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Abstract

This thesis is a presentation of the sequence of ideas, iterative changes and challenges
encountered in the process of designing specific components for two different personal
exercise machines. These machines function partially submerged in a swimming pool
environment and will be commercially manufactured by a new start-up company in
Knoxville, Tennessee. They are expected to be of world-class design and construction. A
number of different components of these machines were designed by the author with the

aid and oversight of Drs. Speckhart and Wasserman, and the difficulties and successes of

the main ones are presented here.
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Chapter 1

Introduction

The design tasks presented in this thesis attempted to solve problems which to the author’s
knowledge had not previously been undertaken. The overall project involved the design,
development, and prototype manufacture of two entirely new pieces of exercise equipment.
The project was undertaken via a contract between the University of Tennessee and the prin-
cipals of a company formed for the purpose of commercializing the venture, HydroForce,
Inc., headquartered in Basalt, Colorado. These machines are to be used in recreational
and rehabilitative swimming pool environments for both pleasure and restoration of mus-
cle function to individuals with diminished abilities. Figure 1 shows both machines, from
the Internet site of the company, at www.hydro-force.com. Development of a product de-
sign specification illuminated problems not normally encountered in the manufacture of
exercise equipment: the environmental parameter of water submersion established mate-
rial requirements which do not exist for land-based units; all materials had to be able to
survive and function satisfactorily in very corrosive chlorinated pool water. This meant all
metals used had to not only withstand submersion indefinitely but also be cost-effective for
the machines to be commercially competitive. Metal choices were thus limited to stain-
less steels, aluminum or brass; all aluminum had to be anodized as the pool environment
proved to be too corrosive for the unprotected base metal. Even one zinc-plated carbon steel
bracket was unable to withstand the corrosivity of the water and had to be replaced with a

plastic one. Various plastics were used, the primary ones being acetal for its low moisture
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AquaCruiser ™

Tre AquaCruiser™ is a pure
water machine. From the
comfort of the seat fo the
cooling effect of the water, the
cruiser is nothing but smeoth at
every level of resistance. You
teel the comfort of the water
around you and a steady
resistance against your legs.
With the HydroForm™ pedals,
you naturally power completely dan TR

around the pedai stroke for a ?r?uav?;l;?'fcr c?fn‘;‘azﬁ? out of
superior leg workout. The y X dadiakivs
cruiser has a gentle motion that
makes it teel right when you
pedal, and it's display
challenges you want to ride
harder.

w8 Hydroforce ™5
““ForABetter.. . ~.
™" Life On'Land™™

AquaSlider ™

The AquaSlider™ offers
comfortable, aerobic and
muscle strengthening exercise
while keeping the stress on
joints at a minimum. The
reduced weight on your legs
and the ease of the sliding
motion enhances and
challenges your workout. The
HydroForm™ poot system ™
genuy grips your teet as you AquaS‘hdc»! cigpiayed out of the
begin, and you have the ability ~ ater for ciarity only.

10 determine the type of training
and resistance you desire.

Figure 1. The “AquaCruiser” and “AquaSlider”, from HydroForce, Inc.’s internet site
absorption and inherent lubricity, PVC (polyvinyl chloride) for its low price and favorable
structural qualities!, and some nylon. UHMW (ultra-high molecular weight polyethylene)
was used for the sandal supports on the “ski” machine. An additional design constraint was
the necessity of keeping production costs low. It was intended to produce a few units ini-
tially, scale the number up to about 250 for each machine, then based on orders received
from early sales efforts to begin full scale production of an unknown number of units. This

approach prevented the use of such high-volume cost-effective part production methods as

Information on PVC piping can be found on page 53 of the appendix.
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injection molding, blow molding or rotational molding for plastic parts, or casting, forg-
ing, heavy machining or others for metal parts. All parts were thus designed in ways which
would involve a minimum of processing and labor. This was a serious constraint since a
problem which might easily be solved with a high-volume design was not feasible with this
method. Other important considerations were those of customer comfort and satisfaction
with the equipment. The customer here not necessarily being the end user, but since these
are relatively expensive machines, the health clubs and spas which are forecast to purchase

multiple units. These customers will have different requirements for satisfaction than an

individual user might.

The product design specification was then:

e Low material cost

o Ability of construction materials to survive in the corrosive environment

e Low production cost

o Cost-effective fabrication methods using small initial production lots

« Ability of materials to be lubricated either by the water environment or molecular com-
position

o Long life (5+ years)

e Minimal maintenance requirements

o High user comfort

» High customer satisfaction with equipment

o World-class look, feel and function

¢ User-friendly controls

e Minimum number of parts

¢ Non-polluting materials

» Light-weight materials to reduce load on pool decks

Two machines were initially designed and built, one simulating a cross-country skiing
exercise and one simulating a bicycling exercise. Both machines were designed to use the

cooling, hydraulic, lubricating and buoyant features of water to provide their function. Both



use hydraulic pumps to provide resistance to the user’s muscle action: the “ski” featuring
piston-type pumps and the “bike” featuring a turbine pump. Both of the machines have a
pair of unique self-adjusting foot-holding devices which maintain positive placement of the
user’s foot in comfort, while providing quick release when exercise ceases. Development of
this foot-holding device proved to be the most difficult part of the entire project. It was this
area of design and development for which the author was initially engaged on the project
and it was here he devoted the majority of his efforts. Although this was the primary area
of responsibility, the author was involved in the design of many other components for these
two machines, hence the title of this thesis. Throughout this thesis the author refers to the
team rather than himself, since this was a team effort even though the author was primarily
responsible for the items covered here.

An unforeseen factor in the design and development process was the continued interac-
tion of the company owners and the changes in components due to changes of mind as to
how the project should proceed. This was not necessarily negative, as the author believes
the overall quality, function and appearance of the product improved substantially as a result
of their personal involvement. There were considerable delays in the development process
due to this interaction,however, and to the fact the owners were not continuously on site.

While it is certainly not a new concept, it proved very instructional to the author to
observe that after all iterations had been exhausted, the simpler designs generally proved to

be the best, both in function and appearance.



Chapter 2
Development of a Self-Adjusting Footpiece

1  Proof of Concept

By far the most difficult design challenge encountered both by the author and his team
members was the requirement to provide a foot-holding device which could be used on
both exercise machines (as well as possible future others). This device was required to
function without having to be physically manipulated by the user (since this would probably
require the user to have his/her head under water). It would hold the user’s foot securely
during exercise and would release swiftly upon cessation of exercise. This would allow
extraction of the user’s foot and prevent any panic sensation on the user’s part should he or
she desire to extract their foot and be unable to. In addition, the device would be required
to accommodate a wide range of foot sizes, from a small female to a large male.

An early decision was made to use an inflatable bladder of some type, if this could be
made to work, as it was believed this would provide a tenable solution to several of the
design problems. The use of an inflatable? bladder would allow for accommodation of a
range of foot sizes, would possibly allow rapid filling and exhausting, would be inexpensive,
and by proper design would have good appearance and long life. Because many of the
design challenges presented here had not been attempted previously by others, there was

no existing body of information to draw on and many of the specific requirements such as

2 The term “inflatable” is used for brevity; there are no actual gases present as the bladder is filled with fluid.
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flow into and out of the bladder had to be estimated or approximated. Some information
was available on foot sizes [1], and several different types of beach sandals were examined
as starting points for a design of the “shoe”. Additionally and more importantly from a
design standpoint, the very nature of the problem prevented the creation of an analytical
model due to the many unknown factors involved. A good analytical model would almost
certainly have speeded up the design process by eliminating much of the trial-and-error
effort. Figure 2 shows the first actual prototype built, which consisted simply of a bladder
attached to a wooden platform. This was designed to test whether a suitably-sized bladder
would perform the desired functions. The test was deemed satisfactory, and it was at this

point that the author became involved with the project.

Figure 2. The first footpiece prototype, built to test the concept of an inflatable bladder



2  The First “Sandal”

The author’s first design attempt, shown in figure 3, involved constructing a foot covering
of 70-denier nylon, coated on one side with polyurethane (a standard bladder material), with
a somewhat rigid polypropylene insert between the bladder layers for structural support, and
attached to a wooden foot-shaped base to simulate the desired device. This bladder had a
single fitting for both inlet and exhaust but was otherwise a sealed chamber.

This design was crude, but was of the general size and shape necessary and although
unsatisfactory, did provide a reasonable range of adjustment for holding various sizes of

feet. This range of adjustment problem cannot be overemphasized, as it involved not only

entire covering is an
inflatable bladder

Figure 3. The author’s first attempt at designing a self-adjusting footpiece



a problem of adjusting for length, but of adjusting for height and volume as well. If the
heel is taken as a reference point, as was done on the “ski” machine, then there is an infinite
variety of possibilities for the volume displacement necessary to accommodate even a few
different sizes of feet, not to mention the full range of sizes necessary for this application.
The requirement ranged from provision for a small female foot to a large male foot. The
volume displacement spoken of here refers to the product of the distance from the underside
of a necessary upper restraining piece to the supporting upper surface of the lower platform,
the distance from the front-to-rear portion of this same piece, and the distance across the
width of the platform, all of which are continuously varying with different users. This first
attempt by the author was totally unacceptable to the company’s owners, for reasons of

appearance and feel, and a different direction was taken from this point.

