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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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TMAquaCruiser

Tho AquaCruiser^” is a pure
water machine. From the

comfort of the seat to ttie

cooling effect of the water, the
cruiser« nothing but smooth at
every level of resistance. You
feel the comfort of tfte v/aler

around you and a steady
resistance against your legs.
With the HydroFoftn'’’” pedals,
you naturally power completely
around the peda! stroke for a
superior leg worKout. The
cruiser has a gentle motion that
makes it feel right when you
pedal, and it's display
challenges you want to ride
harder.

AcuaCruisof^” displayed out of
the water fcr clarity only.

Hydroforce".-*-
j “For A Better-

’  ' UfeOriland“.nr

TMAquaSIider

The AquaSllderr« offers
comfortable, aerobic and
muscle strengthening exercise
while keeping the stress on
joints at a minimum. The
reduced weight on your logs
and the ease of the sliding
motion enhances and

challenges your workout. The
HydroForm™ boot system
gently grips your feel as you
begin, and you have the ability
to determine the type of training
and resistance you desire.

AquaSIider c&playod out of me
water for ciahiy ortiy.

r

Figure 1. The “AquaCruiser” and “AquaSIider”, 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:

Low material cost

Ability of construction materials to survive in the corrosive environment
Low production cost

Cost-effective fabrication methods using small initial production lots
Ability of materials to be lubricated either by the water environment or molecular com
position
Long life (5-i- years)
Minimal maintenance requirements
High user comfort
High customer satisfaction with equipment
World-class look, feel and function

User-friendly controls
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
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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.
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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

^  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
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2  The First “SandaP

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

Figure 3. The author’s first attempt at designing  a self-adjusting footpiece
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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 olTered the ability for relatively large displacements perpendicular to the
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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

K
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Figure 4. TVo-layer construction of the second bladder
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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 used 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

10



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

11
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dual pistons
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check valve/ from pump -
into pump

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
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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.

13



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

14



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

KTV 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

15



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-

17



Figure 12. The “beach sandal” design, which proved to be in the direction of the flnal 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.

18



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 lb 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 lb 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° F. The process is

controlled so that the foam itself never goes much above 250° F. 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.

® 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 lb density polyethylene

foam and an inner layer of 1/4-inch thick 2 lb 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

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.

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” Machinea

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 I.D.). 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

O2 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

^  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 DlfHculties

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 I.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.

®  These specifications can be found on pages 58, 59 & 60 of the appendix.
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

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
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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.

5  “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 problem 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
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electronic pickup was accomplished by mounting a 1/8-inch diameter by 1/4-inch length

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

40



I
i f-

I

I:
4

f
I

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
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Figure 25. The first operational valve control for the hike
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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.

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

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).

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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SLOANE PVC Design DataA SuSQkjef'anna Ccmca'^y

PVC

Polyvinyl Chloride

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
sen/ice. For buried appications. 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
applicatbns.
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 thermoplasfic 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. IHazen & 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, Photo Labs. etc.

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 UCTF for Type I. PVC has excellent
chemical resistance to a wide range of corrosive fluids,
but may be damaged by ketones, aromatics and
chlorinated hydrocarbons. It has proved an excellent
material for process piping (liquids and slurries),
water service and industrial and laboratory chemical
waste drainage.

some

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 arxd 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 contributeto lower 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.
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E~6000 comes in a handy container for any size j(±>.

T«chn>c«l Specifications Resistivity and Dielectric Properties

Sttf fare nuiftsnce: 17 * lO'otim*
Oeteotfte Coasteot Sfrength (ASTM 0 MS)

400V.'mi(

Cotofsi Clear. 8tea<. Gray
Handnas*: 7510 65 Stiore A
Bongaiion: 700%
Recovery at 300%; 95%
Temperature Range: -I
■fetstie Streiwm: 2,9(KI
Viseoshy: Sei Uv^ng

(n.'tout grades availablei
Tack Free time; iO rnmu»$ (outer surface)
Cure timr. 8 fiours as a seidant - 24 Dours as

«t adhesiva at 70' F. Ourktg time
may be atlected by temper
ftuctuatcns. Mater lai Mil c^we
tasiM at tempew^j-es ^ove
70'F' will ojre siomr at
temperatures b^ow 70*F.

