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DESIGN OF USER-WEIGHT-BASED EXERCISE MACHINES

by
Dana Joseph Coombs

Charles F. Reinholtz (Chairperson)

Mechanical Engineering

(Abstract)

This thesis describes the process of designing exercise machines that raise the weight of the user

as the primary source of resistance.

Most strength training machines use weight stacks or springs as the source of resistance. While
such machines are highly evolved and provide an excellent workout, they typically have a number
of disadvantages including high cost, and large size and weight. A user weight-based exercise

design will reduce the cost, size, and weight of the machine.

The design process considers some important issues. Parallelogram linkages are implemented to
provide non-rotary motion without the disadvantage of linear bearings. The user input is located
with respect to the user providing correct relative motion for the exercise. The design also

considers proper resistance curves during the design process.

Specific examples are given for each step of the design process. These examplesinclude the

evolution of ideas and the creation and use of kinematic and automatic tools.
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Chapter 1, Introduction

This thesis uses the engineering design process as described by Ertas and Jones
(1996). This procedure is applied to design a home exercise machine. This machine uses
aperson’s own weight as the source of resistance. The design process is used to take this
idea from concept to prototype.

The design process can be used to devise a system, component or process to meet
desired needs. Another definition of the design processis “The process of applying the
various techniques and scientific principles for the purpose of defining a devise, a process
or asystem in sufficient detail to permit its realization. Design may be simple or
enormously complex, easy or difficult, mathematical or non-mathematical; it may involve a
trivial problem or one of great importance.” (Norton, 1992). There are many detailed
methods for the engineering design process. They all have some common elements, such
as brain-storming and some type of analysis. All design processes must include iterative
decision making. Designs are never perfect the first time and will always improve with

iteration.

1.1 TheEngineering Design Process

The engineering design process as defined by Ertas and Jones (1996) will now be
described. This processis generalized for large projects done by large organizations or
companies. For small organizations or student projects, some of the steps can be
simplified or ignored. Figure 1-1 (Ertas and Jones, 1996) shows a schematic block
diagram of this process. It isimportant to first know about synthesis and analysisin the
design process. Thisis not adiscrete step, but is continuously ongoing. To synthesize
means to combine parts into a complex whole. To analyze means to separate the whole
into elements. They are interrelated during the design process. This usually happens right

after an initial statement of need. A quick sketch of anideato solve aproblemisa
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Figure 1-1, Stepsin the Engineering Design Process

Adapted from (Ertas and Jones, 1996)

crude example of synthesis. This step would be followed directly by problems with the

idea or better ideas based on components of the design.

Before a system can be analyzed, it must at least be conceptualized. Therefore,

synthesis must occur first. Aninitial concept to solve the problem must be determined.

Once a concept is approved, schematics and layouts are created to visually depict the

concept to other groups of people. Eventually, thiswill lead to detailed design and

detailed drawings of each component along with assembly drawings.



1.1.1 Recognition of need

The first step in the engineering design process is the recognition of need. When a
need isgiven, it isusually brief and lacking detail. The design engineer must structure the
problem statement. There are different categories for each of the five different types of
needs. Thefirst type of need isaformal request, also called arequest for proposals. The
second type is an informal request, thisis a suggestion or an implication from a potential
customer. The third type iswhen a need isfelt to exist. The forth type of need isan
assignment from a supervisor. Finally, the fifth typeisthe need for a product for which a
market could be developed. Thisisamarketing strategy to create afad to sell anidea. In
this case the need is created.

1.1.2 Conceptualization and Creativity

Once aneed is recognized, concepts immediately follow. A design engineer will
start to crudely synthesize and analyze the problem. This step isfun and frustrating and
potentially the most satisfying. Few facts exist about the phenomenon of creativity. Some
believe it can be taught, and others believe that it is inherited.

Although the process of conceptualization can ndte well defined, it does seem to
have a general trend. Thereis frequently an idea generation or brainstorming stage where
people try to think of as many ideas as possible without judgment. Analysiswill determine
if theideais unacceptable, but it is best to start with many ideas as possible. Thisis
followed by a period of frustration when the ideas run out. At this point, the problem
should be set aside to allow a period of incubation. During this time, the subconscious
mind will still work. Ideally, thiswill cause a new idea to pop into the conscious mind,
which will often seem to be an obvious solution (Norton, 1992).

When the concept is analyzed, unforeseen difficulties are often encountered.
Therefore iteration or restart is necessary to refine the solution. The conceptualization

stage is part of the synthesis and analysis process.



1.1.3 Feasibility Assessment

This step is used to determine the feasibility of a concept. Thisisto ensure that
the design phase is entered with a concept that is feasible or achievable technically and
with regard to cost. Thisisatype of analysis but not an in-depth analysis of individual
components or of every concern. Thisisapreliminary analysisto determineif the idea
gualifies to be further pursued and analyzed in greater depth. If the concept is not
feasible, the process must return to conceptualization. For small projects, this may be part

of the conceptualization stage.

1.1.4 Establishing Design Requir ements

This step follows the feasibity assessment and will provide detailed task
specifications for the design. | feel that this step should follow the recognition of need
since this will also help determine the best concept. The list of requirements or
specifications are important for communicating ideas to other engineering groups. It helps
to save time and cost by minimizing wasted pursuits. Two types of specifications could be
used. Performance specifications state what the design must do. Design specifications
define how the design must do it. This step constrains the problem so that it can be solved
and can be shown to have been solved. Care should be taken to not make the

requirements too specific and, therefore, limit the designer’s freedom.

