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(ABSTRACT) 

In designing devices to produce straight-line motion, the designer has a fundamental 

choice between selecting sliding devices or selecting pinned linkages. Although they are 

more complex to design and implement, linkages will often prove a less expensive, more 

efficient, and generally more satisfactory option than simple sliders. The objective of this 

thesis is to provide a tool to the designer that serves as an aid in making intelligent 

decisions in the selection of four-bar linkage type straight-line-mechanisms. This thesis 

provides research into the selection, evaluation, and implementation of existing straight- 

line mechanism designs. Twenty-two straight-line mechanisms are compared for both 

compactness and fidelity of the straight-line path. Also, figures showing position, velocity, 

and acceleration of each a included. The functional product of to this work is a software 

program called Straight-line. Straight-line gives the designer a graphical environment 

from which a wide variety of straight-line mechanisms can be quickly analyzed and 

evaluated. The software also provides a new type-synthesis technique that allows the 

designer to generate a straight-line-mechanism by graphically inputting a desired path.
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1. Introduction 

1.1 Justification and Motivation for Research 

The work presented herein is an outgrowth of practical design needs encountered in both 

academic and industrial settings. Examples of this need have been encountered by the 

Robotics and Mechanisms Group at the Virginia Tech Department of Mechanical 

Engineering. On going collaborative work between the Robotics and Mechanisms Group 

and the exercise equipment manufacturing company, Nautilus Incorporated, has resulted 

in at least two occasions where the incorporation four-bar straight-line mechanisms into 

the design of fitness machines is beneficial. 

The use of four-bar straight-line mechanisms is not limited to exercise equipment design. 

The realm of industrial applications for straight-line mechanisms is unlimited. However, 

since so many weight lifting exercises require the constrained movement of weights or 

user input in straight-line paths, exercise equipment design is an excellent a use for four- 

bar straight-line linkage mechanisms. The design of exercise equipment and the 

subsequent use of the Straight-line software package serve to reinforce the objective of 

this work. The goal is to aid the designer in the endeavor of selecting and implementing 

appropriate four-bar straight-line linkages.



1.2 Review of Literature 

A great wealth of research has been conducted on the design, selection, and application of 

the four-bar linkage. This is no doubt a testament to the utility of the device in design 

applications and in the classroom. However, one is quite incorrect to assume that research 

into this field is anywhere near complete. With the myriad of specialized applications that 

are possible for the four-bar linkage comes a myriad of specialized techniques for the 

synthesis of these mechanisms. This also holds true for the subset of four-bar linkages 

which are straight-line mechanisms. And while an abundance of literature is available on 

the synthesis of particular four-bar straight-line linkages, little of this research has been 

presented, so far, that focuses on the selection of the these mechanisms in design. 

Certainly no specific software tool that the author is aware of exists for the selection and 

analysis of appropriate straight-line mechanisms in design. 

Perhaps the most similar work done in this field has been presented by the Department of 

Mechanical Engineering at the University of Michigan. Kota [1992] developed software 

that essentially provides a map of four-bar coupler curves; the idea being that since most 

constructs of the designer begin with a visual picture of a desired path, this path is the best 

available parameter for selecting a desired mechanism. It should be pointed out that the 

coupler curves in this case have the requirement that they must be symmetrical. Straight- 

line is similar to Kota’s software in that it provides the user with a mapping tool to aid in 

the selection of linkages. The mapping technique in Straight-line, however, differs in that 

instead of being menu-driven, it allows the user to graphically illustrate a set mechanisms 

in a design. Straight-line also contains a large number of classical straight-line linkages, 

many of which do not have symmetrical coupler curves; and Straight-line has the ability to . 

carry out the kinematic analysis of these linkages. 

This thesis presents methods for selecting one of the previously known straight-line 

mechanism types and assisting the designer in determining the optimum dimensions. It is, 

of course, possible to use the existing precision-point synthesis techniques for the direct



design of four-bar straight-line mechanisms. Indeed, Bunduwongse and Tine [1993], for 

example, have developed a method of synthesizing four-bar straight-line mechanisms using 

five Burmester Points. However, precision point techniques present a problem in that to 

obtain a desired path, the resulting linkage dimensions may not always be acceptable. 

From a design standpoint, it is easier to modify a mechanism that will fit into an assembly 

correctly rather than attempt to design around an unwieldy mechanism. The mechanisms 

catalogued in the Straight-line software are classical devices which present accurate paths 

and are of useful proportions.