Thtnner And Cleaner; Eciesotv
Sbetf Lrfe (unopened tube): 5ye»s
Cbemica! Resisancc: ExceiterH

laO'FtoSlOF
psJ

aitffe

Adhesion Data (Peet) (ASTM 0 «I3)
34 p.U.
32 p y
34 p.U.
26 0.U.

Giass
Aluminum
Sicoi
Concrete
Ftbetglass
PVC
Neoprene
Pine wood
Brass
Polycjirtxjnat#

Note Srt«»raare»iORi»*uilsonlh»«bov*
substrates f#r^ ̂  400 »800 p4.i.

b
p
p
p

32p

.u.

.!.i.
. J.
u
Jj.

3SpJ.i.

E-6000 oulperfonns all other adhesives.
PtMrt Reak^ce oT Cmion Tape Ronded To Varieua SutMirmea' (pj (.-Summary gt Avemgosl

Concieia tSass rruod ABS
337 37-2 3U 3$.« 30 9 43.S

to 54 151 2.3 04
13« 99 99 13,4 20
as 2.2 223 33 134

133 3,2 M 02 as
as 09 73 8 3 112
177 205 179 fSJ 15,0

PVe UtsBian
26.S
20 133

15.3 11J
4.5 213
33 23
33 21.4

3.3 110

e
E-e030
DevconCemani
Oow Siiiccne
OuroCamtni
^Silicone
Piarmata*
3M

■Weewvaxwra^U-iiiMSratH iM»ns08'«p«ri«,»<.

C^IHD
*S7«ir«3«4Ms ASM

9$t9mr<0
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LF 3000 Instant Fitting
Systemlegris

LF 3000 Advantages
Time Sovinos:
• Tube fitting time is substantially
reduced. Assembly time sayings
ore. on an average, 75% ot
conventional compression fittings.

• Ail 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 Row:
• LEGRIS fittings require no
support ferrules or I.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 I.D. of tubing. There are no
system worries about the C,
factors.

• 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, teflon.

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

‘O' Ring seals the
threaded base into
the fitlir>g body.

Shows full flow
capacity of fitting in
relationship to the
ID of tubing.

Cutaway of tubing showing the
tubing's ID in relationship to the
fitting's ID flow capacity.

‘O' Ring seals on the tubing 00.
This ‘0 ring makes and instant
seal immediately upon receiving
the tubing.

Slotted 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 ot the slotted 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 simultan
eously pushing in on the collet and
pulling out on the tubing.

Push the plastic or soft metal tubing* into the fitting and there is an instant connection and a tOO% seal.
Can be connected and disconnected dozens of limes. (See point 7)

Gripping ridges which lock the components into the fitting body.

Threaded bases n available in 1/16" to 1/2" NPT (dry seal threads) and 10 • 32 in some configurations.

1)

2)

3)

4)

5)

6)

7)

Covered by Patent No. 3653689

8)

9)

10)

Type of
fitting

Average time
each connection

Possibie connections
per hour

LF 3000 Typical Plastic Tube
Fitting Typical compression
Fitting
Typical Flare Fitting

3 Sec.

12 Sec.

19 Sec.

49 Sec.

1200

300

180

73

Iff
j

Disconnection of plastic tube
Depress the manual release button. This
holds the collet off the locking slope and
allows the tube to be drawn out of the
fitting. In places not easily accessable It
ay be necessary to use our discon

nection tool shown on page 13.
m

etc.

Working Temperature:
• Sub zero F to -f 160 °F.

Working Pressure:
• Vacuum to 250 PSI of working
temperatures.

LF3000 instant fittings are sold complete
with assembled gray manual release
buttons. However, It Is prossible:

• to flick off the release button If tor
reasons ot 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 reserve the right to change any dimensions or specifications without prior
notiticption.