1.1.5 Organizational Work / Breakdown Structure

This step is needed to maintain management accountability and prevent
responsibilities from diffusing into other groups. This structure is afamily tree to
subdivide efforts. It also relates tasks of each group to each other. Obviously, for small

project with only afew people, this step is not as important.

1.1.6 Preliminary Design

This stage is the bridge between design concept and detailed design. If thereis

more than one acceptable concept, an evaluation will be conducted. The cost will now



become more realistic and schematics, diagrams and layouts will be used. Also at this
stage, some computation and analysis will done. A component-level literature search can
also be conducted. Vendor equipment will be evaluated and experts are consulted.
Thisis still apreliminary design, so not all requirements can be specified correctly
on thefirst try. Iteration isstill taking place on this step as well as the entire design
process. Therefore feedback isrequired. Automated tools for detailed analysis are often
powerful aids in this stage of design. These tools include commercial software packages
or software code written by an engineer for specific analysis needs. Some example are

kinematic and dynamic software or finite-element analysis software.

1.1.7 Detailed Design

The detailed design stage is an extension of the preliminary design stage. Thereis
still some synthesis and analysis occurring. Each part is evaluated to see if it meets the
overall requirements. Specifications are given for each component, thisis usually donein
detail drawings.

The detail drawings define each component and how they are all assembled into
subassemblies and main assemblies. These drawings specify the following elements for
each component:

a. Operating parameters

b. Operating and non-operating environmental stimuli

c. Test requirements

d. External dimensions and tolerances

e. Maintenance and testability provisions

f. Materials requirements

. Reliability requirements

o «Q

. External surface treatment

. Design life
J. Packing requirements
k. External marking

|. Special requirements (lubrication, etc. ...)



Detail drawings for internal manufacturing are related by the “next assembly” on the
drawing to inform that the part belongs to that assembly. That assembly drawing will have
aBill Of Materials (BOM) to provide information on which parts are needed to make the
assembly.

There are other diagrams that are also useful in detailed design. Some examples
are diagram drawings for piping and wiring. Installation drawings are also used for
assembly or installation outside of the company.

The cost is checked during this step of the design process.

1.1.8 Production Process Planning and Tooling Design

At this stage, engneers need to determine the appropriate sequence of process
operations for production. These operations and their sequence are determined by their
geometry, dimensions, tolerances, materials, surface finish, etc. This step can be traversed
methodically in the following order:

a. Interpret the design drawing

b. Select the material

c. Select the production process

d. Select the machines

e. Determine the sequence of operations

f. Select jigs, fixtures, tooling, and reference datum

g. Establishtool cutting parameters like speed, feed, and depth

h. Select inspection gages

i. Calculate processtime

J. Process documentation and NC data
Producibility analysis may also be used at this stage. This optimizes the design by
minimizing the cost of manufacturing. After the manufacturing processes have been
determined, production planning is done. Production planning is defined as laying out the
production line flow and production control is scheduling work, providing materials, and

supplies.



1.1.9 Production

Production is ready after the prototype has been tested and is qualified. During the
production, quality must still be tested. This can be done at various stages during the
manufacturing processes. Additionally, quality assurance testing should be done after the

product is complete.

1.2 Other Design Considerations

There are still some other design considerations that deserve some discussion. The
steps of the design process have been laid out, but there are still other parts of the design
process that can incorporate more than one of these steps. Some steps can overlap to
savetime. Thisiscalled concurrent engineering. One exampleisdesign for
manufacturability. Thisiswhen the design engineer considers the manufacturing
processes needed to produce a design. Some design changes can save time during the
manufacturing processes. Another consideration is human factors data for a user friendly

product.

1.2.1 Design for M anufacture and Assembly

Typically, between 70 and 80% of thproduction cost is a result of the design of a
product (Ertas and Jones, 1996). The decisions made early in the design process have a
greater effect on cost than later decisions for manufacturing improvements. As aresult,
design must be done such that manufacturing processes are minimized and optimized. The
design and manufacturing of a product can not be separated. Therefore, it isimportant for
the designer to understand process requirements and preferred manufacturing methods.
The following list is agood set of guidelines to follow:

a. Simplify the design.

b. Eliminate operations that require skill.

c. Minimize the number of parts.

e. Useamodular design.

f. Minimize part variations.

g. Use multi-functional designs. Design a part that does many things.



h. Design parts for multi-use. A database would work well for general parts.

i. Design to simplify fabrication. This can be accomplished with cheap materials,
not wasting time, and designing self-securing parts.

J. Minimizeuse of fasteners since cost of fastening is more than cost of fastener.

k. Minimize assembly directions.

I. Maximize compliance by using generous tapers, chamfers, location points for
fixtures, etc. ...

m. Minimize handling by positioning parts in proper position and making them

easy to find.
0. Eliminate or simplify adjustments. Use stopping points and detents.
p. Avoid flexible component such as wires and cables.

g. Minimize testing.

1.2.2 Human Factors

Human factas information is important for ease of use, safety, efficiency, and also
for maintenance and repair. Some examples of important considerations are color
indicators, warning lights, and location of switches. Another factor to realize is the
aesthetic appeal of the product. This can be more important for sales than functionality.