2. Description of Included Mechanisms 

2.1 Overview 

Straight-line mechanisms can be categorized as either exact straight-line mechanisms or 

approximate straight-line mechanisms. These definitions can be interpreted literally. An 

exact straight-line mechanism is one that produces a geometrically true straight-line as part 

of its path output. An approximate straight-line mechanism is one that produces a line 

which is not a geometrically true straight-line as part of its output. The term straight-line 

mechanism can refer to any mechanical device which is capable of exact or approximate 

straight-line movement. The crank-slider mechanism is one example of a an exact 

straight-line mechanisms. Linkage type devices consisting of only revolute joints tend to 

make up the majority of straight-line mechanisms. The linkages covered in this work are 

four-bar linkage straight-line mechanisms. These are approximate straight-line 

mechanisms. Generally, most of these linkages require one free parameter to define the 

link geometery. While it is conceivable that this type of mechanism may be comprised of 

any number of links, the best known linkage type straight-line mechanisms consist of either 

four or eight links. The entire set of straight-line mechanisms in this work can be 

categorized as four-bar approximate straight-line mechanisms. (For brevity the term 

approximate is not used in further in this work.). These mechanisms can be termed 

classic in that they are historically well established. Table 2.1 and figure 2.1 show the 

mechanisms which are included in this work and in the Straight-line software program. 

Table 2.1 Straight-line Mechanisms Included in this Work 
  

  

  

  

  

        

Mechanism Type Number of Variations 

Watt 5 

Roberts 3 
Chebyshev 5 

Evans 4 

Evans-De Jonge 5 
 



The heading, Number of Variations, refers to the number of different mechanisms of each 

type included in this work. This number does not the reflect the actual number of known 

mechanisms of each type. Artobolevsky [1979] is the source of majority of these 

linkages. 
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2.2 Watt Linkage 

This thesis includes six variations on linkages (Figs. 2.1 - 2.5) that were developed during 

the 18th century by the well known Scottish engineer James Watt. Watt used his linkages 

to improve the design of his steam engines. Limitations in manufacturing technology 

during the 18th century made the use of accurate sliding devices (such as the common 

crank-slider linkage found in modern internal combustion engines) impractical for Watt’s 

purposes, hence he developed four-bar straight-line linkages to control piston motion. 

Today, almost every text on mechanisms contains at least one of Watt’s linkages as an 

example of an approximate straight-line mechanism. [Turner and Goulder, 1981.] 

The following figures include the mathematical relationships necessary to develop the link 

geometry of mechanism. Straight-line uses these relationships to model the four-bar 

straight-line mechanisms included in the program. In each case, the link O0,O; represents 

the ground link; O,A is the input link; AB is the coupler link; P is the point on the coupler 

which produces approximate straight-line motion; and BO; is the output link. The 

assignment of an “input” link is used for computation by the Straight-line program. This 

link is given an angular velocity and angular acceleration, from which, resulting velocities 

and accelerations or the other links are determined. The dotted lines correspond to the 

location of P for a given value or rotation of the input linkage. Both closures of each 

linkage are shown below. Of interest to the designer is the fact that a portion of the 

motion of the coupler point P approximates a straight-line for each closure of the Watt 

linkages.



  

0; 

  

PB(O,A)=AP(BO,)=1       

Figure 2.2 Type 1 Watt Linkage 

  

  

0, 

O,A=BO>2,; AB=0.62 O,A;AP=PB     
  

Figure 2.3 Type 2 Watt Linkage



  

  

O,;02=AP=0.680,A; (BO) =0.58 O,A; AB=.49 O,A; 

PB = 1.1.49 0A   
  

Figure 2.4 Type 3 Watt Linkage 

  
  

  

O0,02=2.60;,A; AB=O2B=0.86 O,A; AP=0.82 O/A       

Figure 2.5 Type 4 Watt Linkage



  

  

O,;02=0. 660,4; AB=BO2=0.56 O,A; AP=AB       

Figure 2.6 Type 5 Watt Linkage



2.3 Roberts Linkage 

Richard Roberts is known for his contributions to automation in the British textile industry 

during the nineteenth century. In 1825 he invented the self-acting spinning mule and an 

improved version of the power loom. Besides textile equipment, the machinist also made 

numerous contributions to the craft of precision mechanics. These included metal-planing 

machines, lathes, screw cutting machines, and gearing machinery. His straight-line 

mechanisms were necessary elements of these inventions. The figures below show his 

better known straight-line four-bar linkages. [Turner and Goulder, 1981. ] . 