Materials;
• Fitting Body -

Brass - Free Machining Type
Rastic - Acetal Copolymer

and/or Nylon 6.6
Cartridge Ports -

Free Machining Brass
O-Ring -
Buna N-NItrile
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m. a
mmkSBmrmMu
m&mmmmm>1m

iiiiaKra.'nBB(M^s$]$4
IHONi 414275
10^ 4142:^^ w

Quotation

Unh^tty of T«nii«ss«»
4140ougiMrtyHali
KiK}Xviltfi.TN 3789$
Attn: Mr« Soott KMn

Qyot* Numbar: UN3e-O01

I Data: Da^bar 4,1996 Ship Via; Best Way Terms; TBO~]FOB: Wisconsin

iQuantity 1 Unit | I  lAilt Price I Amouirt"!

$  1.950

Daactfp#on

50-4^/yr. Each >W»C p»l nLvnber: AX6
3/16-x3/ie* Check Valve

Epichtorohydrin
Hcxisir^ N^on

50-499/yr. Each MF^partnwnbw: A981
3/16* X 3/16* Two P<xt Inline Ct»ck Valve

$  1.825

Osaphrmam; FlucrtMilia^ia
Housing:

Lead time; 4-6 weeks after receipt of purchase ord^-.

This <^ot«ion is firm for 90 days. Thwsi^Br. prices v4ll be sttojecl to (Siange cfoe to mato-fal, lifoor
and energy cost Irx^aases. The lead «mes SM’e contingefA (L|)on avaBabiWy of materisrf mrOlor
tooling edacity and wit be confimwl with adoww^edgmen* of your ptrdrase order. We wish to
foank you few your kiqulry mid hc^ we may have tNi opportunity of ̂ ving you.

Respec*fy^ Submftted.

Daniel R. Bro^

Sales Engineer
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A119

mCHES OF WATER PRESSURE INCHES OF WATER VACUUM

Av«ra9* Op<iti Av«n9« CtOM Avang* Open Ayw«g« aos««P'

0^ 0220.1S 0.t8

0.19 0.300.07 0.00

0.37 0.30 0.41 023

0.41 0.34 0.36 0.33

0.95 0.82 0.91 0.73

0.43 0.37 9.50 0.47.its

n S'

0.17 0.17 0.27 026

0.55 0.51 9.51 0J51

0.51 0.43 0.54 0,43

0.38 028 0.27 020

028 0.18 0.41 0.13

1.50 1.10 1.50 1.10

Average 0.50 9.39 0J3 0.40

3ct 1.13 •  9.10 1.01 0.85

High 1.50 1.10 1.50 1.10

Low 0.17 0.07 0.22 0.09

i
PRESSURE FLOW-AI19

s

180

180

iCs.140 4

120 -
I

< too i

1 80

ae

.«£3«.I

*

t

60 7
1 JZ i

40

»

20 I

0

0 2 4 6 8  10 12 14 18 18 20

INCHES OF >CERCinRY

t

s
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O-ring glands for industrial reciprocating seals

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 A6-S are outlined in the follow
ing guide.

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 gland dimensions (table A6-4) is
the use of standard cylinder bore and standard rod dimen
sions.

GUIDE FOR TABLE A6-S

READ
HORIZONTAUV

SELECT
CLOSEST
DIMENSION
IN COLUMN

TO DETERMINE
DIMENSIONS FORIF DESIRED DIMENSION

IS KNOWN FOR
IN

COLUMN

Groove Dia of piston

OD of piston
Groove width

B-1Bore Dia of

cylinder CA

G

Bore Dia of cylinder
Groove Dia of piston
Groove width

A

B-1COD of piston
G

Groove Dia for rod

Bore ID for rod

Groove width

A-1

DBOD of rod
G

Groove Dia for rod

OD of rod

Groove width

A-1

BDBore Dia for rod
G

AHetseleclino gland dimentions, read hwiionlally 10 dstwmnoproFefO-rlngsMnufflbw. Specify compouna. _
Refer»laple 81. B5 or BIO to select the proper compound. 1t» eFeclivo part number lor an O-ring consists d both a sue number and a compound number.
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TABLE A6-5 GLAND DIMENSIONS FOR INDUSTRIAL RECIPROCATING 0-RING SEALS, 1500 PSI MAX.t