3  Combined Bladder and Strap Design

The team, consisting basically of the author’s two main committee members, the author,
and the company’s owners, decided to attempt the use of a strap in conjunction with a base
of some type to support the user’s foot both laterally and vertically. It was also decided to
split the design into two separate ones as the ski machine required a heel support of some
type whereas the bike needed a position locator in the area of the ball of the foot. The pumps
used to fill the bladders also differed by machine, and it was unknown at this time whether
a single bladder would function in both situations.

It was at this point that the first strap design was executed. This consisted of a double

chamber, which offered the ability for relatively large displacements perpendicular to the



longitudinal axis of the bladder, with separate intake and exhaust ports at either end of the
bladder. The two chambers were connected internally to allow flow between them. The
two-chamber bladder is shown in figures 4 and 5.

A problematic area of the entire bladder design and implementation was that of deter-
mining the correct amount of outflow bleed allowance. This was necessary to achieve the
rapid release of the user’s foot when exercise stopped. Flow at the beginning and during the
exercise had to be sufficient to overcome a constant outflow which would in turn have to
be sized so as to allow rapid collapse of the bladder when this flow stopped. As it was not

possible to calculate this, it had to be determined by experimentation. This was done

Figure 4. Two-layer construction of the second bladder



Figure 5. The two-layer bladder inflated

initially by using a small petcock on the output to restrict flow. There being no practi-
cal way to determine the required orifice, however, the author measured the pump output
and pressure experimentally and then vused this information to duplicate the bladder perfor-
mance with a sized orifice (a comfortable user pressure within the bladder was on the order
of approximately 2 psi). This occurred almost by chance, though, as the ultimate solution
was to use a small brass reducer (shown in figure 6), originally intended to connect two
different sizes of tubing. The smaller opening of this reducer happened to provide a suc-
cessful solution to the problem. This brass piece will probably be replaced at some point
with a simple plug, drilled to the correct bleed orifice, if this can be done less expensively

than purchasing the commercially available reducer.

4 Rigid Formed Base Design

The successful two-chamber strap design was next attached to an ABS plastic platform
used as a base for the bike pump. Development of the ski system was delayed pending a

successful test of the bike piece, as the plumbing hookup was more complicated on the ski
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Figure 6. The brass tubing reducer used as a bleed orifice

since the footpiece moves relative to the pump, whereas on the bike the pump and footpiece
are one unit. The bike pump (shown in figure 7) was fully functional and consisted of a cam
attached to a shaft rotated by the user’s pedaling action, a piston actuated by the cam and
returned by an internal spring, and two check valves to direct the pump flow. This strap
design was tested satisfactorily, but its appearance and physical feel were less than desired.
It was decided to cover the bladder/strap with a fabric material in an attempt to improve
these areas, and this was done, but presented other problems. A major concern was how
to make the functioning device have both a pleasing appearance and be comfortable in use.
The uncovered material of the bladder had an undesirable tendency to pinch the user’s foot
and was not particularly appealing to look at. Covering the bladder improved the feel,

but presented additional problems of how to cost-effectively manufacture and assemble the
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_ actuating
| cam

Figure 7. A later two-piston pump showing the two check valves and connections
device. The bladder would be obtained from a bladder manufacturer and would have to be
inserted into the fabric sleeve. This sleeve would then have to be attached to the footpiece
and the edges trimmed somehow for appearance. These problems of fastening, assembly
and trimming were not thought to be simple enough to solve at this point, and a different
direction was taken. As it later turned out, this design was relatively close to the final
approved product.

Primarily for purposes of appearance and comfort, it was next decided to fabricate the
footpiece base as a vacuum-formed part and attach the strap through slots in the surface of
the piece. A local sign manufacturer was consulted for feasibility and agreed to fabricate
some test pieces for the team (see figure 8). These were made of ABS plastic sheet, 3/16-

inch thick, and formed over a handmade mold of the author’s construction. The result was

12



Figure 8. Vacuum-formed base with strap and later toepiece. The strap insertion slots are not shown here.

a base which was reasonably appealing in appearance, was comfortable, and lent itself to at
least hiding the attaching edges of the bladder/strap. New bladders were constructed, fabric
covers made, and the whole assembled to the vacuum-formed base. The sides of this base
piece were raised about 1/2-inch to provide lateral support, and it was through these raised
edges that a slot was cut for insertion of the bladder.

A remaining problem of this particular design was that of how to trim the portion of
the fabric sleeves adjacent to the edges of the insertion slots so that they would have a
finished look. The entire vacuum-formed piece with attached strap was solvent-welded to
a supporting baseplate of 1/2-inch ABS plastic, which was in turn fastened with screws to

an angled metal plate on the ski machine. This particular iteration was not tried on the bike,
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but it was felt that the method of attachment would be the same, since the bike pedal pump
unit was essentially a flat platform on its upper surface. This points out another problem
encountered, that of simultaneously attempting to design and develop two different pieces
at the same time. This led to some confusion during discussion in meetings, but did not

seriously hamper the overall development process.

5 The “Frankenstein Boot”

At this point, it was determined to attempt covering the entire front of the “shoe” in an
effort to simplify the various problems encountered with the strap design and its appearance.
This was a major departure from the previous design, although it was not seen to be so at
the time, and resulted in much wasted time and effort. Another vacuum-formed piece was
constructed by the author using a small fabrication unit recently purchased by the university
for experimental purposes. This piece was attached to the prior vacuum-formed lower piece
by solvent welding. Rather than using the strap with this change, it was decided to replace
it with a pouch-type bladder of a larger contact surface which would essentially cover the
main portion of the underside area of the upper toepiece. New bladders were constructed of
the same 70-denier nylon as the very first attempt, without any reinforcing material and of a
single stage, since the increased lateral area of the larger bladders would give an equivalent
or better downward displacement compared to that of the two-stage narrower ones (figure
9). The new bladders were made with the inlet and outlet ports such that they would protrude
through the top of the toepiece, and angled so as to hold the bladders in place. This complete

change in design of course brought on an entirely new set of problems. There was now
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Figure 9. The small 70-denier nylon bladder inflated
good displacement of the bladder over the required range of operation, but the hard surface
of the ABS plastic made the entire footpiece less than comfortable. There was also a new
problem of trimming the edge of the upper toepiece so that the bladder would remain in
position and so that it would not be visible. The author felt it would be feasible to solve the
comfort and trim problems with an insert of some rubberized material, and proceeded in
that direction. Construction of this insert was the most difficult fabrication encountered by
the author on this project. A three-piece mold was made of Hydrocal, a professional mold-
making material similar to plaster of paris, and a two-part silicone rubber (General Electric
RTV 866 A & B) was used to fill the mold (figure 10) and produce the rubber inserts (figure
11). A reasonably good simulation was obtained by this method, though air bubbles induced
into the silicone rubber material during mixing and pouring caused numerous voids in the
finished parts. Nevertheless, the inserts were placed in the vacuum-formed shells and tested

on the equipment. The function was better and the rubber did serve to trim the exposed
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Figure 10. The mold used to make the rubber inserts

Figure 11. Vacuum-formed base with toepiece, with bladder and rubber insert in place
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areas to some degree. The appearance of these pieces, however, was again unacceptable
to the company owners, with good reason: they were referred to by team members as the

“Frankenstein boots”.

6 Re-evaluation, the Snap Sandal Design

It seemed to everyone that the design was going in the wrong direction, and an intensive
session with the major participants yielded a decision to return to a simpler sandal type
design. The team decided to attempt making a lightweight sandal designed around the more
square bladder used in the previous enclosed footpiece. A sandal was constructed by the
author and David Michael, another engineer on the team. This design consisted of a flat base
which was foot-shaped in plan view, with a flat surface, and made from 3/8-inch sponge
rubber with two thicknesses of 1/4-inch thick sponge rubber forming a strap. Within the
two thicknesses of 1/4-inch thick rubber was placed the bladder from the previous design
iteration. The base was adhesively mounted to a 1/4-inch thick piece of ABS plastic for
structural support. In appearance this was nothing more than a simple beach sandal (figure
12). The comfort level of this piece was the best yet, and the bladder functioned well within
the sponge rubber. One problem was the very low tensile strength of the rubber, which led
to failure on testing. The failure was due to the user having a tendency to raise the heel of
his foot when moving the ski track rearward. This action caused the sandal strap to separate
from the base due to a lack of material strength.