10



  

  

O,02=2AB; BO,=O,A=AP=PB       

Figure 2.7 Type 1 Robert Linkage 

  

  

O,0>=1.890,4; O,B=O0,A; AB=1.1 O,A; 
AP=PB=1.96 O,A       

Figure 2.8 Type 2 Roberts Linkage 
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O,02=2.20;A; O2B=0,A; AP=PB=1.40,A; 

AB=0.90;A       

Figure 2.9 Type 3 Roberts Linkage 
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2.4 Chebyshev’s Linkage 

Although known more for his developments in the field of mathematics, Pafnuty 

Chebyshev distinguished himself in the field of mechanisms in mid-19th century. He 

devoted himself to the invention of linkages and mathematical techniques to solve 

problems related to their synthesis. He spent a good portion of his later years (nearly two 

decades) working to develop a general theory on mechanisms. From this research came 

his familiar spacing technique for minimizing function approximation error; a useful tool 

for the synthesis of function generating mechanisms. Additionally, Chebyshev taught 

several college-level courses on the subject of mechanisms in Russia. During the same 

period developed a number of “technological inventions”; five of these are shown below 

(Figs. 2.9 - 2.13). Note that Chebyshev linkage type one and two produce straight-line 

motion in both closures. [Turner and Goulder, 1981. ] 

13



  

  

      

Figure 2.10 Type 1 Chebyshev Linkage 

  

  

O: O, 

    
  

Figure 2.11 Type 2 Chebyshev Linkage 
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O,02=0.80,A; BO2=O;A4; 0.25 AB=AP=PB       

Figure 2.12 Type 3 Chebyshev Linkage 

  

  

O1 O 
2 

O,02=2.36AB; O2B=0,;A =6.2AB; AP=PB=0.6AB     
  

Figure 2.13 Type 4 Chebyshev Linkage 
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0, O, 

O,02=0,A=O0,B=4.0AB; AP=PB=0.53AB       

Figure 2.14 Type 5 Chebyshev Linkage 
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2.4 Evans Linkage 

Oliver Evans was an American colonist who did pioneering work in the area of high 

pressure steam engines. A symbol of American industrial independence, Evans designed 

and built a semi-automated grist mill in 1783. The mill’s patented features included a 

revolving grain spreader, an automatic sifter, and belt and screw conveyors. Later, using 

profits from his dealership in millstones, bolting cloth and plaster of Paris, Evans 

undertook the manufacture of steam engines and other machinery, opening the Mars 

Works in Philadelphia. Evan’s straight-line four-bar linkages can be seen in many of the 

machinery that he developed. Unfortunately, the exact extent of his contributions to the 

field of mechanisms and automation is unknown as most of his experimental work was 

permanently lost when the Mars Works was destroyed by explosion. [Turner and Goulder, 

1981.] 

17
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  Figure 2.15 Type 1 Evans Linkage 

  

  

  O,02=3. 404A; AB=1.40,4; AP=2. 40;4; 

BO2=2. 60,A 

  Figure 2.16 Type 2 Evans Linkage 
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O,02=1.660,A; BO.=0. 660,A; AB=0. 650;A 

AP=0.320,A       

Figure 2.17 Type 3 Evans Linkage 

  

  

O,02=1.41AB; O2B=0.480,A; AB=0.550,A; 

AP=0.450,A ; BP=0.960;A       

Figure 2.18 Type 4 Evans Linkage 
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2.4 Evans-De Jonge Linkage 

The linkages shown below are thought to be the result of collaborative work done 

between Oliver Evans and an obscure inventor. The work was likely done during the 

period in which Evans owned and operated the Mars Works near Philadelphia. These 

linkages were therefore used in industrial machines and steam engines. No historical 

information has been found about De Jonge. 
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O,02=2.150,A; O2B=1.30,A; BP= 2. 00,A; 

AB= AP=0,A       
Figure 2.19 Type 1 Evans-De Jonge Linkage 

  

oeete 

* 
* 

te
, 

B 

0, 

A 

1 

Pn nr onceccin, 

/ “ + 
+ 

> 
»”* 

> 
tooo e e ® 

O,02=2.30;A; O2B=20)A; AP= 3.50)A 

BP= 1.70,A; AB= 1.920,A       
Figure 2.20 Type 2 Evans-De Jonge Linkage 
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O;02=1.650,A; 02B=0.65 0,4; AP= 0.350,A 