The design processis applied to designing a home exercise machine. The

following chapters give specific examples of the important steps.



Chapter 2, Identification of need

The first step in the engineering design process is to identify the need for a
product, device or service. Thereis an obvious general need for exercise and strength

training equipment.

2.1 TheNeed for Exercise

The need for strength training is the first issue to consider. The surgeon general
states that daily activity for 35 to 40 minutes will improve overall health and quality of life.
Some examples of such aerobic activity include biking, walking, even working around the
house or yard work (Burns, 1996)

The effects of strength training go beyond just increasing strength. Several weeks
of strength training will reduce resting blood pressure, a 2 month program can reduce it by
4 mm Hg. It also causes fat reduction in three ways. First, strength training will burn
calories during the work out. Secondly, the after burn effect will burn more calories for
hours after awork out. The after burn effect is the increase in metabolic rate and a higher
body temperature. Lastly, for each pound of muscle, 35 calories are consumed each day
to support tissue. Strength training will also increase bone density and improve glucose
metabolism. It also causes faster gastrointestinal transit, produces better blood lipid
levels, reduces lower back pain and reduces arthritic discomfort (Wescott, 1996).

Lack of time seems to be the most popular excuse for people who do not strength
train. In fact, 60% percent of Americans do not engage in regular exercise and 25% do
not exercise at all. However, an awareness of physical fitnessis growing. Strength

training needs to be shown to be fun and attractive (Wescott, 1996).

2.2 Background Research in Exercise Technology

It isimportant to understand the trends and facts of exercis@tknow the needsin

the home exercise market. There are many different opinions from muscle magazines and



the field or sports medicine on the best methods of strength training. A wide variety of
different workout routines are readily available. These routines specify how weights
should be lifted, and how many sets and repetitions should be done. One major issue that

is evident today is the controversy regarding concentric and eccentric exercises.

2.2.1 Concentric Versus Eccentric Training

Concentrictraining is based on training muscles as they contract. Thisis
commonly know as the “positive” exercise. Eccentric training is based on training muscles
as they lengthen. Thisis commonly known as the “negative’ exercise.

Some concrete facts state that eccentric training is more effective for body building
(Phillips, 1996). The eccentric exercise will cause hypertrophy, the growth of muscle
tissue. Eccentric training is believed to cause more muscle growth because it causes
greater tension and more stimulus to the muscle fibers and greater biological adaptation.
The specific medical reasons are not important in this document. Another important fact
is that eccentric strength is about 40% greater than concentric strength (Dibble, 1989). It
isimportant for best performance not to rest between repetitions or motions during a
repetition (Duchaine, 1996). Even though the eccentric exercise is most important, the
concentric exercise still has some value. Concentric exercises do help increase strength .
They also cause fatigue of muscle fiber during a set to cause the fiber to lock. This
prepares the muscle fiber for an optimal eccentric repetition at the point of fatigue. When
the muscle fiber locks, the eccentric part of the repetition will cause subcellular damage to
the muscle. Therefore the concentric exerciseis aso acritical primary stimulus for the
eccentric exercise (Phillips, 1996). Though this may sound destructive, it is most effective
for building muscle since the cells are rebuilt. To conclude, exercises should be done
continuously throughout the set. The negative part of the exercise should take about three
times longer than the positive part with controlled motion (Phillips, 1996), and the weight
should be increased up to 40% in the negative part of the exercise if possible. Knowing
this, it is clear that isokinetic machines, which only apply resistance for the concentric
motion, are not effective for building muscle (Poliquin, 1995).

2.2.2 Strength Curves Versus Resistance Curves

10



The strength curve is defined to be the maximum force or torque that a person can
exert as afunction of the position through a particular exercise motion (Telle, 1996). An
example of a strength curve could be found by looking at a biceps muscle. The maximum
strength of the biceps can be measured for each position of the elbow rotation. The curve
could be seen by plotting the force as a function of elbow rotation. An example of a

strength curve is shown in Fig. 2-1.

Figure 2-1, Example Strength Curve

Arthur Jones brought the variable resistance cam some attention in the fitness
community. He worked with Nautilus to make strength training equipment that used a
variable resistance cam to match strength curve. The resistance that the cam createsis
called the resistance curve. ldeally, the resistance curve should exactly match the strength
curve. This method should yield optimal results because it will train muscle fibers through
the entire range of motion. It eliminates the “sticking point” that does not allow the
exercise motion to continue. If the motion is not continued, the muscle that is used to
complete the motion will not be trained. The variable resistance cam not only allows all
the muscle fibers to be trained, but it also trains them at their maximum strength (Telle,
1996).

Thereis still some criticism about the variable resistance cam. The first problem is
that fatigue happens most rapidly at the end of an exercise motion. Therefore, as
repetitions increase, the resistance curve at the end of the cam rotation may exert forces

greater than the strength curve. So strength curves change even in the course of awork

11



out. Some companies have designed variable resistance cams with less resistance at the
end of rotation. Another criticism is that the cams match an average strength curve.
However, strength curves among members of a population vary. Isokinetic machines
would seem to solve the problem. These machines exert resistance that is directly related
to the speed of the exercise motion. These machines use hydraulics or electronic controls
to always match the force exerted by the user. However, most only allow concentric
training. Therefore free weights are still advocated as the best solution (Telle, 1996).
Free weights accommodate changes in the strength curve by allowing the user to
accelerate the mass when stronger. Consequently, when the person is weaker, the kinetic
energy stored in the mass will help the motion continue. Thisideais based on energy

storage as the mass acts like an energy buffer.