This general effort was felt to be a major step in the right direction, however, and it was

decided to pursue this foam rubber approach. This was not entirely coincidental as a poly-
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Figure 12. The “beach sandal” design, which proved to be in the direction of the final result
ethylene foam fabricator had previously been contacted with respect to producing padded
components for other areas of both machines. It was felt additional pieces directed to this
manufacturer would give better overall price negotiating advantage. Another problem was
that the bladder tended to displace the foam strap equally outward away from the foot as
well as inward toward the foot. It was obvious the efficiency of the bladder could be im-
proved by limiting this displacement to the inward direction. Various methods of doing this
were discussed with the team and experimented with by the author. The first attempt used a
plastic scrim, a material which is best described as a screen with large spacing between the
adjacent filaments, similar to common window screen, but of plastic and with large holes.
This material was heat bonded to a piece of the polyethylene foam and used as an outer
support. The attempt was less than satisfactory as the available material was more rigid
than necessary and presented additional difficulties in having it encapsulated within layers
of foam. This overall design also had no provision for a heelpiece for ski usage or forward

locator for bike usage.
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The sponge rubber sandal design was improved by moving the bladder inlet and outlet
away from the top center of the strap to positions at either end and reshaping the bladder to
best gain advantage of the sandal design. A new footpiece was made up using polyethylene
foam to best simulate what might be expected from the commercial fabricator. Two layers
of 2 Ib density, 1/8-inch thick foam were used to construct a strap enclosing the redesigned
bladder, and a single piece of 1/2-inch thick 4 Ib density foam was used to make the base
(figure 13). The bladder was covered with a sheet of nylon fabric cut to the proper shape
in order to give the strap the structural properties lacking in the previous design. The nylon
also served to prevent the bladder from expanding outward away from the foot, as the nylon
layer extended beyond the bladder into the area of attachment of the strap to the base. This
allowed the bladder to expand into the unrestricted space above and toward the foot, but

prevented it from expanding outward away from the foot. Identical straps and bases were

Figure 13. Foam strap sandal with nylon bladder insert and snap attachment
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made for both the bike and the ski to keep the overall design and development process
moving in parallel. Polyethylene foam is not readily bonded by most adhesives, so an edge
trim of nylon bias tape was sewn completely around the strap edge for appearance and
binding of the edge. Bonding of this foam is done by the commercial fabricator using heat
provided by an oven to partially melt the layers of foam together. The process is carried out
within a mold made to the desired finished shape into which the necessary layers of foam
are placed, then the whole is placed into an oven at approximately 600° E The process is
controlled so that the foam itself never goes much above 250° E This strap was attached to
the ski platform and to the bike pump housing with common metal clothing snaps.

This design worked very well and was considered to be acceptable in feel and function,
though not in appearance or ease of production. The owners additionally did not want to use
any type of metal snap, even stainless, as their previous experience with these fasteners had
been unfavorable. Their experience had been that this type of fastener tends to tear away
from the fabric it is attached to, and also tends to lock up with time, preventing easy disas-
sembly. Some research into the area of bonding polyethylene foam was done by the author
and an effective adhesive was located which would provide a flexible bond, remain strong
when submerged, and give a bond as strong as or stronger than the foam itself. This adhe-
sive (Eclectic Products E-6000)° [2] did indeed work very well, and was used successfully

on the final design prior to release to commercial manufacture.

8 Manufacturer’s advertisement for this material can be found on page 54 of the appendix.
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7  Final Successful Design

The final successful strap design consisted of a shape-optimized bladder (figure 14),
with inlet and outlet ports moved rearward as far as possible, inserted into an adhesively
bonded foam sleeve constructed of an outer layer of 1/8-inch thick 4 Ib density polyethylene
foam and an inner layer of 1/4-inch thick 2 Ib density polyethylene foam. The bladder was
constructed such that the material of the bladder itself, being nylon, provided the necessary
tensile strength to prevent the foam pocket from tearing when force was exerted on it by
the user. This was achieved by designing the bladder with extensions on either end through
which a 1/4-inch diameter PVC rod could be inserted for retention of the bladder. This
bladder was also chambered to prevent the previously encountered kinking of a single large
chamber on filling. This allowed the bladder also to conform better to the shape of the user’s

foot, as the bladder chamber separations were designed to allow the bladder to flex without

Figure 14. The final bladder shape, in 70-denier nylon, deflated
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kinking at natural points of bending around a user’s foot (figure 15).The retention rod with
bladder attached was inserted into a slot formed parallel to the axis of the rigid base of the
sandal support. This slot had a hole large enough for the rod and bladder to pass through,
but its open upper side was made smaller than the diameter of the rod so that the rod could
not pull out of the slot in a direction perpendicular to that of its insertion; i.e., a keyhole
(figure 16).

An industrial designer was utilized to achieve a professional look to the overall piece,
and the final result was very appealing and functioned as designed (figures 17 & 18). An -
insert of approximately 1/2-inch thick molded foam was used as the lower part of the sandal,
with a heel support piece molded in for the ski machine and a toe locator piece molded in
for the bike. These molded pieces were simulated on the prototype by machining them on

a CNC mill from a rigid foam used for prototyping purposes. The edges of the slot for the

Figure 15. The final bladder, inflated. Note individual chambers connected by cross-flow channels.
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Figure 16. Cross-section view of the sandal base showing the formed slot for the upper strap attachment

Figure 17. The final footpiece prototype. Note toe locator strip near front and trim piece around perimeter of
footpiece, which hides all connections.
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Figure 18. Side view of final design. bottom section is a trim piece to hide internal elements.

bladder attachment rod were trimmed by covering the entire outer edge with a piece of
ABS plastic machined to simulate a vacuum-formed part for this purpose.

The simplicity of this design lends itself to cost-effective commercial manufacture and
will almost certainly be more robust for the same reason. The tubing attachments to the
bladder were chosen to be push-on connectors* for ease of assembly. While these connectors
are more expensive than others, it was felt by the author that the labor savings of using these
as opposed to cheaper threaded fittings would more than offset their additional cost. Further

analysis may prove this not to be the case, but as far as ease of assembly is concerned they

4 Manufacturer’s information on these connectors can be found on page 55 of the appendix.
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are very efficient.

The greatest difficulties encountered in the transition from earlier designs were the prob-
lems of how to enclose the bladder in an attractive covering of some type, how to fasten the
bladder and/or covering to the base of the footpiece, how to provide for filling and purg-
ing the bladder with hidden lines, how to trim the edges of mating pieces and how to make
the whole piece strong, comfortable and adjustable. An attempt was made to have the foam
fabricator mold the bladder and covering in one operation, but this failed due to melting of
the bladder inner surfaces to one another. The fabricator suggested using a removable insert
to mold the bladder enclosure as one piece, into which the bladder would then be inserted,
relieving it from the necessity of being exposed to high oven temperatures. The same prob-
lem of melting was also encountered when attempting to have the PVC rods molded in.
Several iterations of strap retention were explored prior to the final choice. The dilemma
was how to make the assembly process feasible and inexpensive. This required simple so-
lutions, with a minimum number of both parts and assembly steps. The entire process of
this final design took approximately one year, though work was on a part-time basis. Since
much thought was involved in the design process as well as actual construction, it is ques-
tionable whether this process could have been speeded up considerably by a full-time effort.
The generation of ideas and their natural iterative improvement with regard to a given de-
sign often takes more time than the actual construction, as this thinking process simply takes

time to incubate.

Additional plumbing issues for the ski machine will be discussed in the following chapter.
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The plumbing for the bike simulator was relatively simple, since the sandal was attached

directly to the pump itself. Figure 19 shows an exploded view of the final combined sandal

and pump design for this machine.
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Figure 19. Exploded view of parts and assembly for the final bike pump sandal
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Chapter 3
Development of a Functional Resistance Mechanism for the

“Ski” Machine

1 Plumbing Considerations

The original concept of operation for the ski machine provided for a simple piston pump
operated by the back-and-forth leg action of the user. It was intended to use commercially
available and inexpensive common PVC water pipe for all plumbing. The first execution
of this design involved using a specially-designed valve to both direct the flow of water and
provide a variable resistance to the user’s efforts. This valve incorporated an o-ring which
was forced to slide on a machined slot, a condition determined to be detrimental to the life
of the o-ring. There were also problems sealing the valve portion and easily manipulating
the valve position. This was the point the author became involved with the project, and
together with the other team members, it was decided to see if it might be possible to pro-
vide the functions of flow direction control and flow restriction control using commercially
available plumbing pieces. A flow schematic was drawn and parts purchased to accomplish
this using one-way check valves for directional control and a ball valve for flow restriction.
The piping was all sized to 1-1/2 inch diameter I.D. The action of the system was provided
by a piston rod of PVC pipe, with a piston head made from an end cap and machined for
proper fit within the outer cylinder (1-1/2 inch LD.). The piston head was also grooved to

accommodate a rubber o-ring. The opposite end of the piston rod was attached to the user
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footpiece and moved as the user took strides forward and backward to simulate the skiing
exercise. This system was plumbed on the first prototype and tested in the university pool.
No plumbing to the sandal bladders (or even the bladders themselves) was in place at this
time. This system worked reasonably well in that it provided the necessary resistance and
was controllable by the valve. The check valves® were connected and oriented such that
the flow of water was directed from one cylinder into the other, and then back again, as the
user operated the machine. The ball valve was placed in this flow to restrict the entire flow
both forward and backward (the final plumbing layout is shown in figure 20, and does not

differ significantly from the initial effort).

