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| ABSTRACT
In the Department's Human Mobility Laboratory is a
myoelectrically~controlled, hydraulically-damped above-the-
knee prosthesis. Its accompanying hydraulic modulator, which
controls the leg"s behavior, is connected to the electronics
and hydraulic pump with 76 feet of cables.and hydraulic lines.
These currently hang from eight carts which travel on an
overhead track. The carts are noisy, hard to move, and tend
to jam. Replacement of this festooning system with one  using
air-levitated carts was investigated. A working prototype
vehicle was designed,: built, &and tedted. Problems were dis-
covered in the design, and an eéxperiment run to elucidate
them, Design changes are proposed, and the suitability of
the system to- this application, its practicality, and its

economy are discussed.,
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Introduction:

Among the ongoing projects in the M.I.T. Mechanical
Engineering Department's Human Mobility Laboratory is experi-
mentation with a myoelectrically=-controlled, hydrauliéally-
damped ,above-the-knee prosthesis, During experimentafion
with the leg, the amputee test subject walks about in the
room while the hydraulic modulator, which controls the
prosthesis' behavior, is pushed alpng on a cart behind. The
76 feet of cables and hydraulic lines which connect the mod-
ulator to the pump and electronics pays-out accordingly, and
currently hangs Ipom eight little carts that run along an
overhead track. Figure 1 is a sketch of the laboratory
setup.

The problem is that the carts are noisy, hard to move,
and tend to jam. Experimentation in the laboratory would be
greatly facilitated if the present festooning system were re-
placed with a quiet, nearly frictionless one., The new system
coﬁld include servo-driven transport of the cable bundle.

To this end, an air-levitated system has been designed in
which the carts are supported by a cushion of air supplied by
hoses. The concept behind this design, the "air-bearing"
principlel, is the same as that of the Stull-Ealing air track,
a popular Physics demonstration, Compressed'air, escaping
through an orifice in the underside of a body, creates a
cushion of air between it and any smooth, closely-fitting

surface, practically eliminating friction between the two.

1 "Theory of the Air-SupBortgd Puck", W.M. Whitnex,
American Journal of Physics, Vol. 32, No. 4, April 1964
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Designs 8

The festooning system had to meet sSeveral criteria:

Since experimentation in the prosthesis lab depends upon the
continuous, reliable operation of the system, it had to be
simple, with a minimum of moving parts. It also had to. be
quiet and low-friction, as these were the major objections to
the existing equipment. With respect 6 this last requirement,
the payload- and torque-handling capabilities had to be con~
sidered,

In the 76-foot bundle of cable connecting the pump and
electronics to the hydraulic modulator ares two Z-inch hydrauk
ic lines (out and return), and multi-strand electric cable
(for telemetry). One foot of the electric cable weighs 140
grams, a foot of empty hydraulic tubing, 58 grams. The volume
of one foot of hydraulic tubing is 1Zin.iﬂk(%in.)2= 9.42 in3,
Assuming that hydraulic oil has a density of about 15gr./in3,
one foot of each hydraulic line contains 140 grams of oil.
Each of the eight carts holds up 8 feet of cables (the wall
holds up the rest), so the payload of each cart iss,

8ft.X(140gr .+ 2X(140gr.+58gr.)) = 4.27kg. = 9.41lbs,

In addition to this static load and transients in down-
ward force, there are transient:torques which the vehicle
experiences and must counteracts roidil, pitch, and yaw, as
shown in Figure 2.at the top of the next page.

Thought, trial, and research resulted in the design
shown in Figure 3a. It is; in essence, a rectangular

frictionless puck bent around a cylinder. Air, escaping
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Figure 2: Vehicle Forces

through thetwo rows of holes ih the inner surface, creates
the cushion between the vehicle and the track, just as with a
flat puck. We can see that:

+100°

L- Pavgcose r de =F

-100°
where Pavgis the average pressure in the gap, F is the
payload plus the weight of the vehicle, and L is vehicle lengths

Sipce the track is tubular, the vehicle cam roll freely.

Had there been only one row of holes down the center of the
vehicle, when it rolled the holes would no longer be on the
line of vertical force. Hence, to keep performance more
uniform when the vehicle rolled, two rows of hdles were placed
symmetrically. The inner tube wraps éround the‘track more
than 180° (200°) to extend the cushion of air té the sides,
helping to counteract yaw torque. With this arrangement, the

the response to pitch- and yaw-disturbances is analagous to

the disturbance-response of a flat puck; they will be damped-
out,
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Figure 3as Isometric, exploded view of vehicle
' (1em. ¢ 1 in.)

Figure 3bs Orthographic view of inner tube,
showing cutting lines (dotted)

(1 Cm, : 1 ino)
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Since air is supplied to each cart, rather than to the 1
entire track, the only sound from the system should be a soft
hiss. The simplicity of the design speaks for itself, and .
since the gliders have flat, unadorned ends they will not '

interfere with each other.

