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Quadri-directional Air Thrusters for
Free-floating Robot Applications

N. Batsios,! M. Annapragada,’ and
Sunil Kumar Agrawal®

This paper describes the operational theory and design of a
quadri-directional air thruster ( ‘‘quad’’) for propulsion of the
free-floating robot of Ohio University. In this design, the air is
drawn from a central air tank and routed to four nozzles of a
quad thruster via a pressure regulator, a distribution manifold,
four solenoid valves, and a quad manifold. The pressure regula-
tor is controlled by a d.c. servomotor and the solenoid valves
are turned on/off using the digital output ports of the computer.
The performance characteristics of this quad thruster were de-
termined experimentally. The experimental measurement of the
thrust as a function of the regulated pressure shows a good
match with the data predicted by the supporting theory.

1 Introduction

Over the last two decades, a number of analytical and experi-
mental studies have been reported on free-floating space robots
[3]1, [1], [5]. In an effort to understand robotic assemblies in
a zero gravity space environment, a free-floating robot facility
is being developed at Ohio University with a dual-arm planar
robot equipped with thrusters. Regulated supply of air floats the
robot on a granite surface. Two quad-thrusters are mounted on
the base to propel the robot with servomotor controlled pressure
regulators to direct the air to the nozzles of the quad thruster.

Even though a number of aspects of the analytical work and
experimental setup could be of interest to the reader, this paper
addresses the aspects of design of the quadridirectional thruster.
This paper is organized in the following way. The operational
theory of the air thruster is outlined in Section 2. The experiment
setup and the results are described in Section 3. These are
followed by conclusions.
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2 Operational Theory

Consider a reservoir (r) that discharges air through the outlet
(o) of a converging nozzle into the atmosphere. For ideal gases,
under the condition of isentropic flow, using continuity and
conservation of energy [4], it can be shown that the ratio of
the outlet and reservoir pressures is:

L ; ()
P;. |71+’y;1M2]7I7"I

where P, = P,,,, v = 1.4 for air, and M is the Mach number
of air flow at the outlet. The ratio of the outlet temperature and
reservoir temperature is given by the following equation:
S R M?
2

The velocity of air V, at the outlet is V, = M VyRT, and the
density ratio is given by

Po T() 1y—1
_—=| = 3
o | 2 )
The thrust, F, generated by the air flow is
2
F = PooVs (4)
RT,

Once the reservoir pressure is measured, the Mach number of
the air flow can be computed from Eq. (1), T, from Eq. (2),
and the thrust from Eq. (4).

The outlet velocity of the air flow from a converging nozzle
never exceeds the velocity of sound. When the Mach number
of air flow at the outlet becomes one, the flow is said to be
choked. On substituting M = 1 in the above equations, we get:

Py 2 1t o, 2
P, |ly+1 T oyt 1]

Po 2 17y~1
7 5
pr [7 + 1] )

The thrust, F, generated by the air flow is
PAVE[ 2 P!
RT, v+ 1

where A, is the area of the outlet nozzle, Vj is the outlet velocity
of the air equal to the speed of sound, and R is the universal
gas constant.

Mark’s Handbook [2] modifies the volumetric flow rate of
air through the outlet computed in the last two paragraphs in
the following way:

F = (poVoAo)V, =

(6)

Qttt‘lual = CEY Qi(lczl[ (7)

where C is a coefficient based on Reynold’s number of the fluid
flow, E is dependent on the ratio of inlet and outlet areas of the
nozzle, and Y is a function of the ratio of reservoir to outlet
pressure and ratio of the inlet and outlet areas of the nozzle.
Hence, the outlet thrust of the nozzle according to Mark’s Hand-
book scales the theoretical thrust by the constant CEY.