2  Flow Control Problems

The main problems plaguing the development were non-linearity of the ball valve oper-
ation, fit of the pistons to the cylinders and check valve operation. It should also be noted
here that much of the testing was of a subjective nature regarding feel of the operation of the
machine to the user; no instruments were connected to the machine. As it turned out later
when some pressure measurements were taken, the back-and-forth operation of the machine
and inability of a user to provide a continuous motion prevented the taking of any particu-
larly useful machine data (data was successfully recorded regarding the user’s heartrate and
O, consumption). The problem of the ball valve non-linearity was addressed by research-
ing the existing literature regarding hydraulic valve operation, and yielded through further

discussion with valve vendors the fact that there are almost no inexpensive solutions to the

5 Information on the final specified check valves can be found in the appendix on pages 56 and 57.
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Figure 20. Schematic of the ski machine plumbing layout. This does not show the pistons, which operate within
the cylinders.
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problem. Plastic globe and other ball valves were tried, as well as a needle valve, but all
were either too flow restrictive, expensive or non-linear in operation. A solution was fi-
nally found in the use of a brass butterfly valve which, though non-linear, provided a large
enough linear range of operation through partial use of its total range. This amounted to
using approximately half of the valve’s possible range of operation. The non-linearity of
the control valve’s operation presented a problem in that it prevented the design of a simple
means for the user to easily move from one resistance setting to other incremental settings

which would provide a linear response to the user’s exercise efforts.

3  Pump Difficulties

The problem of feel was mainly one of properly locating and orienting the check valves
and correcting o-ring sizing problems. The number of check valves was reduced from a be-
ginning count of three to only one in the final design. The purpose of these was to provide
for filling of the system and flow between the cylinders; it was determined through experi-
mentation that only one valve was necessary to fill the system, and this due to the fact that
this was a closed system. The piping size was reduced as the design developed and the fi-
nal design used 3/4-inch schedule 40 PVC as the pump cylinder, with the piston rods being
3/8-inch schedule 80 PVC. The piston rod diameter turned out to be the restricting factor in
this size reduction, as this piece is a long thin cylinder which is subject to buckling under the
stresses of operation. This problem was never actually encountered, but was anticipated and
corrected by inserting a solid rod of 6061-T6 aluminum into the open center of this piece as

a preventive measure. Earlier pistons had o-rings which fit too tightly to the cylinders and
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caused excessive friction and wear of the ring. Even though o-ring manufacturer’s guide-
lines for the sizing and choice of materials for this application® [3] had been followed, the
tolerance variance in the PVC pipe 1.D. caused sizing problems. This inconsistency of di-
ametral tolerance exists between individual pieces of PVC pipe, whether from the same or
different manufacturers’ [4]. It was decided that there was no cost-effective way to easily
overcome this problem, and the best solution would be to inspect the pipe prior to purchase
and measure it for acceptable tolerance. It was also discussed that this could be accom-
plished by requiring the pipe vendor to pre-select shipments; this was verified with a local
vendor as a possibility. Another possible problem with the use of this pipe in this applica-
tion (for which it was never intended) is that of the existing waviness and roughness of the
interior walls of the cylinders causing excessive wear of the o-rings. As of the date of pub-

lication of this thesis this has not been determined, but life testing of the entire machines is

scheduled.

4 Connection of the Pumps to the Sandal Bladders

On the ski machine, since the sandal bladders were moving relative to the pumps, a
condition which did not exist for the bike, it was necessary to design and develop a means to
provide a flexible connection of some type which would allow this movement. The author’s
first attempt was a “Rube Goldberg” type apparatus which externally suspended pulleys
from the machine’s upper frame by a length of wire. Flexible tubing was directed around

these pulleys and the pulley motion controlled by springs also attached to the machine frame.

6 These specifications can be found on pages 58, 59 & 60 of the appendix.
7 Standard specifications for PVC pipe can be found on page 61 of the appendix.
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This whole apparatus was intended only as a means of testing the hookup on this machine.
Surprisingly, this setup worked well (figure 21).

The author then undertook to see if the design could be reduced in size and positioned
so as to fit within the confines of the aluminum ski rail extrusion which also contained
the pumps and “skate” mechanism. This “skate” was so-called for its resemblance to a
common roller skate. As a functional description, this skate was attached to the piston rod
which by motion of the user’s foot developed pressure within the pump cylinders which
were stationary. The challenge was to somehow direct the pressure and flow of a portion of
the water within the stationary pumps into the moving bladders of the sandals attached to
the skates and pistons. This was done successfully by using a length of commercial cable
carrier® [5]. This product is segmented and pivoted at either end of each segment so as
to allow it to change direction within a small radius while maintaining its motion within
a plane. Larger versions of this type of cable carrier are used extensively in industry for
this type of application, mostly to carry electrical cables between moving and stationary
portions of a piece of machinery. In our application a section of 1/4-inch diameter tubing
was threaded through the cable carrier to connect the pump cylinder to the bladder. One
side of the machine also carried an electrical cable to connect a Hall effect sensor attached
to the skate for speed and motion sensing. This solution was very successful, and worked
flawlessly, but was an expensive solution due to the cost of the cable carrier. Due to the

many other items under development, and their greater priorities, no further work was

8 The cable carrier manufacturer's information for the carrier used can be found on pages 62 and 63 of the appendix.
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Figure 21. The first functional ski machine prototype. This machine had been partially disassembled when this
photo was taken, but the pulleys and cables described in the text can be clearly seen.
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done on this design during the author’s involvement. The author did design what he
considers to be a more elegant solution, however, after leaving the project. This was passed
on to the other team members on his departure.

The newer design involves the use of brass or copper pipe as piston rods, rather than the
PVC presently in use. A small hole would be drilled in the head of the piston to allow the
pressure within the cylinder to enter the hollow piston rod. The opposite end of this hol-
low rod would be inserted into a solid aluminum block drilled for passage of the fluid to
the moving portion of the skate (the piston rod is also of course moving, since it is attached
to the skate). A drilled and tapped hole in the aluminum block would allow the flow to exit
into a short section of tubing attached to the bladder. This design would completely elimi-
nate the cable carrier, most of the present tubing, several tubing connectors (which are also
expensive), and the present section of 6061-T6 aluminum rod used as buckling prevention
within the PVC piston rod. The author has not at this time conducted an exhaustive analy-
sis of this design, but firmly believes it would provide a successful cost-effective solution.
Figure 22 shows the portion of the improved design which would be attached to the skate
body.

The electrical connection for the Hall effect sensor could be altered such that the wire
does not move at all by mounting the sensor to the extruded rail which encloses the skate
assembly. Several magnets would then be mounted at the appropriate positions along the
skate body to trigger the sensor as they passed by. This would not require a large number

of magnets, since the present system allows for a full rotation of the skate wheel between

34



- ’5/9(73 Hrzadad lotarsg |
o P £ P«/ql(*iw g% . egigrclll(n;.r?

connection
=x~--..._to skate body

hollow brass
piston rod

connection

Figure 22. The proposed simplification of the fluid connection between the stationary pump cylinders and the
moving sandal bladders

triggering events, and this would translate into about five of six magnets in the new layout.
Since these magnets are relatively inexpensive, the author believes this would be a cost-

effective solution.

S “Skate” Wheel Development

The wheels of the moving chassis of the pump piston carrier were originally designed
of solid acetal polymer, drilled through their centers, and attached to the chassis by individ-
ual socket head machine screws. There were six of these which ran in a restricted channel
constructed of strips of 6061-T6 aluminum held to the outer frame by screws. This design

worked well except for a tendency of the screws attaching the wheels to become loosened
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and bind against the frame during testing. This was also a very expensive method of con-
struction and assembly. Dr. Frank Speckhart reasoned that the entire portion of the frame
rail assembly surrounding the moving chassis might be better and more economically con-
structed as a single extruded piece. This was investigated and was indeed more economical,
and a design was developed with other team members to accomplish this improvement. At
the same time, the author, working with Dr. Speckhart, questioned whether the skate as-
sembly could not also be significantly improved. The author designed a wheel and axle
assembly which worked in concert with the aluminum extrusion and significantly reduced
the number of parts and cost of this portion of the machine. The wheels were designed as a
simple solid piece cut from a section of acetal rod of the correct diameter, then drilled con-
centrically to accept an axle and the outer edges beveled slightly. These fit onto a cylinder
(axle) of PVC rod inserted through the skate body, which the author designed as a section
of 6061-T6 aluminum stock channel. These pieces were sized such that with the clear-
ances minimized, the wheels and axles were held captive between the aluminum channel
skate body and the outer aluminum extruded piece. This eliminated the need for any fur-
ther method of retention of the axles or wheels and significantly facilitated assembly of the
parts. (Figure 23). In a further attempt at cost reduction, the author changed the speci-
fication of the wheel material from acetal to PVC. Since the axles were already PVC and
the strength of the materials were similar, this was not thought to be a big step, but one
which would provide good cost savings. An unanticipated problem arose, however, when

this change was implemented and tested: the PVC wheels exhibited much greater friction
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Figure 23. Cross-sectional view of the “skate”, the enclosing extrusion, the pump cylinder and piston
between the walls of the aluminum extrusion than the previous acetal ones and this resulted
in greater user effort and machine noise. This was an unanticipated broblem because the
clearance between the wheels and the outer extrusion was only on the order of 0.010-0.020
inch, and it was not anticipated that the wheels would be able to develop enough side fric-
tion to cause a problem. There was no difference in the rolling action of the wheels as long
as no side force on the chassis was present, but when the user pushed to either side there
was much greater friction and noise than that evident with the acetal wheels.