Constructians:

The vehicle, track, and their parts are shown in full-
scale orthographic projection and in photographs, Figures 4
thréugh 10,

To minimize vehicle weight and facilitade machining,
aluminum was chosen as the material for all parts of the ve-
hicle and track. The vehicle was constructed as follows:
ﬁsing the ways of the milling machine for alignment, the outer
tube was sliced from 12" 0.D. tubing. The end plates were
cut from 1/g" plate and filed to match. The inner tube was
left intact except for drilling the twelve 1/1¢" holes, and
all four pieces were heliarc-welded together. Afterwards, a
section was slit from the inner tube, as shown dotted in
Figure 3b, and the side tab bent out, flattened, and drilledi,
A 3/8" hole was milled into the side of the outer tube. Where
they would interfere, the welding fillets and burn-through
were filed down and polished smooth. The cable hanger brack-~
et was milled from £"-thick aluminum channel.

Assuming an air cushion 1/16" thick, a track diameter of
1" was chosen's A gap this sige would allow room for slight

perturbations in the orientation of the vehicle, and enable it



Figure 4

Vehicle Body
Full Scale
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Figure 5
Cable Hanger Bracket
Full-Scale
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Figure 6

Track Mounting

Full-Scale
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Vehicle, with cable hanger



INTENTIONAL DUPLICATE EXPOSURE

Figure 7: Vehicle, with cablc hanger
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Figure 8: Vehicle, end view



INTENTIONAL DUPLICATE EXPOSURE

Figure &: Vehicle, end view
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INTENTIONAL DUPLICATE EXPOSURE
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Figure 10:Vehicle, track, and mounting



Figure 10:Venicle, track, and

nounting



'to be slipped vertically onto the track., 19
The air inlet is a 3/g" X 1" copper tube whose inner end
was beveled to fit the inpide surface of the glider, the outer
end chamfered, and epoxied in place.
The final vehicle weight was 12 ounces, including the
6-ounce steel cable hanger. For the test, air was supplied

through six feet of 3/8" o0.d. PVC tubing.

Testing:

Perliminary tests with a 125 psi source air supply showed
that the vehicle performance was very sensitive to track dia-
meter, With too sma}l a track, the vehicle did not levitate.
Possible improper and prpper air-flow patterns are illustrated

in Figure 11 below,

; ([
’
\-line of track- k\
vehicle contact to center
No levitation With levitation

Figure 113 Air Flow patterns

To determine the quantitative effects of track diameter
on vehicle performance, the following experiment:was con-
ducted:

Starting with a 2-foot length of 1—1/8" 0.D.X ,065" wall



alumihiim tubing, 9 thousandths of an inch was tuned from the 20
diameter. At this point the "test track" fit snugly inside
the vehicle, and AD, the minfmum track-vehicle clearance, was
gero. The diameter was reduced by another couple of thou-
sandths, and the glideris performance tested., These diameter
reduction = testing cycles were continued until the track's
diameter was so small that the glider no longer floated with
no payload and maximum air flow. The experiment's setup is

shown below, in Figure 12,

. f = tan(arcsin(h/g))

Figure 123 Vehicle Test Setup

e —— g ———— r—

The vVeRicle—track coefficient was found by slowly tilt-
ing the track until the glider began to slide. Tha.coeffieio
&iefit of friction,f, was calculated from the elevation of the
lifted end,h, and the length of the track,L.

Withwthé%véhiéléPruﬁh$ngaat‘fﬁlltairlfiowirthé“preésure



at the air inlet tube was 10 psig, indicating that the systemz21
was supply-line-loss limited. By head-loss calculations
(see Appendix), the maximum flow rate, at 70°F and 50psi, was

found to be 1.4 ft3/sec.

Results:

Phe first graph, Figure 13, shows how the supply flow
required for leviitation varies with diameter difference ("AD").
As expected, more flow is required with a larger gap between

vehicle and track.,

| Looking at the second plot, Figure 14, one sees that

. although the vehicle is in contact with the track in the range
(26%aD<35), the air flow still reduces the normal force and
consequently the friction between the two surfaces. This air-
cushion effect naturally diminishes as AD increases, until f
is constant at the same value as when no air is'flowing, 0.24,
With a payload of 2% lbs., the loss of air-support occurs at

a much smaller AD, 23 thousandths.

The third graph, Figure 15, shows the vehicle's response
to pitching torques, with&D = ,010", These measurements were
obtained by hanging a weight from a rigid arm fixed and paral=
lel to the glider body. Note:that f is still fairly low for
a torque of 0.25 ft-1b., Yaw torques, much smaller than
pitching torques since the cables can swivel about the vertical
axis, are handled similarly.