3
M

A A-1 B B-1 C D Ot

ss
o

2 s
I uio oa

g
M

5
S

Uoa
o

§1
o

s» StPARKER <9 * aaDIMENSIONS f
MO,

-(-.002
-.000

MEAN

OD (REF)
-(-.002
-.000

-f.OOO
-.002

H-.OOO
-.002

-f.OOO
-.001

-f.001 -f.OOS
-.000

ID w2-

005 .254 .249 .234006 ,114 .124 .139 *247

*.278

*.309

*.341

*.372

.126

005 .280007 .145 .285 .265 .155 .170 .157

005008 .176 .316 .311 .296 .186 .201 .188

005009 .208 .070 .348 .343 .328 .218 .233 .220 .093
005010 .239 ±003 .379 .374 .359 .249 .264 .251

005 .441 .436Oil .301 .421 .311 .326 *434

*.497

.313

005 .504 .499012 .364 .484 .374 .389 .376

104 .318 .312.112 005 .300 .124 .136 *.310

*341

*372

*404

*.435

.126

005 .349105 .143 .343 .331 .155 .167 .157

005106 .174 .380 .374' .362 .186 .198 .188

.206 005107 .412 .406 .394 .218 .230 .220
005108 .237 .443 .437 .425 .249 .261 .251

109 .299 ,005

.362 .005

.499.505 .487 .311 .323 *497

*560

*622

*.685

*.747

.313

110 0.103

±.003

.568 .562 .550 .374 .386 .376 .140
005111 .424 .630 .624 .612 .436 .448 .438
005112 .487 .693 .687 .675 ,499 .511 .501
007113 .549 .755 .749 .737 .561 .573 .563

114 .612 009 .818 .812 .800 .624 .636 .810 .626
115 .674 009 .880 .874 .862 .686 .698 .872 .688
116 .737 009 .943 .937 ,925 .749 .761 .935 .751

201 005,171 .449 .437 .427 .185 .195 ♦.434
*,497

*,559

,188
005202 .234 .512 .500 .490 .248 .258 .251

.296 .005203 .574 .562 .552 .310 .320 .313
005204 .359 ,637 .625 .615 .373 .383 .622 .376
005205 .421 .699 .687 .677 .435 .445 .684 .438

005206 .484 .762 .750 .740 .498 .508 .747 .501
207 007.546 .824 .812 .802 .560 .570 .809 .563

208 009.609 .887 .875 .865 .623 .633 .872 .626
209 009.671 .949 .937 ,927 .685 .695 .934 .688

010210 .734 1,012 1.000 .990 .748 .758 .997 .751

211 .796 010 .139 1.074

1.137

1.199

1.262

1.324

1.062

1.125

1.187

1.250

1.312

1.052

1.115

1.177

1,240

1.302

.810 .820 1.059

1.122

1.184

1.247

1.309

.813 .187
212 .859 .010 ±,004 .873 .883 .876
213 .921 010 .935 .945 .938

.984 .010

1.046 010

214 .998 1,008

1.070

1.001
215 1.060 1.063

216 1.109

1.171

1.234

1,296

1.359

012 1,387

1.449

1.512

1.574

1.637

1.375

1.437

■1.500
1.562
1.625

1.365
1.427
1.490
1.552
1.615

1.123
1,185
1.248
1.310
1.373

1.133
1.195

1.258
1.320
1.383

1.372
1.434
1.497

1.559
1.622

1.126
1.188217 012

218 012 1.251
012219 1.313

1.376012220

tThis groove width does nol permit the use ot Partjak rings. For pressures above 1500 psi, consult design chan A6-5 lor groove widths where Parbak rings must be used.
■These designs require considerable installation stretch. It assembly breakage is incurred, use a compound having higher elongalion or use a two-piece piston.
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10:33 No.002 P.02co/PPS-Knoxvi1le TEL: 1-615-637-4540 Feb 19 96