The previously mentioned sensor was used to detect motion of the skate chassis.This
signal was converted electronically into information about the machine’s speed and subse-

quently the user’s effort, when combined with information about the valve position. The




electronic pickup was accomplished by mounting a 1/8-inch diameter by 1/4-inch Iehgth
magnet parallel to the skate wheel’s axle, in a single wheel, and sensing the magnet’s passage
as the wheel rolled by means of the Hall effect sensor mentioned. This gave the number of
rotations of the wheel, and combined with a time measurement and the wheel dimensions,
the carriage speed. This support was provided by Mark Holdoway, a recently graduated

electrical engineer hired for this purpose.
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Chapter 4

Development of a Resistance Mechanism for the “Bike”

1 Pump Design

The “bicycle” resistance mechanism consisted of a turbine revolved by the pedaling
action of the user. This was a radial turbine, with essentially flat outer sides and radial
vanes which pumped water in through openings on either side of the turbine near its central
hub and out via the radial vanes to exit at the turbine radial periphery. The flow control
consisted of a double acting valve mounted on the same shaft as the turbine, which slid
open and closed to allow or prevent flow through the openings in the turbine faces. These
parts were designed by Dr. Frank Speckhart, and the author became involved at the point of
initial mounting and testing of them. This turbine was successful from the beginning and
remained essentially unchanged; there were minor adjustments in the design to increase the
width and diameter, and the overall design was optimized for production by reducing the
wall and vane thickness of the turbine. The turbine was intended from the outset to be a
vacuum-formed part if this proved feasible. This was successful and the design was further
optimized by vacuum-forming each face of the turbine to incorporate the vanes in such a
way that half the vanes were formed on each interposing face of the turbine. This allowed
for a reduction in the number of parts and facilitated the production and assembly of the
turbine by making each face of the turbine identical, thus reducing this portion from two

parts (identical faces, vanes) to one (single face with incorporated vane). The action of
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the turbine was very smooth, and allowed for increased resistance (and exerted effort on
the user’s part) by incremental opening of the turbine valve to increase pump flow (since

greater flow required greater shaft torque).

2  Control of the Turbine Valve

The valve actuator was designed by the author with Dr. Speckhart, and consisted of a
yoke which engaged a grooved collar attached to the valve itself. This yoke was pivoted
on a mounting bracket attached to the machine frame and designed to allow actuation per-
pendicular to the motion of the valve. The action of the valve was parallel to the turbine
shaft but any controls would be mounted higher on the machine and space constrictions
around the turbine prevented actuation parallel to the shaft. This yoke design was suc-
cessful from the outset and was not changed except for material of construction and minor
point-of-actuation accommodations (figure 24). The initial material for the yoke was ABS
plastic, which performed successfully, but due to concerns on the author’s part about the
long-term durability of the part and possible overstressing, this was changed to aluminum.
Several different methods of moving the yoke were tried before a final solution was de-
termined. The first attempt was at actuation by use of a length of plastic tubing; due to
stretch of this material and movement of the entire piece of tubing perpendicular to its di-
rection of engagement, this attempt could not provide a positive, repeatable solution and
was abandoned. The possibility of using a cable to move the yoke was discussed, but due
to inexperience and lack of knowledge in this area on the author’s and others parts, this was

not tried at this time. The first successful controller used steel rods with model airplane
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Figure 24. The bike valve control mechanism. Motion of the vertical rod moves the valve horizontally in or out.

rod ends as connectors to move the actuation point from the yoke itself to a point above
the water line where the control could be engaged by the user. These rod ends were plastic
and lacked sufficient strength to perform long-term, but did prove this method as feasible.
The next step was to procure some commercial stainless steel rod ends and use stainless
steel rod to connect them to a newly-designed ball-detent lever. This was the first control
to allow the team to make relatively fine differentiations in the valve movement in order

to provide information about possible desired settings for the final valve positions. This
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control lever, shown in figure 25, was relatively crude and was never intended as a final so-
lution; it did prove useful as a testing piece, though. In an attempt to satisfy the company’s
owners, the next control design used a rotary knob to move the yoke. This was designed
by the author and used a spring-loaded mechanism to force the knob into detent positions
which were predetermined by dividing a roughly 90° designed range of motion into five
positions. This design worked well but was unsatisfactory in appearance and feel to the
owners. The ski machine had been developed also by this time to a point where it was fea-

sible to develop identical controllers for both machines; this was done beginning with this

Figure 25. The first operational valve control for the bike
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rotary knob control. The appearance of these knob controllers was good, but was not what

was sought (figure 26).

At this point the owners decided to use a lever control similar to that used in aircraft.
Dr. Speckhart thought this was a good time to try using cable actuation also, since the
stainless ball ends were very expensive, and there was other machining being undertaken

in the production of parts to provide the desired range of motion of the valves on both

machines.

detent mechanism

wave spring
to control
detent

Figure 26. The knob-handled valve controller, used on both the bike and the ski
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The cable controllers were designed by Dr. Speckhart and the availability and specifica-
tions of stainless mini cable was researched by the author. Such cable was determined to be
readily available, and sample quantities were obtained. A small drum was designed by Dr.
Speckhart as part of the controller and used to wrap the cable. The drum diameter was sized
to provide the correct movement of the cable to give full range of motion to the valve. Re-
sistance was provided to the control handle via Belleville washers mounted at the control
pivot point. This prevented the cable from moving the control due the closing spring force

of the valve (figure 27). These controllers worked well and provided continuous rather

Belleville washers
for friction control

control cable is

fastened through
and wraps around
this drum

Figure 27. The T-handle aircraft-style control designed by Dr. Frank Speckhart
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than incremental motion for actuation of the valve.

Here the owners again changed their minds and wanted to try a thumbwheel-type control.
The author designed a control using a 2-inch knurled wheel for thumb or finger control,
and using plastic gears to obtain a high mechanical advantage to compensate for the lack of
leverage which had been available with the previous designs. Again, this controller worked
well, with a slightly greater number of rotations than might be desirable, but still did not

meet the nebulous desires of the company’s owners (figure 28).

control whéel

worm
gear

Figure 28. The thumbwheel controller for the valves on both machines
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It had been discussed in the beginning whether it might be possible to use electronic
control for the valves on both machines, but it was felt at the time to be a more expensive
and less feasible solution. Little was known (by the team members) about the availability of
required components which might survive the water environment. This option was reevalu-
ated at this point and was believed to be the best overall solution now that more was known
about the requirements and possibilities for mounting. It was even discussed whether a
stepper motor could be obtained which might be mounted submerged, but this was felt to
be too severe and unpredictable an environment, even though motors were available for
washdown environments in chemical and food processing situations. It was decided to use
a stepper motor with the previous cable and drum arrangement to move the valves on both
machines. This would provide more options for future development and addition of pos-
sible enhancements to the machine’s function. The stepper motor was attached to a worm
reduction gearbox and the cable drum was attached to the output shaft of this same gearbox.
A magnet was mounted in the side face of the drum, and the drum sized for less than one
revolution, in order to provide actuation of a Hall effect sensor mounted to a small circuit

board attached to the same side of the gearbox.
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Chapter 5

Conclusions

The author is very grateful to have been a participant in this project, and feels it provided
him with the best possible experience in his field of interest, that of machine design. The
very fact that the owners of this company were unsure of exactly what they wanted, com-
bined with the natural progression of successive design iterations, provided a real-world
design experience unlikely to be duplicated by an academic-only project. The continual
changes, the off-site location of the owners and the part-time nature of the team participants
did serve to make the development of the final design a more protracted situation than might
have been the case with a full-time, on-site, pre-determined goal scenario.

A number of additional design challenges were encountered and undertaken during the
course of this project, and are not mentioned in this thesis. Among these were the design of
a functional pool-edge mounting system for the machines, the design of a suitable means
for inserting and extracting the machines from the pool, means of mounting the machine
coverings to the frame, determination of a suitable hinge for the front cowling and storage
area of both machines and selection of various fastener types and materials. The author was
involved to varying degrees with other team members in each of these areas.

The author feels the concept and execution of these machines will be successful in the
marketplace, provided sufficient testing is undertaken to ensure proper functioning of all
parts of the machines for an extended period of time with different users. This is planned

by the company’s owners, but it appears to the author the project is being rushed to market
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before this work has been adequately performed. There are many areas of both machines
which have only been fabricated and tested in single-unit prototype form, and those custom-
made for correct function. Whether these machines can be mass-produced with unskilled
labor and have the world-class look and feel the owners are seeking remains to be seen.
The author feels both of these machines are good designs in that they are conceptually and
functionally sound, have had their number of parts minimized as far as is reasonably pos-
sible and should be robust in that they should be able to be assembled under the conditions

mentioned and maintain their function within a good tolerance range for the life of the ma-

chines.
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PVC Design Data

PVC
Polyvinyl Chloride

PVC has relatively high tensile strength and modulus
of elasticity and therefore, is stronger and more rigid
than most other thermoplastics. The maximum service
temperature is 140°F for Type |. PVC has excellent
chemical resistance to a wide range of corrosive fluids,
but may be damaged by ketones. aromatics and some
chlorinated hydrocarbons. It has proved an excellent
material for process piping (liquids and slurries).
water service and industrial and laboratory chemical
waste drainage.