A plot of the outlet velocity as a function of reservoir pressure
is shown in Fig. 1. From this plot, we observe that the velocity
of the outlet air becomes a constant once the reservoir achieves
a critical pressure for the choked flow. Figure 2 shows a plot
of the thrust as a function of the reservoir pressure based on
the operational theory for an outlet diameter of the nozzle.
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Fig. 1 A plot of the outlet velocity as a function of the reservoir pressure
based on operational theory
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Fig.2 A comparison of the thrust as a function of the reservoir pressure
based on operational theory for an outlet diameter of the nozzie

3 Experiment Setup and Results

Two quad thrusters, with identical designs, were tested in the
laboratory. A block diagram of the mechanical circuit is shown
in Fig. 3. The details of a single quad thruster are as follows.
A pressure regulator, controlled by a d.c. servomotor, modulates
the input air pressure supplied by the tank. The air then flows
into a distribution manifold with four exit holes. The air flow
through each hole is controlled by a solenoid valve. The air
from these exits is routed to four inlets of a quad manifold.
Each inlet of the quad manifold is connected to an outlet, on
which a nozzle of a desired exit diameter is screwed on.

The two pressure regulators are controlled by two servomo-
tors via a PC 386 using a motion control system. A calibration
is performed between the angular displacement of the servomo-
tor and the output pressure of the regulator. It was found that
the relationship between output pressure and the servomotor
displacement was linear. The eight solenoid valves (four sole-
noid valves per thruster) are controlled by digital output ports
of the PC 386. The thrust was measured by placing the quad
on a balance with an accuracy of a tenth of a gram. As the air
escaped out of a nozzle, the balance provided a reading of the
thrust.

Figures 4 and 5 show experimentally measured output thrust
as a function of the reservoir pressure for two outlet diameters
of the nozzle. The figures also overlay the corresponding data
predicted from the operational theory given in Mark’s hand-
book. From these figures, we conclude that there is a good match
between the experiment and theoretical data for the nozzle of
output diameter 1.58 mm. Also, the experimentally obtained
thrust data is a linearly varying function of pressure. This makes
it convenient for development of control algorithms. However,
for the nozzle of diameter 3.975 mm, there is a difference
between the experimental and theoretical characteristics. Per-
haps, this is attributed to the accuracy and smoothness of ma-
chining of the nozzle. However, the thrust is still a linear func-
tion of the pressure.
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Fig. 3 A schematic of the mechanical circuit of the air thrusters
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Fig. 4 Output thrust from experiment measurements and operational
theory using Mark’s handbook for nozzle diameter of 1.58 mm
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Fig.5 Output thrust from experiment measurement and operational the-
ory using Mark’s handbook for nozzle diameter of 3.975 mm

4 Conclusions

In this paper, we described the operational theory and a work-
ing design of a quadridirectional air thruster for the purposes
of propulsion of free-floating robots. We showed that the perfor-
mance characteristics of this design show a reasonably good
match with the predictions of the operational theory. We feel
that this design is worth reporting to the readers because of its
simplicity and low cost. Further, the authors believe that this
design has great potential for conducting benchmark laboratory
experiments for future space robotics applications.
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A New Family of Parameterized
Polynomials for Cam Motion
Synthesis

Q. Yu! and H. P. Lee?

Introduction

The traditional method to design a polynomial curve uses a
set of boundary conditions to determine the coefficients of the
polynomial. One distinct polynomial curve is obtained for each
set of constraints. As there is no direct relation between the
constraints and the kinematic features such as the maximum
velocity V,, and the maximum acceleration A,, of the polynomial
curve, the rules as how to specify the constraints largely depend
on the experience of designers. To improve and simplify the
traditional design method, a family of parameterized polynomi-
als is introduced in this paper. It consists of four parameterized
polynomials and each of them has one parameter and different
boundary continuity. Their kinematic relations between the ki-
nematic features, such as V,, and A,,, and the parameter are
known. So, a designer can control the continuity of the curve
by selecting different parameterized polynomials in the family
and vary the kinematic feature by changing the parameter ac-
cording to the known kinematic relations. Many well-known
important motion curves are found to exhibit exact or very close
kinematic features with the parameterized polynomial curves.
Moreover, linear combinations of the independent portions of
the polynomials in the family can further extend the flexibility
of motion curves.