BP= 0.950 A; AB= 0.650;A   
  

Figure 2.21 Type 3 Evans-De Jonge Linkage 
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O,02=3.10;A; O2B=2.370,A; AP= 2. 090;A 

BP= 3.460,A; AB= 1.360,A     
  

Figure 2.22 Type 4 Evans-De Jonge Linkage 
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O,02=1.40,A; O2B=0.48 O,A; AP= 0.550;A 

BP= 0.90,,A; AB= 0.570,A       
Figure 2.23 Type 5 Evans-De Jonge Linkage 
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3 Type Synthesis and Design Methodologies 

3.1 Overview 

The designer intent on using a mechanism that produces straight-line motion and wishing 

to take advantage of the benefits of the four-bar linkage faces a dilemma. At the outset of 

the design process there are two typical and distinct paths to follow. The first is to 

approach the design problem using classical synthesis techniques. Using any number of 

standard published methods, a four-bar linkage can be synthesized based on a required 

output. Synthesis often is an elegant approach to the design problem. Much of the 

current academic research in four-bar straight-line mechanisms is focused on developing 

new methods of linkage synthesis. The fundamental drawback of synthesis however is 

that many of the published methods are too obscure and too time consuming for the non- 

academic, industrial designer to employ. In the industrial work setting the most valued 

commodity is usually time. Few designers working under deadline have the luxury of 

researching journal papers and texts in search of useful synthesis techniques. 

Furthermore, they do not have the time to gain an understanding sufficient to make use of 

the research and develop some process to implement the material, such as writing software 

code. The second approach to is iterative analysis. This technique, which is more 

commonly used in industry primarily because of the above-mentioned limitations of 

synthesis, requires that the designer simply create a linkage and then analyze the design to 

see if it meets its the design criteria. The process is iterated until an acceptable design is 

created. This method can be effective if the designer is experienced. Analysis does have 

its drawbacks. Like synthesis, analysis techniques can also be time consuming. Analysis 

techniques tend to be less flexible than synthesis, setting the designer off on a particular 

dead end solution path. Analysis techniques often do not provide as much insight into a 

design solution as synthesis. 
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Presented here is a form of kinematic design based on the classical methods of type 

synthesis. Type synthesis is a composite of analysis and synthesis; it is an attempt the 

garner the beneficial qualities of both methods while avoiding their shortcomings. The 

term “type” refers to classification, “type synthesis” is a classification technique, and in the 

context of this work it refers to the a methodology that the designer can employ to select 

the most adequate four-bar straight-line linkage from a known set of linkages to solve a 

given design problem. The work below is presented as a development tool. It is a 

composite process that enables the designer to quality and quantify the selection of 

twenty-two four-bar straight-line mechanisms, making intelligent and appropriate design 

decisions regarding their type, dimension, and placement within the larger machine. 

3.2 Path Generation vs. Scale 

An engineering design is often constrained by its size. Size constraints result from factors 

such as packaging requirements, weight limitations, cost, shipping and handling 

considerations, etc. Hence, the designer (in this case the designer using four-bar straight- 

line linkages) has a vested interest in economizing the space a mechanism may occupy. 

The term scale, as used in the context of this work and as applied to a linkage, refers to 

the amount of two-dimensional space which the mechanism must occupy. The expression 

“path generation vs. scale” refers to the unit length of a straight-line generated by a four- 

bar linkage as compared to the scale of the mechanism. In this respect, type synthesis 

would determine a mechanism suitable for a design need by using scale as a basis. 

To quantify the scale of a mechanism, a system of approximation has been developed as 

explained below. Using the Straight-line software program, the length of the straight-line 

path for each of the twenty-two mechanisms included herein is measured in a general 

screen coordinate system. Next, the total minimum rectangular area necessary to 

encapsulate the space in which each mechanism occupies while tracing the straight-line is 
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computed. The length of the straight-line path is visually estimated with the aid of 

Straight-line and then divided by the rectangular area, producing a dimensional value 

which represents the “compactness” of the linkage; that is, a correlation between the 

length of the straight-line that a mechanism produces and the amount of area that is 

required to produce the straight-line. For lack of a better term, this non dimensional 

value is called the path-scale correlation number. To determine the approximate area a 

mechanism will require, the designer can divide the desired length of the straight-line path 

by the path-scale correlation number. In cases where both closures of the four-bar linkage 

form independent straight-line paths, both paths are treated independently and separate 

path-scale correlation numbers are computed. Similarly, in cases where only one closure 

of the four-bar produces a straight-line path, the alternate closure is ignored. Figure 3.1 

illustrates the method in which the path-scale correlation number is determined. (In this 

case the path-scale correlation number is /.2/6.0 = 0.2.) 
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——+t-| Path Length = 1.2 + 
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3.0 >|   