Advantages of Polyvinyl Chloride (PVC):

High Chemical and Corrosion Resistance

Lower Installation Cost

Heavy Duty

Maintenance Free Internal and External Surfaces
Shorter Laying Length (Exclusive with GSR)

GSR Schedule 80 PVC Pipe and Fittings
Feature...

Outstanding Chemical Resistance.

PVC thermoplastic is highly resistant to acids. alkalis,
alcohols, and many other corrosive media. They are ideal
for moderate temperature process piping installations and
most service piping applications.

Lower Installed Cost.

Solvent cemented or threaded connections contribute
tolower installed cost than carbon steel, steel alloy or other
conventional materials. Handling during installation is
greatly simplified, since PVC pipe and fittings weigh about
one-sixth as much as steel.

Maintenance Free Service.

PVC will not rust, scale. pit or corrode on interior or
exterior surfaces —nor is it subject to electrolysis. You are
assured of many years of leak-free, maintenance-free
service. For buried applcations, PVC is not affected
by soil conditions. Painting is not required for indoor
non-exposed installations For outdoor sunlight exposed
installations. painting with two coats of white colored water
base latex paint is recommended.

Non-Toxicity .

PVC thermoplastic and GSR pipe and fittings are listed
with the National Sanitation Foundation (NSF) as suitable
for use with potable water.

Versatility and Dependability.

PVC pipe and fittings have been found suitable for more
than 75 percent of the process, service and drainage
piping used by the process industries — as well as
hundreds of other corrosive and non-corrosive
applications.

The shorter laying lengths of GSR fittings are definite
time and space savers when piping at close quarters.

To ensure a positive seal when assembled.in the field,
all female thread sockets are individually tapped at the
factory. You can be sure that each and every connection
will meet standard specifications and tolerances.

Less Expenditure of Energy.

The manufacture of PVC thermoplastic requires less
than 50 percent of the energy expended to produce
carbon steel and steel alloys
Higher Flow Rating.

Smooth interior walls result in lower pressure loss and
higher volume. (Hazen & Williams C factor = 150).

Usage.
PVC thermoplastics are used in Chemical and Food
Processing, Industrial plants and Petrochemical

Industries, Atomic Energy, Military, Naval and Civil
Defense. Photo Engraving, Phota Labs, etc.
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E-6000 comes in a handy container for any size job.

Technical Specifications

Calors: Clear, Black, White, Gray
Hardnass: 75 10 85 Shore A
Elongation: 700%
Recovary at 300%: 85%
Temperatire R : -120'F 10 210'F
Tensiie Strength: 2900 p.sJ.
Viscosity: Sell Leveling
various grades available)
Tack Free Time: 10 minutes (outer surface)

Cure time: 8 hours as a sealant - 24 hours as
an achesive at 70°F, Cuting time
may be aflected by lemperature

fluctuations. Material will cure
fastar altemperatures above
TO°F and wil cure slower &t
temperatures below 70°F.
Thinner Ang Cleaner: Eclesoly
Shelf Life {unopened tube}: Syears
Chemica! Resistance: Excellent

Resistivity and Dielectric Properties

Surface Rasistance: 37 x 10° ohms
Diglactric Constant Slrength (ASTM D 145)

400 Vmii
Adhesion Data (Peel) (ASTM D 803)

. 28 pli.
uminum 2pli
toot 34pli

Ftt;;???sa %2 g §:
gvcg a% p §It’
eoprens 1A
Pmogw‘md g.'é 3 ?,:
Brass 32pl
Polycarbonate 30pii
Note: Shear adhesion resuits on the above
substrates range hom 4000600 8.1

E-6000 outperforms all other adhesives.

Peel Resistance of Cotton Tape Bonded To Various Subsirates® {p.1i-Bummary of Averages)

Concreta
E-5000 268
Daveon Coment 20
Dow Silicons 153
Duro Coment 45
BE Siicone 3B
Permatex 33
3 5.8

Glass  Wood ABS Lexan  PVC  Ursthane
337 322 M4 B8 309 &8

10 54 151 23 04 3.2

136 08 a0 134 20 ny

02 22 23 5.8 154 219

133 32 14 a2 04 26

92 a8 8 a3 nz 214
77 2085 179 157 150 Ho

"R conanien try Unens S1e Testng Company, e

m

A8 018

i

B P 4
15 Ko A5, Carvor G SERG0 6058
Frove HRO0 T w083
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legris

LF 3000 Instant Fitting

System

Time Savings:

e Tube fitting time is substantially
reduced. Assembly time savings
are, on an average, 75% of
conventional compression fittings.

* All check tightening time is
eliminated. The LF 3000 Instant
Fitting System provides a 100%
lock and seal the first time.

* No assembly tools or skills are
needed.

* Fittings are easy to assemble
and disassemble.

Reusability:
¢ The LF 3000 can be used
dozens of times.

Full Flow:

o LEGRIS fittings require no

support ferrules or 1.D. tube
supports. (DOT Fittings an exception)
* Compare the orifice in any of

our fittings. We have a larger
unrestricted passage as we use

the full LD. of tubing. There are no
system worries about the C,
factors.

e 5/32" LF 3000 has the same
flow as 1/4” conventional fitting-
savings on space and tube size.

Swivel Feature:
* All male elbows and tees can
be swiveled 360° on an 'O’ ring
seal allowing closer assembly. This
feature is a great time saver in
areas of poor accessibility and
allows proper orientation of the
fitting.
Tubing Requirements:
The LF 3000 Instant Fitting accepts
many types of plastic tubing in-
cluding nylon, polyethylene, tefion,
etc.
Working Temperature:
® Sub zero F to + 160°F.
Working Pressure:
* Vacuum to 250 PSI at working
temperatures.
Materials:
e Fitting Body -
Brass - Free Machining Type
Plastic - Acetal Copolymer
and/or Nylon 6.6
e Cartridge Parts -
Free Machining Brass
* O-Ring -
Buna N-Nitrile

DAL

Covered by Patent No. 3653689

LF 3000 Advantages

4)

5)

6)

7

1) Acetal Copolymer, and
or Nylon 6.6 precision
molded into bodies to
form tees, 90° elbows
and many other fitting
configurations.

2) ‘O’ Ring seals the
threaded base into
the fitting body.

3) Shows full flow
capacity of fitting in
relationship to the
1D of tubing.

Cutaway of tubing showing the
tubing’s 1D in relationship to the
fitting’s ID flow capacity.

‘O’ Ring seals on the tubing OD.
This ‘O’ ring makes and instant
seal immediately upon receiving
the tubing.

Siotted collet, the mechanism
locking the tubing into the fitting.

Sleeve, the housing for the slotted
collet whose inside configuration is
beveled to match the outside con-
figuration of the siotted collet.
When pressure (or vacuum) is
introduced into the system the
collet and tubing move slightly
backward, the slotted collet is
compressed and causes the sharp
gripping ridges, machined into it, to
bite into the tubing's OD. The
greater the pressure the stronger
the grip. The connection is
permanent. The disconnect must
be made deliberately by simuitan-
eously pushing in on the collet and
pulling out on the tubing.

8) Push the plastic or soft metal tubing* into the fitting and there is an instant connection and a 100% seal.
Can be connected and disconnected dozens of times. (See point 7)
9) Gripping ridges which lock the components into the fitting body.
10) Threaded bases - available in 1/16"" 1o 1/2"* NPT (dry seal threads) and 10 - 32 in some configurations.
Type of Average time Possible connections
fitting each connection per hour
LF 3000 Typical Plastic Tube 3 Sec. 1200
Fitting Typical compression 12 Sec. 300
Fitting 19 Sec. 180
Typical Flare Fitting 49 Sec. 73
Disconnection of plastic tube ;
Depress the manual release button. This
holds the collet off the locking slope and f \
allows the tube to be drawn out of the \ 7 A
fitting. In places not easily accessable it wiraixs et —

may be necessary to use our discon-
nection tool shown on page 13.

<l

LF3000 instant fittings are sold complete
with assembled gray manual release
buttons. However, it is possible:

¢ to flick off the release button if for
reasons of security it is not required.

¢ to replace the gray buttons with other
colors. See page 14.

All dimensions in this catalog are in decimal inches unless otherwise stated.
We ;cserlve the right to change any dimensions or specifications without prior
notification.
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WADWORTIL, WISOORSIN 53184
PHONE: 414275 5791
BX 414275606

Quotation

University of Tennessee

414 Dougherty Hall
Knoxville, TN 37998

Altn: Mr. Scott Kisin

Quote Number: UN36-001
|Date: December 4, 1996 Ship Via: Best Way FOB: Wisconsin Terms: TBD |

[Quantity | Unit | Description | Unit Price | Amount |}

50-499hr. Each MPC part number: A308 $ 1950
3/16" x 3/16" Check Valve -

Diaphragm: Epichlorohydrin
Housing: Nylon

50-499yr. Each MPC part number: A951 $ 1.828
3/16" x 318" Two Port Inline Check Vaive

Diaphragm: Fluorosilicone
Housing: Nylon

Lead lime: 4-6 weeks after receipt of purchase order.