2.3 HomeExercise Market

The home exercise market is replete with various types of cardiovascular and
strength training equipment. Advertisements continually show new ideas for
cardiovascular workout or abdominal workout machines. Thereis also an ever-increasing
range of strength training equipment. The attraction of home exercise equipment is the
convenience of not going to agym. There also may be a cost savings over along period
of time.

The concept of using a persors body weight for a cardiovascular work out is very
common now. | feel that one reason that the idea is successful is because the exercise
appears to be fun.

Strength training equipment offers a wide range of exercises. However, the low
end machines use some basic exercises and modify them to create more exercises. Some
strength training machines use weight plates as a source of resistance. SoloFlex, BowFlex
and NordicTrack machines do not use plates for resistance. These non-plate |loaded
machines cost about $1000 (NordicTrack Inc, 1996)

The home equipment market is potentially larger and more profitable.

2.3.1 Existing Machinesand Trends

12



It isimportant to look specifically at the products available in the market. Thiswill
help save time in the design process by not repeating work that has already been done.
This can also give ideas to improve and change existing designs.

Some electronic equipment has been designed by Universal Gym and LifeFitness.
The goal of these machinesisto provide an intelligent workout that optimizes the user’s
time. Thisisdone by measuring the strength curve of the user and then matching it. The
machines can also add more resistance for the eccentric motions and adjust for fatigue.
The electronic machines also reduce boredom by creating an interactive experience. They
also coach the user with feedback on fitness results. Universal Gym and LifeFitness
designed a system that stores each user’ s information on a magnetic strip and can be used
for future workouts. These machines use dc motors and a motor controller to create
resistance (Dibble, 1989).

Nautilus is still using the variable resistance cam and improving on those machines
with the 2ST series. These machines are quieter and smoother with needle bearings. Also
the seat is easily adjusted to any position using a gas spring. The weight stack can be
changed while seated and can change by increments of 1 pound (0.2248 N). Another line
of machines makes use of four-bar linkages to generate aresistance curve. These linkages
are loaded with plates (Barnett, 1996). Soper (1995), Tidwell (1995), Scardina (1996),
and Bokelberg (1990) have documented techniques of designing these four-bar linkages.

Another type of machine that creates a resistance curve is produced by Strive.
Thisisamost recent idea for generating strength curves. The concept is based on placing
plates on arotating plane. Asthey are rotated through the exercise motion, the imbalance
forces will create avarying strength curve. This concept is shownin Fig. 2-2. Aseach
plate is changed, the strength curve changes. This allows for an adjustable strength curve
for each person. However, the use of this type of machine does seem confusing (Brown,
1996).

13



weight 1

Revolute Joint

| O weight 2

O weight 3
Figure 2-2, The Strive Concept

Cybex has developed an isokenetic electronic machine (Dibble, 1989). The
velocity of the exercise motion is controlled electronically. Hydra Fitness is another
isokinetic machine that uses hydraulic actuation to control the speed (Dibble, 1989).

Again, these machines to not provide eccentric training.
All of these machines are high-end machines typically found in fitness clubs. There

isalso alarge range of home exercise equipment for resistance training. A very popular

example is the SoloFlex shown in Fig. 2-3.

)

Rubber band spring

" ==

Figure 2-3, SoloFlex M achine
(Adapted from SoloFlex, http://www.soloflex.com:81/)

This machine uses an elastic band as the source of resistance. However, the resistance

curve provided by the elastic band is alinearly increasing force starting at zero. This

14



results in poor resistance curves for the user in most exercises. The BowFlex, shown in

Fig. 2-4, isanother example of a machine that uses spring energy.

Bow spring

Figure 2-4, BowFlex M achine
(Adapted from BowFlex, http://www.bowflex.com/)

The NordicFlex Gold is an isokinetic machine for home use. These machines do not use
weights, but have other sources of resistance. Another machine was created by
NodicTrack called the NordicFlex UltraLift. This machine uses the person’s weight as the
primary source of resistance. It isbased on afour-bar linkage with aroller under one of
the links. The Ultralift concept is shown in Fig. 2-5. This machine was not found until
after the final design of this thesis had been completed. CML Group Inc., the owner of
NordicTrack, announced the release of the NordicTrack UltraLift on November 21, 1996
(PRNewswire, 1996). It isinteresting to notice how similar it isto some of the initial four
bar concepts that are documented in Chapter 3. This idea does eliminate the need to
change cable lengths. It also allows the resistance to be adjusted without lifting the
linkage.

15
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Figure 2-5, UltraL ift Concept
(Adapted from NordicTrack, http://www.nor dictrack.com/)

24 TheDefined Need

Based on the topics discussed in this chapter, it is good to define a clear need.
This need is not a specific request, but a sensing of aneed. Thereis aneed for strength
training to improve overall health. Eccentric training is important for building muscle.
The strength curve should also be considered. Home exercise machines are attractive to

people who would rather save time, money and avoid the inconvenience of agym. The

16



retail cost should be under $1000 to compete with similar exercise equipment. The need
for using a person’ s weight exists because it is fun and attractive. It also saves cost for
materials and manufacturing.