Standard Specifications
SCHEDULE 40.80120 PVC PIPE

ii of IVpo I. Or»d« ] compound oUtod

Di

Murkintfi Indiootoo monufnoturur'o nuine, mnlcrinl doigiia-
iloncodo, niimiiiKl pipe iiu, S^odulo oiiiu with prooiun ratine
in PSI fw water at TS*?'. ASTM dealrnation numlior
NSr ichI for potable wulur, anil nianufacturlnp date uode.

monatona: Dtmaniiona and toUranCM ehallboaaihownin
'••‘CTi meaiured aeeordlne to MethodD4122. To|erancea for out-of-roundnewi ahall apply only to pipe

I

Outside DIamstefs and Tolerancaa

irimeew
SiStMi
IHsMtr

Fw MenirnM Ml Mlelnua UuHlir
NmUm htriM

IdniMilB IdnMIilfl SeSMiilillB

U 0.406

0.540

0.676

0.540

1.0SO

1.316

1.660

1.«X)

10.004

10.004

10.004

10.004

10.004

i04»S

lOXKS

10.006

10.006

10.007

10.006

10.006

10.009

10.010

10.011

10.015

10.015

10.015

10.008

10.008

.10.006
10.008

10.010

laoio

10.012

10.012

10.012

10.015

10.015

10.060

10.060

10.050

10.060
104175

104)76

10.075

10.006

10.008

10.006

104)08

104)10

10.010

10.012

10.012

10.012

10.015

10.016

104)15

10.015
104)30

10.035

10.075

10.075

10.075

10.008

10.006

tO.OD8

10.008

10.010

10.010

10.012

10.012

10.012

10.015

10.015

10.015

10.015

10.030

10.035
10.045

10.060
10.080

%
y,
%
1

1%
1V4
2 2.375

2A75

3.500

4.000

t'h
3

3Vi
4 4.500
5 5.583

5 8.625

J?
ro

8.625

10.750

12.75012

Wall Thicknaaaaa and Tolsrancea

WlOTMctiilMNmIhI
flMtln niitaia48 tdasiaw SrtMulilM

BWm amira Tihfiete TUinici

0.058 *0.020
10.020

10.020
10.020

10.020

10.020

1IL020

¤04)20
104)20
10.024
10.026
¤0.027
ia028
¤0.031

¤0.034
10.036
¤0.044
¤04)49

0.096 ♦a020
10.020
♦0.020

♦0.020
♦0.020
♦04)21

y* 0.068 0.119
H 04M1 ai26

0.147% 0.109
0.113
0.133

0.170
ai70
0.200
0.216

♦0.020
♦0.020
♦0.024
♦0.026
♦0.027
♦04)30
♦0.038
♦0.042
♦0.042
*0.052
♦0.060
♦0.067
♦0.086
♦0.101
10.120

% 0.154
1 0.176
1% 0.140 0.161
1% 0.146

0.154
0.200 10.024

♦0,026
♦0.033
♦04)36
10.036

♦0.040
♦0.045

*0.052
♦0.060
♦0.071
♦0.082

042262 0.218 0.260
2% 0.203 0.278 041003 04116 0.300 04503Vi 0.228 0.318 0.3504 0437 0437 0.437$ 0.258 0476 04006 0.2M

0.322
0.432 0.5628 0.600 0.718to 0.3^ 0493
0.687

044312 0408
1.

ihemilSi^mlrtlKhtlklvitrjilljMll'lIttSinoiwi^
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Igus® Energy Chains
Plastic

norm-program

information

igus® Series 05
igus® microii f>

.  r- -:

'-‘O. I*
c p

! .. < CIS

UG'." 4jy

ScriM SS - -igu** nitero" (“only 1m INi StS* ono«*l

•igus* mm>' Series » tt »*« ideal gnergy Chaii w^iere 6j»se
IS a at a ̂ mnimn. R fs»a«ec(» mim m mmmt caWes amd
hoses (roBs asswiage, oven attwni mewemems.