This quotation is firm for S0 days. Thereafter, prices will be subject to change due to material, labor
and energy cost increases. The laad times are contingent upon availability of material and/or
tooling capacity and will be confirmed with acknowledgment of your purchase order. We wish to
thank you for your inquiry and hope we may have the opportunity of serving you.
Respectfully Submitled,
Qonicl 12 pay

Daniel R. Brost
Sales Engineer
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A119 (nadel)

INCHES OF WATER PRESSURE INCHES OF WATER VACUUM
{ Average Open | Average Close Average Open | Average Close
' 0.28 0.1§ 0.22 Q.18
0.19 0.07 0.30 0.00
0.37 0.30 0.41 0.28
0.41 0.34 0.38 0.33
0.95 0.82 0.91 0.73
0.48 0.37 0.50 0.47
0.17 0.17 0.27 0.28
0.55 0.51 Q.51 0.51
0.51 0.43 2.54 0.43
0.28 0.28 .27 0.20
0.26 0.18 0.41 0.18
1.50 1.10 1.50 1.10
0.50 0.9 0.53 0.40
1143 - .80 1.08 0.38
1.50 1.10 1.50 1.10
017 0.07 0.22 0.09
PRESSURE FLOW-A119
180 - -
& PR
-/W o
: 140 — e
! -~ s
: 5 n/‘/u
[ 100 -
S ) - wor w
o n f?//r ,
| 80 ;
g —% |
20 i
0 f f , ?
0 2 4 6 8 10 12 14 18 18 20 ‘
INCHES OF MERCURY i
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O-ring glands for industrial reciprocating seals

Design chart A6-5, on the next page, provides a reasonable
basis for calculating reciprocating O-ring seal glands.
Table A6-5, which follows it, contains recommended gland
dimensions for the standard O-ring sizes. The major dif-
ference from the military {;Iand dimensions (table AB-4) is
the use of standard cylinder bore and standard rod dimen-
sions.

Although these dimensions are suitable for most recipro-
cating designs, it is often desirable, or even necessary, to
deviate from them. Chapters A2, A3 and A4 are helpful in
determining when such special designs are indicated and
provide useful data for such modified designs.
Procedures for using table A8-5 are outlined in the foliow-
ing guide.

GUIDE FOR TABLE AG-5
SELECT READ
IF DESIRED DIMENSION CLOSEST HORIZONTALLY TO DETERMINE
IS KNOWN FOR DIMENSION n DIMENSIONS FOR
IN COLUMN COLUMN
Bore Dia of B-1 Groove Dia of piston
cylinder A Cc OD of piston
G Groove width
A Bore Dia of cylinder
QD of piston C B-1 Groove Dia of piston
G Groove width
A-1 Groove Dia for rod
QD of rod 8 D Bore D for rod
G Groove width
A-1 Groove Dia for rod
Bore Dia for rod o} 8 0D of rod
G Groove width

Alter sel read 0

proper O-fing size number. Specify compound,

g gland
Reter to table B, BS or B10 1o select the proper compound. The effective part nurmber for an O-ring consists of both a size number and a compound number.
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4
1 MIETOM GROOVE Dik
(B9 MEN B A MAX 3 L MAX } Dmm
€ MRTONO.D.
A CYLINOER BONE Dip, A1 R0 GLAND GROUVE 1D,
GRANG DETAK, A4 MAK &8 M4 3 MAR)
0110 4% BREAX LOMNEME
(YR APIROR. 85 AAD
wt PAESSINE PATSSURE PSRN
;5 L w-i
T Tewe /A0 = 1 )
» $oerme “ NP -
Py &ot \‘ / e T Y {-n--—§ E
DEPTI AR s i d Oone wo
M PANSAK FARBAK PARSAY Q
SUREALE PSR X SECTION oW LI gy MG :
3 WITHIUT PARBAR s »
43 Wi FASRAX - Al atns 53 D0nan ches AB.3 Dhetow] a3 1000 M- Ne mansions. n
DESIGN CHARY AS-8 FOR INDUSTRIAL RECIPROCATING O-RING PACKING GLANDS
2 [ '
. cRose sacTIoN “:. sovesze m:u SROCYE WIOTN o
[ Ty
PUCER  woMmwM.  aces.  BEPTN  aoram o CLEARANCE MOPAAMAX CHRIAIIAR TRODSABAE  BADIS WX, )
008 085 oo B o R 438 208 ..
ough 4 [0 © 10 R w0 » L L 0 oo
012 %000 087 018 25 008 09 143 210 0ns
104 88 010 W o 140 Aan 238 005
theough % 308 P 17 W o ® o 0 » 002
18 =003 00 018 17 008 148 A 243 s
0 2 012 9 003 AN 208 278 010
Swough * R o o 0 1 w v 0 ) 003
bz d =004 323 o L. ] Bi 4 213 200 k)
300 185 07 s o 28 P13 430 £20
tough X 21 o o » o ] 0 1 © 04
9 £.008 18 030 kL] 008 208 316 Kil} 038
425 237 029 11 D04 375 A8 538 20
theouph % 2% 1 ] ] ] L] ] L » 008
480 & 008 240 Qe w0y 380 413 543 035
(4] CHomeancs SEmmts Gadl It B0 DO b5 & SR OMNIT WD Dang ] L
o Tt ] 2000w a0d rasing Surbme. . . . . .
S pradweng ’Q“g‘}ﬁ l‘v < "(';‘v" V’l&@«l w A;uh;‘ﬂjx ‘N‘ o‘ﬂ-)Mi (:’:’6' ’::....i"" “"ﬂv‘k‘ .
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TABLE A8-5 GLAND DIMENSIONS FOR INDUSTRIAL RECIPROCATING O-RING SEALS, 1500 PSi MAX.t

w A A1 B B c 0 6t
: e i3 :
H T g £ 3 w
3 us 8a 8 8% 5 48 S
33 c2 al c2 of c? 25
PA:‘!,(ER DIMENSIONS as ot of o ol 0= 30
. MEAN +.002 +.002 +.000 +.000 +.000 +.001 +.005
2- 1o * v OD (REF)  —.000 —.000 —.002 —.002 —.001 —.000 —.000
006 114 .005 254 .249 234 124 139 * 247 126
007 145 005 .285 .280 265 155 170 *.278 157
008 176 .005 316 311 296 186 201 *.309 .188
009 208 .005 .070 .348 343 328 .218 233 *.341 220 .093
010 239 .005 +.003 379 374 .359 249 .264 *.372 .251
011 301 005 441 436 421 311 .326 * 434 313
012 .364 .005 504 499 484 374 .389 *.497 376 y
104 112 .005 A 318 312 .300 124 136 *.310 126 A
105 143 .005 .349 343 .33t 155 167 *.341 157
106 174 .005 .380 374 .362 .186 198 *.372 .188
107 .206 .005 412 406 .394 .218 .230 *.404 .220
108 237 .005 443 437 425 249 .261 *.435 251
109 .299 .005 .505 .499 487 311 323 *.497 313
110 362 .005 0.103 .568 .562 550 374 .386 *.560 376 140
111 424 .005 +.003 630 624 612 436 448 *.622 438
112 487 .005 693 687 675 499 511 *.685 501
113 549 .007 755 749 737 .561 573 *.747 .563
114 612 .009 .18 812 .800 624 636 810 .626
118 674 009 .880 874 .862 686 698 872 .688
116 737 009 Y 943 937 925 749 .761 835 751 y
201 AT .005 A 449 437 427 185 .195 *434 .188 A
202 234 .005 512 500 .490 .248 258 ¢.497 251
203 296 .005 574 .562 552 310 320 *.559 313
204 359 .005 637 .625 615 373 .383 622 376
205 421 .005 699 .687 677 435 445 .684 438
206 484 005 762 750 .740 498 508 747 501
207 546 .007 824 812 .802 560 570 .809 .563
208 609 .009 .887 .875 .865 623 .633 872 .626
209 671 .009 .949 937 .927 .685 .695 .934 .688
210 734 .010 1.012 1.000 .990 .748 .758 .997 751
211 .796 .010 139 1.074 1.062 1.052 810 .820 1.059 813 187
212 .859 010 +.004 1.137 1.125 1.115 .873 .883 1.122 .876
213 921 010 1.199 1.187 1177 935 945 1.184 .938
214 984 .010 1.262 1.250 1.240 .998 1.008 1.247 1.001
215 1.046 010 1.324 1.312 1.302 1.060 1.070 1.309 1.063
216 1.109 012 1.387 1.375 1.365 1.123 1.133 1.372 1.126
217 114714 012 1.449 1.437 1.427 1.185 1.195 1.434 1.188
218 1.234 012 1.512 1.500 1.490 1.248 1.258 1.497 1.251
219 1.296 012 1.674 1.562 1.562 1.310 1.320 1.559 1.313
220 1.359 012 \ 1.637 1.625 1.615 1.373 1.383 1.622 1.376 y

1This groove width does not permit the use of Parbak rings. For pressures above 1500 psi, consult design chart A6-5 for groove widths where Parbak rings must be used.
“These designs require consk ir stretch. Iif bly 9@ is i d, use a compound having higher elongation or use a two-piece piston.
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co/PPS-Knoxville TEL:1-615-637-4540 Feb 19 96 10:33 No.002 P.02

Standard Specifications
SCHEDULE 40, 80 120 PVC PIPE

s 3 i ir for Schedule 40, king: Indicatos manufacturer's name, materinl desigua-
goﬁ':fa'fgo Mﬂﬁ}”&'&q&r?fmﬁ’imﬁ'ﬁm‘ l’f:rrmlj‘a‘.’m:ninnl !&tz#:&&l\\ﬁulo:{uv}ith pmluré,'m n,

. PSl tol STM designation number 1)-1785,
g%agﬁ‘bﬁ\”l&“uﬂ IsofTypol, Grade 1 compound as atatod iﬁ‘al' .J:?f;npo:a%lc wator, and mungfucturlng date code.