Another way to define the need is to make a goal statement.
A home exercise machine that uses a person’s own weight as the source of resistance.
This resistance must be variable for people of different strengths. This machine needs to
include eccentric exercises and the resistance of each exercise should be designed with
the strength curve in mind. The machine should be competitively priced for less than

$1000 and offer a complete range of exercises.
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Chapter 3, Conceptualization / Creativity

This chapter discusses the “ conceptualization of solutions” stage in the engineering
design process. This stage immediately follows the “identification of need”. This phase

initiates the synthesis of the final solution.

3.1 Initial Concepts

The general concept developed from the need statement was to develop a
mechanism to lift the person vertically. This mechanism needed to allow adjustmentsin
the mechanical advantage without lifting the user’s weight. Additionally, since the motion
of an exercise stroke islinear, the required input motion was linear. A linkage was
conceived with only prismatic joints causing linear motion of each joint. Thisidea appears
inFig. 3-1. The platform link is used to support a platform for the user. Therefore, the
output motion will raise the user. The adjustment link is used to vary the resistance by
varying how high the user israised. Since prismatic joints are expensive and difficult to

implement, this linkage was modified by replacing prismatic joints with revolute joints.

3.2.1 Evolution of Prismatic M echanisms to Revolute M echanisms

While prismatic joints produce the desired motion in a conceptually simple way,
these joints have several drawbacks in application. They are relatively expensive to
produce, and they are prone to higher frictional forces and stick-slip motion. Thisledto a
systematic attempt to replace all prismatic joints with revolute joints. A prismatic joint
can be replaced by straight line linkages such as Watt’s four bar linkage. Each Watt’'s
linkage adds four more revolute joints. The Watt’s mechanism is shown in Fig. 3-2. The
two rockersin this linkage are of equal length and the midpoint of the coupler forms an

approximately linear coupler curve.
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Figure 3-2, Watt’s Straight Line M echanism

Figure 3-1 shows a schematic of afully prismatic linkage. This linkage has 1
revolute joint and 3 prismatic joints. There are atotal of 4 links including the ground link.
Gruebler’s equation (Gruebler, 1917) for planar linkages shows that there is 1 degree of

m=3(n-1)- 2f - f
freedom. ( ) o2
m=3(4-1)- 2(4)=1
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m: Mobility or degrees of freedom

n: Number of links noincluding ground
fi: Number of one degree of freedom joints
fa: Number of two degree of freedom joints

The vertical prismatic joint was replaced using two Watt’s four bar linkages, as
shown in Fig. 3-3. Thislinkage has 11 revolute joints, 2 prismatic joints and 10 total links
including ground. This linkage does have a mobility of one.

m=3(n-1)-2f - f,
m=3(10- 1)- 2(13) =1

Output Waitt's linkage
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Figure 3-3, One Replace Prismatic
Next, the adjustable prismatic joint was replaced with a single Wattiakage. One

linkage was used since this does not require keeping another link in constant orientation.

This schematic is shown in Fig. 3-4. Thislinkage contains 1 prismatic joint and 15
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revolute joints. There are atotal of 12 links including ground. The mobility of this

linkage is also one.

m=3(n-1)- 2f, - f,
m=3(12-1)- 2(16) =1
Output
™\ i
o) o J Watt’s linkage
- (0] _— ;
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O
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N

I = |nput
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Figure 3-4, Two Replaced Prismatics

The most complex straight-line-equivalent mechanism was created by replacing the
last horizontal prismatic joint with another Watt’s four bar. Thisis shown in Fig. 3-5.
This linkage has 19 revolute joints and no prismatic joints. There are atotal of 14 links.
The mobility of thislinkageis still one.
m=3(n-1)- 2f - f,
m=3(14-1)- 2(19) =1
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Figure 3-5, Fully Revolute Linkage

Each one of these linkages has one degree of freedom. Since, the platform link
should maintain a constant orientation, a prismatic joint would most likely be a linear
bearing. Thiswould be more expensive to implement than a linkage. However, two
Watt’ s linkages are complicated and add 10 revolute joints to the system. Other concepts
of creating a vertical motion for the platform must be considered. The horizontal
prismatic joint can still be created with asimpleroller.
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3.2 Refined Concepts
Concepts were generated to create linear, vertical motion without using a prismatic
joint or two Watt’'s linkages. Linkageswere considered first. One linkage idea used a

scissors-type linkage as shown in Fig. 3-6.

Input

Output C‘_

>

N

User platform

Figure 3-6, Scissors Linkage

This concept also gives alinear vertical lift motion. The linkage is based on rotating a
bevel gear set to compress the scissors links and lift the platform. The concept is not
complete since some issues are not resolved. The input shaft must remain vertically fixed
relative to ground to maintain gear contact. Also, a method of adjusting the resistanceis
not determined.

The second linkage concept was afour bar with two parallel rockers. A parallel
four bar would be a good choice to eliminate links and joints. The arced motion is not
ideal for the feel of the user, since the motion is not vertically linear. The radius of the arc
depends on the length of the rockers. This compromise was worth investigating. A
schematic is shown in Fig. 3-7. In this concept, the four-bar linkage is used to elevate the
person. Theinput isacablewith aroller under the bottom link. Asthe cableis pulled, the

linkage is forced to move upwards.
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Figure 3-7, Parallel Linkage

Another version of thisidea uses a cam under the linkage to replace the roller on an
inclined surface. Asthe cam rotates from the cable tension, the change in radius lifts the

linkage. This concept is shown in Fig. 3-8.