During the experiment I observed the following phenomena:

First, when the AD: was less than 008", any dust or dirt on
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Figure 15: Friction coefficient,f, vs, torque

'the track interfered with the vehicle's motion, resulting il a
very high f. Seconﬁ, even with full air flow the glider would
not support more than five pounds payload with a D as small
as .008"™, Third, the test track's larger diameter limited the
vehicle's vertical motion (because the vehicle"s inner tube
wraps around more than 180°), Henée, if the air flow were too
great the glider would rise uhtil]l i%s bottom edges met the
track, while if it were too little there would be no levitatim,
as shown in Figure 16 at the top of the next page. The vehiel
cle's floating free required very careful adjustment of the
air~"fiow to the load. This effect was smaller when there was
a load of 1 1b, or more on the vehicle, bf when a small pitch-
ing torque was present, Fourth, when the vehicle was floating
without touching -the track,the coefficient of'friction was

constant, iregardless of track size or payload, at about 0.013.
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Insufficient Excessive
flow flow

Figure 16: Modes of "bistable" vehicle behavior o
At the beginning of the experiment the vehicle was test-

ed with the track supported along its entire length by a riggﬁ

angle iron, and with it supported only at the ends, No differ=-
ence in performance was noticed, Hence, track deflections of
the magnitude normally encountered wiil probably have little:

or no effect on the vehicle.if AD is in the optimum range of

8 = 12 thousandths.

Conclusionss

The experiment described: above pointed to necessary de-
sign changes., First, &D should be between 0,008" and 0,012",
This will asSure good iift, allow room for track imperfections
and dirt, and provide a cushion to counteract pitch and yaw
torques, Since it would be difficult to machine 60 feet of
tubing to-'a tolerance of *0.002", the best method of accurate-
ly setting the gap is to bore out the inside of the vehicle's
inne# tibe before welding. To avoid the bistable levitation
situation shown in Figure 16, and to allow the levitation

height to self-adjust to the load, the vehicle should not



wrap around the track more than 180°, The payload capabilily 26
can be increased in either of two ways: boosting the supply
pressure (and hence the flow), or augmenting the air-cushion's
areals The latter is accomplished by increasing the vehicle's
length, or inside diameter, or both., If the present prototype
were doubled in length it would support ten pounds payload,
slightly more than required. Though thé.change in diameter
necessary to achieve the same result must be determined by ex-
periment, on the basis 6f area a factor of 2 might be adequate.
For examﬁie, a vehicle running om a 2%"-diameter track might
have twice the payload capacity of the prototype.

In setting up the system of eight working vehicles, one
must consider whether to connect their air suppi’ es in series
or paralled, as shown below in Figure 17. If they are in
series, the vehicle inlet pressure will be lower for a vehicle
farther from the source, unless the supply line is large enough

to act as a plenum rather than a contributor of head loss from

Parallel

Figure 17: Series and parallel hookup of air supply
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one inlet to the next. The parallel arrangement avoids this 7
problem but is clumsier, as the vehicle closest to the source
must carry eight air hoses, the next one seven, ahd 86" on.

Alignment of adjoining ends of the yEQfoot tubes which
will compose the track will be insured'ﬁ& inserting a close-
fitting bar at the joint, as shown in Figure 6.

The final consideration is money¥. The costs of the sys-
tem are itemized Below. “

Tracks:s 60' of 11/8" 0.D.x,065" wall alum. tubing: $48

Supportss 3' 5"x 13/4“-deep alum, channel: $9
Vehicles: 16' 13"x,065" alum. tubing: $14
16' 14"x,.065" alum. tubing: $17

PVC tubing and other parts, approx.: $30
Welding, without volume discount£8x$35=$280
Total:  $398

Operation will cost nothing, since compressed air (125 psi)

is already piped ihto the 1ab.

For comparison, a 60-foot Stull-Ealing Air Track alone would

cost about $4600, and probably would not be adequate.
Consideringsthe extent to which the prototype met the

design criteria listed earlier,ithé.conclusion of this

thesis is that an air-levitated system would work very well,

and would be economical to build and to operate,
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"__Appendixz

In the line between the storage tank and the air out-
let used in the experiment,ares 76 feet of 5/8" D pipe,
6 T-joints (all flow though branch,,equivalent length = 60D),
and two wide-open gate valves (equivalent iength of each =
13D).

Conservation of ernergy tells us:

bpfe - VZ/2 = £-1 /D V2/2
110-10 = 100psi , @ = .002378 slug/ft3, f = friction factor.

AD
D = 5/g"+12in./ft. - L/D = 76%96/5 + 360 + 26 = 1845

The energy equation yields, upon solving for Vo,

%= [‘éz'%?m';'ﬁ] %

The friction factor f is found by trial-and-errors: a value
~is tried, V;found, the Reynolds number calculated, and the
corresponding value of f found on the "smooth" portion of a
Moody diagram. This is repeated until the values of f ,
seieéted and obtained, match.
Results: f = .015, Vi, = 650 ft,/ sec. = 1.38 ft3/ sec.,

for 5/8" dia. pipe.= maximum air flow.
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