_ Encapsulated: Area = 6.0       
Figure 3.1 Scheme for Determining Path-scale 

Correlation Number 
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Table 3.1 is a tabulation of the path-scale correlation numbers for each of the mechanisms 

included in this work. Note that two of the mechanisms here are defined with more than 

one allowable set of dimensions; in these cases the dimensional constraints for the 

mechanism used in the path-scale analysis are shown in parenthesis. These values should 

be considered as “rules of thumb” when used to select mechanisms. 

Table 3.1 Path-Scale Correlation Number of Included 

Straight-line Mechanisms. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

Mechanism Path-scale Correlation 

Number 

Roberts Type 1 (ink3 = 0.5 link2) 1.00 

Evans-De Jonge Type 1 0.63 

Evans Type 3 0.63 

Evans Type 4, 2™ closure 0.56 
Evans-De Jonge Type 5 0.54 

Evans Type 4 0.52 

Roberts Type 2 0.51 

Evans-De Jonge Type 4 0.49 

Evans-De Jonge Type 4, 0.49 

2™ Closure 
Evans Type 1 0.49 

Evans Type 2 0.44 

Evans-De Jonge Type 3 0.41 

Chebychev Type 1 0.40 

Chebychev Type 3 0.36 

Roberts Type 3 0.36 

Chebychev Type 4 0.34 

Watt Type 5 0.33 

Watt Type 3 0.26 

Watt Type 3, 2" closure 0.25 
Evans-De Jonge Type 2 0.21 

Watt Type 2 0.20 

Watt Type 4 0.20 

Chebychev Type 5 0.20 

Chebychev Type 2 0.18 

Watt Type 1 dink =link1) 0.17 
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From Table 3.1 it is evident that the Roberts Type 1 linkage has the highest path-scale 

correlation number, hence it is one of the most compact of the included four-bar straight- 

line mechanisms. An inspection of Figure 2.6 (a diagram of the Roberts Type 1 linkage) 

reveals the reason for this mechanisms compactness: the straight-line path is spans the 

distance between the two ground pivots, O; and O2; hence, this path results in mechanism 

where a rectangle encapsulating the input and output links is the same size as the straight- 

line path. (Note that two inputs are required to define this mechanism; the constraint /ink3 

= 0.5link2 was chosen arbitrarily.) The other two mechanisms exhibiting a high 

compactness are the Evans Type 3 linkage and the Evans-De Jonge Type 1 linkage 

(Figures 2.16 and 2.18). Like the Roberts Type 1 linkage, the Evans Type 3 linkage also 

has an internal path, resulting in a high path-scale correlation number. The Evans-De 

Jonge Type 1 linkage is not internal. Its high path-scale correlation number is a result of 

the extremely long straight-line path that it produces. Linkages that are not compact 

include that Chebychev Type 5, Chebychev Type 2, and the Watt Type 1 linkages (Figures 

2.13, 2.10, and 2.1.) The Chebychev Type 5 linkage and the Watt Type 1 linkage 

mechanisms have relatively long input and output link lengths compared to the length of 

the straight-line path. The Chebychev Type 2 linkage would be compact if not for the fact 

that its path is outside and away from the ground pivots. 

Another exacting approach would be to normalize the length of the straight-line path by 

finding the exact sum of the area which each individual link uses through an integration 

method. 
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3.3 Linkage Kinematics 

Intrinsically, kinematics is an issue of importance to the linkage designer; without 

knowledge of motion of linkages, the linkages are of little use. Using type synthesis 

techniques, the designer will use a comparison of various linkages’ position, velocity, and 

acceleration as a basis of determination of the appropriate mechanism. In this section a 

method of comparing linkage kinematics is provided. The position, velocity, and 

acceleration information presented below was obtained from Straight-line. 

3.3.1 Solution to Equations of Motion 

The four-bar linkage motion problem is a classic problem in kinematics and its solution is 

available in most kinematics texts. The solution approach used here is a modified version 

of a previously published vector technique [Mabie and Reinholtz, 1987] in which the 

vectors are expressed in complex polar form. The solution presented below includes the 

angle Q, in the linkage formulation (Mabie and Reinholtz do not include this angle.) 
  