Output
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Figure 3-8, Parallel Linkage with a Cam

Another linear motion linkage was found from echanisms and M echanical

Devices Sourcebookby Chironis. This eight-bar linkage not only causes linear motion but

also keeps the link in a constant orientation. Thislinkage is shown in Fig. 3-9.
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Figure 3-9, Constant orientation linear linkage

Another idea was also considered that was not based on a linkage mechanism.

Thisideawas a hydraulically actuated machine. Resistance can be created by lifting a

person’s weight hydraulically. A simple schematic of a hydraulic mechanism is shown in

Fig. 3-10. This mechanism has an input lever that compresses one cylinder. Thefluidis

Output

S I\ Input

! Cylinders

Figure 3-10, Hydraulic M echanism

then forced into the cylinder below the support platform. Asaresult, the user islifting his

body weight.
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The process of conceptualization led the first concepts toward a parallel linkage
with aroller to create two revolute joints. Clearly, during this step of the engineering
design process, there is synthesis and some analysis. Each time a problem isfound or a

new idea comes to mind, the design engineer iterates on the concept.

3.3 Feasibility Assessment

The feasibility assssment is the next step in the design process. A new chapter
will not be devoted to this subject since thisis a small-scale design project.

The hydraulic lift concept will likely be higher in cost and the required maintenance
of hydraulic cylindersis a disadvantage. Another problem with hydraulic cylindersisthe
potential leaking of fluid. Thistype of may also have noticeable friction.

Therefore, the focus turned to linkage concepts. In general, radial plate cams are
more expensive to manufacture than linkages. Since aroller on aramp, as shown in Fig.
3-7, will accomplish the same task as aradial plate cam, as shown in Fig 3-8, the linkage
with rollers were further considered. One advantage of aradial cam is that its surface can
be shaped to control the mechanical advantage. This could be an advantage for designing
aresistance curve. Thereisstill another potential problem with alinkage that uses a
roller. Asthe angle of the inclined surface that the roller follows is adjusted, the length of
cable may change. The cable length may need to be adjusted for different adjustmentsin
the resistance. Therefore, a new design consideration is that the roller must always start at

the same position.
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Chapter 4, Establishing Design Requirements

After going through some conceptualization and feasibility analysis, some design
requirements become more apparent. Most of these requirements are known after the
need is defined and some background research is done. However, after some
conceptualization and feasibility analysis, more specifications are found. This topic will be
discussed in this chapter even though it is a concurrent step in the engineering design

process.

41 Human Factors

Human factors data can be directly applied to this project. Thisinformation can be
found from the Human Factors Design Handbook (Woodson et al., 1992). The important
dataisincluded in Appendix A. The available datais for the ranges of the 5th, 50th and
95th percentile of the coed, adult population.

4.2 Design Requirementsfor the Home Exercise Machine

At this point of the engineering design process, alist can be made of specific
design requirements. This list should be as exhaustive as possible. Asthe design process
continues, more can be added to thislist. Based on Chapter 2, human factors data, and
design for manufacture issues, the following list was compile for the home exercise
machine.
a. The machine must use the person’s weight as a source of resistance.
b. The resistance must be variable for strengths of different people.
c. The resistance should be reasonably constant.
d. The machine must include concentric and eccentric resistance.
e. Theretail price should be between $500 to $1000.
f. The machine should be light enough for two people to carry.

g. The machine must fit through a door opening of 83 in (210.82 cm) by 35in (88.9 cm).
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h. The operating height should be less than 7 ft (213.36 cm).

i. The machine should include one major exercise for each muscle group, alterations of
these exercises will add to list of exercises. These mgjor exercises include a chest press or
fly, abiceps curl, arow, alateral pull-down, atriceps extension, aleg-press, aleg curl, a
calf exercise, and a military press.

. There should be no more than 2 adjustments to operate the machine.

k. The machine must be safe.

I. The design should have as few parts to assemble as possible

m. The manufacturing processes should be efficient.

4.3 Organizational Work /Breakdown Structure

The next step isto organize awork structure. Thiswould be a very important step
for alarge scale project in alarge organization. If there are different teams of engineers,
each group must know their responsibilities. The method of management is very
important here and project engineers are responsible for communicating among the
different disciplines.

For a project of this size, the organizational structure is not a major issue.
However, ateam of two undergraduate students assisted in the fabrication of prototypes
and models. Communication was important as concepts were analyzed and prototypes
were fabricated.
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Chapter 5, Preliminary Design

After areasonable design concept has been developed, it must be analyzed to
determine more specific design issues. These can include motion, forces, and stresses.
This step includes additional synthesis and more extensive analysis. It isan iterative
process that will refine the design. This step may also reveal that a concept is too difficult
to implement if, for example, the motion is unacceptable, or internal forces are too
extreme. In this case, the process will have to return to the conceptualization stage.

