200

Pitch of screw (p) 1.25¢-3m
Polytropic index (y) 1.2

Firstly, a method to determine the required stepping rate for
a desired pressure and actuation time is shown in Fig. 6a. A
60mL syringe with the same parameters as in the previous
section is used and the stepping rate is varied from 300
to 900 steps/s. The dynamics of a syringe pump actuated
by a stepper motor is strongly dependent on the velocity
of the piston, which is controlled by the stepping rate. The
actuation speed can be increased by using higher values of
the stepping rate. The maximum stepping rate of the motor
can be calculated using the maximum flux linkage in each
winding [40]. For the standard stepper motor in Simulink,
the maximum rate is approximately 780 steps/s.

Here, Case 3 is considered to evaluate the charging of
an actuator. The user-defined parameters are the volume of
the actuator and the line and leakage parameters. In Fig.
6b, the pressurisation of a cylindrical actuator with 20mm
diameter and 200mm height is shown for a range of input
flow rates. Using Fig. 6b, the required air compressor can be
determined for the desired pressure and actuation time. Note
that the length of the transmission line has great influence in
the delay between actuation and pressurisation, with longer
pipes resulting in increased actuation time.

On the other hand, with the inclusion of air receiver,
the user-defined parameters become the air receiver size
and initial pressure, besides the volume of the actuator
and line parameters. In this situation, Case 5 is used to
simulate the post-pressurisation stage of the receiver. In
Fig. 6c, a receiver of 1L is used and the initial relative
pressure is varied from 50kPa to 300kPa. It is clear that
the addition of a receiver leads to very short actuation time.
Alternatively, a sweep on the receiver volume at a fixed
initial pressure reveals that higher volumes result in smaller
pressure variations in the receiver. Using the modelling for
Case 5, the receiver discharges until its pressure equals
the actuator pressure. However, in a practical system, the
valves would close once the desired pressure of the actuator

is reached and no further discharging would be allowed.
Hence, Fig. 6¢ serves as a reference to how fast the desired
pressure can be reached.

VI. CONCLUSIONS AND FUTURE WORK

In this work, two widely used pneumatic systems within
the soft robotics community are analysed. By using a
polytropic law, the analytical models show agreement with
the simulations within a 10% error for the typical pressures
used with soft actuators, i.e. below 500kPa. The results
also show that syringe pumps are much slower solutions in
comparison to compressed air systems, which is a potential
limitation for practical implementation of soft robots. In
the latter, the addition of an air receiver allows very fast
pressurisation of the soft actuators.

The mathematical models developed here allow the user
to not only predict the pressurisation behaviour but also to
decide on which pneumatic components are required for
desired performance. In particular, the user is able to select
air compressors and air receivers (for the compressed air
system) or stepping rates (for the syringe pumps) satisfying
the rise of actuator’s pressure within a desired timeframe.
The pneumatic models can be easily modified to acco-
modate hydraulic fluids by simply assuming constant bulk
modulus. Future work includes the experimental validation
of the analytical models and simulations.
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