The design of the dwell-rise-dwell (DRD) curve is used as
an example in this paper. The acceleration curve is assumed to
be antisymmetrical about the midspan of the rise interval be-
cause the violation of antisymmetric features of the motion
curve will lead to an increase in the maximum acceleration. The
follower displacement expressed in this paper is a normalized
quantity.

The Proposed Family of Parameterized Polynomials

It is known (Chen, 1982) that to maintain the antisymmetric
property of the acceleration of a normalized polynomial, the
displacement is in the following form
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where j and k are positive integers. The variable 6 is defined
for the interval from O to 1. The normalized displacement S is
equal to 1 at the end of the interval.

To keep the antisymmetry property of the curve the following
constraints are adopted: (a) at the end of the rise interval, S(1)
= 1; (b) the order of continuity at the point of 8 = 1 must be
J — 1; (c) the acceleration equals zero at the midpoint of the
rise interval. Therefore, the total number of constraints is equal
to j + 1. A polynomial of form (1) with j + 1 terms will be
sufficient to satisfy all the constraints. To obtain a parameterized
polynomial with one additional coefficient in (1) more than the
number of given constraints, the total number of coefficients or
terms in (1) is k — j + 1 = j + 2. Therefore, the value of k in
(1) for a parameterized polynomial is givenby £ = 2 + 1. To
satisfy all the j + 1 given constraints, similar to the traditional
method, j + 1 linear equations of coefficients can be obtained.
Since there is one more coefficient compared to the number of
equations, every coefficient can be expressed as a linear function
of a parameter, resulting in parameterized polynomials.

Four parameterized polynomials shown in Table 1 are ob-
tained by setting the integer k in (1) to be 5, 7, 9, and 11,
respectively. Higher order polynomials can be obtained in the
same manner. The symbol $4(8) is the 4th derivative of S
with respect to 6. Instead of expressing every coefficient as a
linear function of a parameter the polynomials are rearranged to
consist of a parameter-independent polynomial and a parameter-
dependent polynomial so that the effect of varying the parameter
B can be easily examined. The subscript of the symbol in Table
1 represents the highest order of the polynomial.

The Kinematic Features of the Family

Since a parameterized polynomial in Table 1 has only one
parameter, the relations between some kinematic features of the
parameterized polynomial and the parameter can be shown. The
kinematic features chosen to make the investigation of these
relations are:

(1) the maximum velocity, V,,;

(2) the maximum acceleration, A,,; :

(3) the integral of acceleration square, D = fo A’de,
(4) the integral of velocity square, E = f 0| V2de.

Figures 1(a) to (d) show changes of these kinematic quanti-
ties with 8. The range of 3 in these figures is set to meet the
general requirements for engineering designs. The special points
corresponding to the normalized 3-4-5 and 4-5-6-7 polynomials
are indicated in the figure. A 3-4-5 polynomial is a curve of S
or S, with 8 = 1. A 4-5-6-7 polynomial is a curve of S, or S,
with 8 = 2. The relations shown in Fig. 1 provide a large
number of choices of motion curves for the different require-
ments on boundary continuity and kinematic features.

Table 1 The proposed parameterized polynomials

Continuity Symbol Expressions of the Family a{o0,1]
Velocity S,(6,B) |302-20°-(362-120%+156%-66%)B
Acceleration | S,(0,B) | 208%-6564+9605-7006+2007
-(106%-506+9005-7066+2007)B
Jerk S(0,B) | 10564-5040%+10500%-114007+6300¢-1406°
-(3504-21005+49006-56007+3 1 568-7067)B
St8) $,(0,B) | 5046%-306666+810007-1165568+95206%-41586'0+7566"!

-(1266°-8820+252007-37806%+3 1500%-13866'9+2526'")
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