The concept that has been selected for further development is afour-bar linkage
with aroller and an inclined link to adjust the linkage movement. Thisisseenin Fig. 3-7.
Some analysis was performed on thisidea to predict the behavior. It isimportant to
perform a kinematic, force and stress analysis on the linkage. Thiswill determine the
motion of the links, and the forces that the user must input. Internal forces are also
important for stress and fatigue analysis to avoid failure. The velocity and acceleration of
the linkage were not considered, since the motion is assumed to be slow. Only static force

analysis has been considered.

5.1 Kinematic Analysis

For apreliminary analysis, afree-body diegm approach was simplified with
simplifying assumptions was developed. The first assumption was that all of the user’'s
weight is applied at the end of the parallel link in contact with theroller. Thisis possibleif
user’sweight is applied at the center of the platform in Fig. 3-7. Another assumption was
that the links were massless. The last assumption was that the roller isa point. The
geometry determined the force vector directions. A free-body diagram of the lower link is
shown in Fig. 5-1.
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Figure5-1, Free Body Diagrams of Initial Design

In this problem, the force W and the angl& are given and the user input forcé& isto be
determined. Since the input force should be a function of stroke, the angle of the linksis

defined in terms of the roller positiond). The anglef isafixed angle set by the user. It
determines the amount of resistance by varying how far the platform will lift.

O=- = 0

- N
q q i %
Summing moments of the link about the fixed pivot allows the normal foréd) on the

roller to be found. This normal force can then be used to determine the input forde (
[ +(-)] - @) =
f -

[« ]

T ]

Once this normal force is known, the forces can be summed in the vertical and horizontal

q:

directions for the roller to determiné-.
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The equation for F can be expanded by using the solutions d; and N,.
The user force, F, as afunction of positiond) is desired. Matlab was used to
solve for thisforce by using an M file. ThisisaMatlab specific macro file. The code for
thistype of fileis shown in appendix B. Thisfileiscalled ffunc_vam. Thisfile can be
used in Matlab to generate plots and data. The results of running this file are shown

below and the output plot isseenin Fig. 5-2.

» ffunc_va
Enter value of phi:20
phi =

20
Enter stroke:24
stroke =

24
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Figure5-2, ffunc_var.m Output
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This M fileis an interactive tool, allowing the designer to input the fixed ramp angle and
the stroke of the exercise. This allows the designer to focus more on the design
parameters and less on tedious calculations. This design tool can be used to iterate
through different link dimensions and ramp angles.

After iterating on these parameters, the force curves were still not very constant.
Another variation of thislinkage was used. In this concept, theroller is placed directly
under the platform which is part of the coupler link. In addition, a gas spring was added
to theramp link. A schematic is shown in Fig. 5-3.

Output Gas spring
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Figure 5-3, Second Roller Schematic

This configuration shows the adjustable ramp link. Similar to the first design, this

iteration requires the user to pull on a cable and force the roller to move up the ramp. As

aresult, the platform moves upward.

The same basic kinematic analysis was done on this mechanism. The forces were
determined by using static free-body diagrams. Figure 5-4 shows the free body diagram of
theroller. Pisthe force applied by the gas spring at an anglfe The anglef is not

necessarily equal to the angle. The force of P linearly increases at arate oK.
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Figure 5-4, Free Body Diagram of Roller Forces

Once again, the assumption was made that the user’s weight is applied at a single point
and the links are massless. Theroller is aso assumed to be apoint. If theweight is
applied on the platform at a point location over the roller, then all of the weight is applied
onto the roller. By summing forces in the horizontal and vertical direction, the user’s

input force ) can be determined again.

Qo Qo

The forceP isthe gas spring force. Thisforce linearly increases by aratel§f Thisisa
characteristic of the spring. Friction around the seal causes the spring force to increase or
decrease depending on compression or expansion of the spring. Another M file was
created to solve for the user input forcef). Thisisfound in Appendix B. Thisfileis
titled gas_con.m. The output of thisfileis a mesh plot of the force as a function of stroke

and ramp angle in Fig. 5-5.
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Figure 5-5, gas_con.m Output

The force as afunction of stroke is much more constant for this mechanism for awide
range of ramp angles. Therefore, this mechanism was further analyzed with loop closure

equations.

5.1.1 Loop-Closure Equations

The loop-closure method is away to determine the exact displacement, velocity
and accelerations of each link. When doing this, each link is represented by a vector in
real and imaginary coordinates. The vectors for this machine are represented in Fig. 5-6.
For consistency, the vector directions are al pointing up and to the right. The angles of

each vector are all measured counter clockwise from the positive real axis.
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Figure5-6, Loop Vectors

The vectors can be summed in aloop, for a closed loop the sum is zero. The orientation
of 1y, 1,1, and ry are all assumed to be in the positive vertical direction. Since this
assumption is made, loop 2 does not provide any additional information. However, the
first loop, loop 1, is very important for position analysis and force generation. This loop

can be expressed by the following equations:

+ - + - - =
@ . 4 _ 9, 9 _ a_ 4 _
q:Bq:q:q:B
q+ q + - + q+ q - - =
q- q- =
q + + q- =

The displacement of interest is the vertical motion of the platform. This can be

represented by esin(q ). Therefore, the displacement of the platform can be expressed

as!
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5.1.2 Vedocity Analysis

The time derivative of the closed-loop equation must be found to perform a virtual
work analysis. Since complex numbers are used, the derivative is straight forward.