  
    
        ee 
Figure 3.2 Four-bar Linkage Mathematical Parameters 
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Given the four-bar linkage shown in Figure 3.2, by definition, the linkage is constrained in 

accordance with the following equation 

7 +7, =F, +7, (3.1) 
Expressing the vectors in complex-polar form, Eq. 3.1 becomes 

re +r, =re'® +r (3.2) 

Rearranging and multiplying each term by its complex conjugate 

re '% =re"% +r,e°% —re (3.3) 

Multiplying Eq. 3.2 and Eq. 3.3 

ro =r tr, try tr (ete +e 7% ei) 

—rr,(ee"* +e %e'*) (3.3) 

—rr, (ee +e 7% 

Now, Euler’s identify, e’’ = cos@ +i sin @, and two trig identities, cos@, = Le 

  sind, = Tape are substituted in Eq. 3.3. This yields 

r3(1+27) = r( +f?) +r (1+ t?) tri (1 +t? 

+ 2n7,(cosO, —t? cosO, + 2t sind ) 
— 2r,r,(cosO, — t? cos@, + 2¢sin 0) 

) 

(3.4) 

— 2n7, (cosd, cos@, + sin8, sind, \(Q +t? 

Expanding and collecting terms gives the following 

At’ +Bt+C=0 (3.5) 

where 

_ we 2 2 2 ‘ ‘ A=r, -N -r, —¥r, +2n7r, cos@, — 2r,r, cos, + 2nr, (cos O, cos@, + sin@, sin 0,) 

B= 4r,(r, sind, —7, sin 6, ) 
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C=r, -r, -r; -r) —2nr, cos8, + 27,7, cos@, + 27,7, (cosé, cos@, +sin@, sin 0, ) 

Since Eq. 3.5 is a quadratic equation, the solution is given by 

~B++VB*-4AC 
t= 7 (3.6) 

4 
Finally, the trig identity ¢ = tan“) is used to find 64. From Eq. 3.6 two values of ¢ exist, 

therefore two values of 84, must exist; each representing one closure of the four-bar 

linkage. 

Once 9, is found, Eq. 3.2 can be expanded using Euler’s identity and 03 can be found. 

cos(r, sinO, +r, sin, — 7, sin 6, ) 
3 =   3.7 

sin 8, (3-7) 

The vector P in Figure 3.3 represents a point on the coupler link. Again, by expressing 

vectors in complex polar form, P can be determined. 

P=7+0 (3.8) 

Pe'* =r,e +Qe” (3.9) 

Using Euler’s identity and separating the real and imaginary parts 

P._=r,cos@, +Qcosa 

P = r sin a, + One a (3.10) 

Now that the position of the linkage can be fully described, it is only a matter of 

differentiating Eq. 3.2 once to fully determine the velocity of the linkage; and once more 

to fully determine the acceleration of the linkage. Differentiating Eq. 3.2 once, using 

Euler’s identity, and separating the real and imaginary parts yields a set of two linear 

equations. 

r,@, COSO, +17,@, CcoSO, =1,@, cos8, 
; ; ; (3.11) 

r,@, sin@, +7,@, sin8, =r,@, sind, 

31



Once Eq. 3.11 is solved for @3 and @,4 based on an input of @2, Eq. 3.2 is differentiated 

once more and again Euler’s identity is applied and the real and imaginary parts are 

separated yielding a set of two linear equations. 

r,@, Cos, —7r,a, sin@, +7r,@, cos, —7r,a, sin@, =r,@, cos@, —r,a, sind, 

r,a, COSA, — 1, a, sin8, +7r,a, cos@, —r,@, sind, =7,a@, cosO, —r,a, sind, 3.12) 

Eq. 3.12 is solved for a3 and a4 based on a given input of ot2. 

3.3.2 Position 

The designer is often interested in knowing the position of the four-bar linkage 

components as function of the input link motion. In the case of the four-bar straight-line 

linkage, the designer is interested in knowing the position of a particular point coupler 

link. This is the point on the linkage (the coupler point) which traces a straight-line. The 

Straight-line software program solves the position equations presented in the previous 

section and presents the solution graphically to the user. From a type synthesis 

standpoint, the designer may be interested in issues such as where are the ground points in 

relation to the straight-line path; what path does the coupler point trace before and after it 

traces a straight-line. The reader is referred to Figures 2.1 to 2.22 or the Straight-line 

software program for a comparison of various mechanisms. 