T!*# minimym curve tmsn of tn SOS cemer i* only i.sr
{50mtn) uo » ̂  (9 «!«*> ift mey be mee y»«b the
e*»ri#f. soeh e$ conra^ ©sbsef. mwmmSc hmm and nm
tm«9.

^ppUmtmm-. Mensuhng apoawtuHi. tnediad devioM. eledronie
eqwpment, assembly robots wid miniaJure psm»t lo
alt miKdiines.

Part# dr itoek

Part No. Wmentlon (iTwn) In,

I—• -

05-1- (OISJ. (W8na38)
071, 1.1, 1J

■»
r'

«»ft S»S has Ntitimat Heij^ negi

Ci^om

igui* S«rs«* 05 ts «va«ab^ in eIgM osloi#. Tbe cbeiee el color
can be mmSe for aesticsic rMsans. Cotored E-Ct«*»s can ateo
be irtwii tor encoring tb« ««dy«» (®.jj. ‘imT *of aiertrfc&i
cidiles. 1>l«e* lor poeomal^ boee#5 O' «*»««» wamkig signal-

How-te-Order

(1) ^ dwetd Swi^ng rado# in ratlRmelef# la Part Ito..
eg. *06-1 <6®*

(f) For 10 fe« igus* E-CniSi«0S-t?M<iu*28inm, phis
mounting brackefs^ color Wade *10 ft 1B4S-6eMi v«i
s<s-ir.

OictorTedFrw 1«XWan^7d? OrerSIX^iliMtn^ock

.J

^ I* “*

05-2- <0I6), (026). (SM)
071. 1.1. %ST

fi
i

j
WI

<».3- (018). {0:^).(C38>
0.71, 1.1, 1,5

T
f*I* 4-

J

^olMeoloni; O&Kk
^Orange
SQtcy
4M0i5Vl

ivmm
SM
7Gro«n
8»ue
OEBadr-lfclOv

(om maimi
0.71, 11, 15E«*

1...'t
i

055 f» t018(. (028J,P»I^
071. 1.1, IS

I

€• : -

i

1
f* New plasSc one-glec« mounSng bracinrt* for Series OS.05-64-t_. i  (018). (028!, (033)

071, 11. 15r

• M
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¤

Energy Chain
Systems

Igus* micro Series 05

M<nmiln9 8r»cli«tt

Mgwnting hmdmU »ng ol 3tirt«S9 smi. E(k^ s«t
ol tm im io» ®se*! oi 9» E«C»«ia 1>*«

mounting bw*e<S m 0«9 «i« E-Q'rtO CWSl»f *03
Mod 90 m rnamim. Fch E-CNoin ̂ pm 0$-& ond CS44. tvra
««» ol 50243 brsKSoste am resiu^.

Part No.

SM-tS
50643
5^12
5(»-t2

CompMKSetlorSSS-2-
CcmpHaftS6tl«S«»i-
Ctm^^itMaSotforSQM-

Iff

Mt-12

5£

jll4-
50B-12

Bm

m  '.
m

i
m

Sa3kl2

s« •s
"Ifft.

ns
!.

i
^  w-l.
’

mm

m wmk

I50*42

w

j -4 4"mm

*

Mounting twacktu. iimatiM d.

MitartJd: igumid 0 ftolar to
OMignOi**

11A

I?:!

EE7
£«Cl»«ln eS ¤ K moym)

T
Wdi: ea«r.7»

UnkflperlotK; 153S

•^Tra(rM; S
•-©

R Ilf) JlO
(SC) 1.97
(*C) tS7

{100) 3.94

R«M
H-Mouri»ii9(i«ist<
0 « Curvm nKkos tJepOi
K B. Cufv* radius liin^

m bond radio*im 11«
C70) 2.75
(SO) 197
040) 5.51

(38) 1.50
(90) 344
{901 236

(180) «.JW
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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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