Derivatives of constant vectors are zero and left out of the equation.:

a . . a . g

These equations can be used to solve fog . This can be done by dividing the imaginary

q

equation by - and adding the two equations.

D:MD> (D~
Q0
+

5.1.3 Virtual Work

The most important piece of kinematic information for this problem is the amount
of force or resistance that the user will experience. This can be determined by the method
of virtual work. This method applies the principle of energy conservation. The work
done on the system by an external force must be equal to work done by system against
another outside force. This method requires a differential of the displacement. The easiest
way to obtain that is to differentiate with respect to time to obtain velocity. Therefore, the
method can be thought of as power conservation. If the weight of the links are neglected,
along with friction in the bearings, then the weight of the user and the input force are the
only external forces. The weight of the user is applied vertically downward against the
velocity of the platform. The input force is transmitted through a cable and is applied

horizontally along vectorr;. The virtual work eguation is as follows:
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This equation shows that the ratio of forces are proportional to the ratio of velocities. The

velocity of vector 5 () is an input that can be arbitrarily assigned avalue of 1. The

weight of the user is also another arbitrary constant. The angular velocity of angle@ 0

must be determined. This can be found from avelocity analysis of the loop-closure
equation.

All of these calculations were automated by a Matlab M file. Thiswas also written
to determine the forces as a function of stroke. The M fileisin Appendix B and istitled
old_ramp.m. The output of thisM fileisa plot of the displacement and input force as a

function of stroke.
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Figure5-7, old_ramp.m Output

Thisfileisinteractive allowing the designer to change the ramp angle for variable

resistance. Thisisapowerful tool to iterate loop closure equations and virtual work
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equations. The dimensions for the links (vectors) were set in the M file. They were
determined based on afootprint of 5 ft (152.4 cm) by 2.5 ft (76.2 cm).
After using this M file, the results seemed acceptable. The generated forces were

relatively constant. At this point, physical models become important.

5.2 Model Making
A model of this concept was needed to test the physical behavior. Thiswill

determine if the mathematical model is correct and provide ideas for improvements. A
crude prototype was built.

Upon completion of the prototype some problems were discovered. Thisis
important for iterating on the design. The prototype was fabricated with two planes of
linkages. Each plane contained rollers that were attached to one shaft. The bar that the
rollers were connected to had to remain perpendicular to the cable. This only happened
with some help from other people as the machine was used. A carriage of some sort
would need to be designed to keep a constant orientation. Another problem was the
machine had many parts. Since this design was built with identical linkages in two planes,
the machine seemed to complicated, heavy and expensive to fabricate. Thisdid not agree
with the specification of minimizing parts. The revolute joints also caused trouble. The
links connecting to the joints were not stable. This was due to the fact that the link was
angle stock. There was only one plane of material to restrict the link from twisting around
the pin. Therollersdid not stay in afixed position while the machine wasidle. They
could move freely since no forces were being applied to the cable.

All of these problems directed the design back to conceptualization to fix the
problemsin this design. Then the preliminary design work can be done on an improved
concept.

The next chapter is devoted to the preliminary design of a second, improved

concept.
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Chapter 6, Second Preliminary Design

As discussed in Chapter 5, the first four-bar linkage with aroller under the
platform presented problems that warranted a new design. Additional brainstorming with
Dr. Reinholtz and two undergraduate students involved in fabrication, focused on
overcoming these problems and on solving the problem with the minimum number of
parts. Kinematic, force and stress analysis were performed in greater depth for this new

design.

6.1 New ldeas
Additional brainstorming resulted in the simple lever shown in Fig. 6.4. This gave

birth to a new approach in actuating the parallel four-bar linkage.

}< L1 I L2 I
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Figure 6-1, L ever Concept

The force (F) is applied by the user pushing up on the leverage bar. The equal and
opposite force is applied down on the platform. The weight of the person is also included
in the downward force. The motion of the platform as a result of the input force may
seem counter-intuitive. However, a simple summation of forces on the lever and platform

proves thisto be aworthy idea. Figure 6-2 displays the free-body diagrams.
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Summing moments of the lever bar and solving fdrgives the following expression.

a moments,,: - F(LL+L2)+T(L2)=0
L1

T=F+F—
L2

The vertical forces of the platform can now be found by summing forcesin the vertical

direction.

é forceS, ey : - (\N+F)+(F+F5):O

F=wk?
L1

AsL1 approaches zero, the input force becomes infinitely large. Also, B& approaches
zero, the force becomes zero. In order for the input force to be equivalent to the weight,
L1 would be equal toL2.

Thislever idea can be adopted to the previous concept that was shown in Fig. 5-3
to remove theroller and the cable. A schematic of this new hybrid concept is shown in
Fig. 6-3.
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Figure 6-3, Four-Bar Lever Concept

In this concept, the input lever bar moves relative to ground rather than the platform.

Such relative motion feels awkward to the user because the motion of the platform relative
to the ground changes as the mechanical advantage is changed. In the next iteration, the
input leverage link was attached to the platform link as shown in Fig. 6-4. A mobility
analysis shows that this 6-bar linkage has one degree of freedom.
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Figure 6-4, M odified Four-Bar Lever Concept
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6.1.1 Physical Models
A cardboard model of the concept shown in Fig. 6-4 was created. It revealed that

the platform will move up if the bar is pulled down. This behavior did not seem intuitive
and shows the importance of physical models. Another re