3.3.3 Velocity 

Depending on a particular design’s criteria, linkage velocity may be important to the 

designer. For the four-bar linkage, usually an angular velocity is given for the input link, 

and a resultant output angular velocity is found for the coupler and output links as in Eq. 

3.11. Figures 3.3 to 3.24 show the angular velocity of the coupler link and the output link 

as a function of time for the straight-line mechanisms covered in this work. The “time” 

axis on the charts represents one full revolution of the input link. Each chart was 

produced using an input linkage angular velocity of unity. From the type synthesis 

standpoint, the charts give a useful generalization of a mechanism’s velocity 

characteristics. These characteristics might include the maximum angular velocity of the 
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coupler link or the output link attainable relative to the input link; where in relation to the 

output link is the velocity of the coupler link increasing, decreasing, or has a zero value; 

how “smooth” the velocity profile is over a range of motion; how the velocity profile of 

one mechanism compares to another. The designer may use the charts as a preliminary 

synthesis tool to narrow the selection of straight-line mechanisms, or as analysis tool after 

an appropriate mechanism has already been selected. Since there is no single convenient 

coordinate frame for a given mechanism design, the linear velocity value of the coupler 

point is not included in Figures 3.3 to 3.24. This information is available to the designer, 

however, in the Straight-line software program. 
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Figure 3.3 Watt Type 1 Linkage Velocity Chart 
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Figure 3.4 Watt Type 2 Linkage Velocity Chart 
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Figure 3.5 Watt Type 3 Linkage Velocity Chart 
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Figure 3.6 Watt Type 4 Linkage Velocity Chart 
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Figure 3.7 Watt Type 5 Linkage Velocity Chart 
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Figure 3.8 Roberts Type 1 Linkage Velocity Chart 
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Figure 3.9 Roberts Type 2 Linkage Velocity Chart 
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Figure 3.10 Roberts Type 3 Linkage Velocity Chart 
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Figure 3.11 Chebychev Type 1 Linkage Velocity Chart 
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Figure 3.12 Chebychev Type 2 Linkage Velocity Chart 
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Figure 3.13 Chebychev Type 3 Linkage Velocity Chart 
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Figure 3.14 Chebychev Type 4 Linkage Velocity Chart 
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Figure 3.15 Chebychev Type 5 Linkage Velocity Chart 
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Figure 3.16 Evans Type 1 Linkage Velocity Chart 
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Figure 3.17 Evans Type 2 Linkage Velocity Chart 
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Figure 3.18 Evans Type 3 Linkage Velocity Chart 
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Figure 3.19 Evans Type 4 Linkage Velocity Chart 
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Figure 3.20 Evans-De Jonge Type 1 Linkage Velocity Chart 
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Figure 3.21 Evans-De Jonge Type 2 Linkage Velocity Chart 
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Figure 3.22 Evans-De Jonge Type 3 Linkage Velocity Chart 
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Figure 3.23 Evans-De Jonge Type 4 Linkage Velocity Chart 
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Figure 3.24 Evans-De Jonge Type 5 Linkage Velocity Chart 

3.3.3 Acceleration 

As with velocity, the importance of acceleration to the designer depends on the criteria of 

the particular design problem. In most cases involving high-speed machinery acceleration 

will be an important consideration as it is prerequisite to determining the forces and 

stresses that act on a mechanism. Figures 3.25 to 3.46 show the angular acceleration of 

the coupler linkage and the output linkage over a given time interval (which represents one 

full revolution of the input linkage) based on an input linkage angular acceleration of unity 

and an input angular velocity of unity. In addition to the included figures, the Straight-line 

software program is a useful tool for determining the accelerations of the four-bar linkage. 

Again, this information can be used in either a type synthesis or an analysis approach. 
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Figure 3.25 Watt Type 1 Linkage Acceleration Chart 
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Figure 3.26 Watt Type 2 Linkage Acceleration Chart 
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Figure 3.27 Watt Type 3 Linkage Acceleration Chart 
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Figure 3.29 Watt Type 5 Linkage Acceleration Chart 
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Figure 3.30 Roberts Type 1 Linkage Acceleration Chart 
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Figure 3.31 Roberts Type 2 Linkage Acceleration Chart 
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Figure 3.32 Roberts Type 3 Linkage Acceleration Chart 
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Figure 3.33 Chebychev Type 1 Linkage Acceleration Chart 
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Figure 3.34 Chebychev Type 2 Linkage Acceleration Chart 
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Figure 3.35 Chebychev Type 3 Linkage Acceleration Chart 
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Figure 3.36 Chebychev Type 4 Linkage Acceleration Chart 
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Figure 3.37 Chebychev Type 5 Linkage Acceleration Chart 
  

eT 

* 

* 

w
o
r
 

f 

        