Di lons: Dimensicna and talerances shall baas shown §
h;nf?)ﬁ:wgg u'ﬁ'n%'.‘ when measursd neoo:c;lnl' ta M.u.oﬁ
+2122. Tojerunces for out-of-roundness shull apply only ta pips

prior to ahipmont. .

Outside Diameters and Tolerances

Toloranses
Nomlaal Dutside For Moxioum ond Misinum Dismater
Fipo Sixe Bamolar Average Joutaf-Aoundnses)
Schedula 40 Scheiuls 00 Schodule 120
% 0.408 10.004 £0.008 40.008 10.008
% 0.340 $0.004 $0.008 £0.008 +0.008
% 0.676 10.004 40.008 +0.008 10.008
% 0.840 10,004 0.008 10.008 40,008
Y 1.050 £0.004 10.010 10,010 10.010
1 1.316 20,005 40010 10.010 30,010
LA 1.680 10,005 20,012 10.012 20,012
1% 1.000 40.008 #0.012 0,092 $0.012
2 2376 £0.006 10,012 10.012 +0.012
2% 2875 40,007 £0.015 20.018 £0.013
3 3.800 £0.008 +0,015 20.015 10.018
% 4.000 +0.008 £0.050 £0.018 $0.015
4 4.500 +0.009 +0,060 0.018 £0.015
5 6,563 £0.010 i £0.050 10.030 10.030
8 6.625 £0.011 10,050 10,005 10.035
P 8.626 40,018 10.073 £0.078 10,045
i0 10.750 #0015 30.078 10,075 $0.050
12 12.750 10.015 £0.075 £0.078 +0.080

Wall Thicknesses and Tolerances

}Il ‘ Wall Thicknans
Putin - _Sthvedl " Uohataiedn _ Sobadaie 170
: Minimam Tolorsncs Ml Talarancs Wininum Taleranca
% 0.088 +0,020 0.006 +0.020 - -
Y. O.QM +0.020 0.118 10.020 - -
% 0.001 40,020 0.128 +0.020 - -
¥% 0.109 +0.020 0.147 +0.020 0.170 +0.020
% 0.113 +0.020 0.154 40.020 0.170 +0.020
1 0.133 +0.020 0.17¢ +0.024 0.200 10,024
A 0.140 +0.020 0.101 40,083 0.216 +0,028
1% 0.143 +0,020 0.200 40.024 0.226 40,027
2 0.154 +0.020 0218 40,026 0.250 +0.030
2% 0203 +0.024 0.27¢ +0,033 0.300 +0.038
3 0.218 +0,026 0.300 +0.0368 0,350 +Q.042
£V 0.220 +0,027 0.318 +0.028 0.850 +0.042
4 0.237 +0,028 0.337 +0.040 0.437 +0,052
s 0.258 40.031 0378 +0.045 0.500 +0.060
6 0.280 +0.034 0.432 +0,052 0.562 +0.067
8 0.322 +0.038 0.800 +0.000 0718 +0.088
10 0.388 +0.044 0503 +0.071 0.843 10.101
12 0.408 +0.049 0.687 +0.082 1.000 +0,120

dow.mwmum I8 the lowest wall thickness of the PP at any croes section. The maxi reni
the minimum wall thicknes phus the siated lolerance. Al toi6fances are on the plus nl'cll“::cpt.m m%ﬂﬂqﬁfrmm.mlmm

:‘omm mlnll {P3 dimensions, with the plion that Schadule 120 wall thickness tar plpesizes % 10 3% in., inclusive, are spacial PVC
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igus® Energy Chains
Plastic

igus® Series 05
“igus® micro”

fr B A i i S CH R
Series 05 ~ “igus® micro™ (“only for the little ones™) Applications: Measuring apparatus, medical devices, slactronic

“igus® micro” Senes 05 is the ideal Energy Chain wherd 69808 o aiacaime oY febets and miniakure power supplies o
i a at a premium, It prolects even Me smallest cables and 3

hoses trom damage, oven driving high-speed movements.

The minimum curve height of an 505 camer is only 197
{S0mm}. Up 10 36" { 9 mm) in dametor may D2 used with the
carmer., such as control cables. pneumatic hoses and fluid
hoses.

Parts in stock
Part No. Dimension {mmj in.
- ->N e
-
051 . in 1 {018}, (028}, (038}
N : gjs 021, 11, 15
ﬁ:ﬂ RS 505 has Minimal Height Reguirements.
. S pe Colors
it igus* Series 05 is available in eight colors. The choice of color
g o can be made for aesthetic reasons. Colored E-Chains cen also
052 by (018). (028). (038) b used for encoding the condults (e.g. "red” for eleckical
g‘ ;" oNn, 11, 18 cabies, "blue” for paeumatic hoses] or else as waming signals.
{ & &3 How-1o-Order
s o st {1} Add desired bending radius in millimeters to Part No.,
eg. "05-1-028."
(018), (028), (O38) (o) For 10 fest igus® E-Chain 052 radius 28mm, plus
L B mounting beackets, color black: 10 ft. 05-2-026-0 with
S0212".

Order Toll Froe 19005212747 Ower 500 slzes in stock

{018), (02, (036
. 1y 13

¥
055 ga 4 ot il g2 (018) {028), (038)
i : 071, 13, 15

gg;a}, (;‘)g‘ggk mg} New plastic one-piece mounting brackets for Series 08,
e

{4
0584
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Energy Chain
35{5?%&3

igus® micro Series 05

1 set

congists of two brackets, ong for oach of the E-Chain. The
mmm:msmmwmuemmm 50112
bolted 1o the machine. For E-Chain types 06-5 and 05-84, two
sels of 50212 brackets are required,
Part No.
50112 Compiote Set for S05-1-

0212

503-12

504412

Mounting brackets, installed
Materinl: igumid G (Refer 1o page 0.32)
Design Datas
JBbsossins. R %
e e b

&MWh%*KCWMM :
Pltch: {201,785
Links per fool: 1538 ‘e&
Tolal Travel: S o} - o} -o} -oj--o}

(18) 70| (28 1.10] (38 1.80
(50) 197 {70) 275 {90) 354
(40) 157 (50) 197 (80) 238
{100) 394 (140) 551 (180) €30

*The required Operating space is HF = H + 50"

XOZD

R« Minimum bend madius
Ha= height

D = Curve radius depth
K = Curve radius length

The values shown here are theorolical values which must be
confirmed in a real-lile tes!, Because of the mulllude of

Plaase contact gus® for mare conhned spaces. diferent applications we always recommand a test in critical
Lases,

igus® Sents %1 052 &3 54 55 55

iont pet foot e | M40 b4 147 51 264 18

T F K

Wd’f% Rimin, 50
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Vita

William Scott Klein was born on October 9th, 1946 in Jefferson City, Tennessee. He
grew up on the family farm until all moved to West Palm Beach, Florida in 1956. There
he attended the remainder of elementary and a portion of junior high school. Moving with
the family to Fort Pierce, Florida, Mr. Klein completed junior and high schools and was
inducted into the U.S. Air Force in April of 1966. He served a four-year tour of duty in
Fort Worth, Texas, where he received training in Surveying, Inspection and Architectural
Drafting. He returned to Fort Pierce and enrolled in Indian River Community College in
September of 1970. Mr. Klein graduated with an Associate of Arts degree and spent a
short time at the University of Florida in Gainesville, Florida before transferring to
Carson-Newman College in Jefferson City, Tennessee, where he graduated Cum Laude
with a Bachelor of Science in Chemistry degree in May of 1974. Mr. Klein also received
“The Outstanding Student in Chemistry” award for his class and held membership in the
Science Honor Society. Mr. Klein has been employed as a Chemist, Purchasing Manager,
Salesman of real estate, automobiles and periodicals, Automobile Mechanic, Author and
has pursued various entrepreneurial interests. In August of 1989 he entered the University
of Tennessee at Knoxville, Tennessee to pursue a second degree in Mechanical
Engineering. Mr. Klein received several scholarships as an undergraduate for academic
excellence in engineering and was granted the Bachelor of Science in Mechanical
Engineering degree in May of 1995, when he entered graduate school at the University of
Tennessee. The Master of Science degree with a major in Mechanical Engineering was

granted to him in May of 1997.
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