      
Time   
  

Figure 3.38 Evans Type 1 Linkage Acceleration Chart 
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Figure 3.39 Evans Type 2 Linkage Acceleration Chart 
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Figure 3.40 Evans Type 3 Linkage Acceleration Chart 
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Figure 3.41 Evans Type 4 Linkage Acceleration Chart 
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Figure 3.42 Evans-De Jonge Type 1 Linkage Acceleration Chart 
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Figure 3.43 Evans-De Jonge Type 2 Linkage Acceleration Chart 
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Figure 3.44 Evans-De Jonge Type 3 Linkage Acceleration Chart 
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Figure 3.45 Evans-De Jonge Type 4 Linkage Acceleration Chart 
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Figure 3.46 Evans-De Jonge Type 5 Linkage Acceleration Chart 
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3.4 Fidelity of the Straight-line Path 

Perhaps one of the more important questions the designer may ask in regard to the 

implementation of a four-bar straight-line mechanism in a design is how good is the 

straight-line path. Termed fidelity here, this is a quantitative measure of how accurately 

the coupler point on a given straight-line mechanism traces a line. Of all of the techniques 

to evaluate the fidelity of a mechanism, quantitatively or qualitatively, perhaps the easiest 

to implement and one of the most reliable is simply visual inspection with the aid of a 

straight edge. Since this is a qualitative approach, it is more appropriate in the context of 

this work to attack the problem quantitatively. A technique that provides good results is 

as follows: 

1) A straight-line is approximated through the set of points comprising the straight-line 

path using the least squares error minimization method; end points are first visually 

determined, and then the slope of the interpolated line is computed using the Straight- 

line program 

2) The linkage is rotated such that the straight-line path is within 1.5 degrees from the 

screen horizontal 

3) Using the Straight-line program and visual inspection, the end points included in the 

standard error calculation of the line fit are determined such that standard error 

(equation 3.14) is minimized 

Table 3.2 is a tabulation of the standard error of each of the straight-line mechanisms 

presented herein. The standard error for each linkage was calculated using the Straight- 

line software program. While every mechanism included in this work does produce 

reasonable approximate straight-lines; as Table 3.2 shows, some are better than others. It 

should be noted that these values should be accepted as “rules of thumb”. They do not 

indicate whether or not one mechanism is better than another. Using standard error as a 

quantitative evaluation of the linkage fidelity reinforces what one may observe by visual 

inspection; for instance, the Chebychev Type 3 (Figure 2.11) mechanism appears to have a 
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inspection; for instance, the Chebychev Type 3 (Figure 2.11) mechanism appears to have a 

better straight-line path than the Evans de Jonge Type 5 (Figure 2.22). This represents a 

difference of 0.012 units of standard error; whether or not a mechanism with a standard 

error of 0.013 is acceptable is purely up to the designer. 

Table 3.2 Linkage Fidelity of Included Straight-line 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Mechanisms. 

Mechanism Standard Error 

Chebychev Type 3 0.001 

Evans Type 1 0.001 

Watt Type 3, 2™ closure _ 0.001 
Watt Type 4 0.001 

Watt Type 2 0.002 

Chebychev Type 1 0.002 

Roberts Type 1 (ink3 = 0.5 tink2) 0.002 

Roberts Type 2 0.002 

Chebychev Type 2 0.003 

Chebychev Type 4 0.003 

Chebychev Type 5 0.003 

Evans-De Jonge Type | 0.003 

Evans-De Jonge Type 2 0.003 

Evans-De Jonge Type 3 0.003 

Roberts Type 3 0.003 

Watt Type 1 dink =link1) 0.003 

Watt Type 3 0.003 

Watt Type 5 0.003 

Evans Type 3 0.004 

Evans de Jonge Type 4 0.005 

Evans Type 4, 2™ closure 0.005 
Evans Type 4 0.006 

Evans Type 2 0.008 

Evans-De Jonge Type 4, 0.012 

2™ Closure 
Evans-De Jonge Type 5 0.013         
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For completeness, the method of finding the standard error of a straight-line mechanism is 

detailed below. 

For the least squares approximation, the slope of a line fitting through N points is given 

by 

_NYw- Dx y 
  m= (3.12) 
N » x? - (> x) 

And the y-intercept is given by 

2 —_ 5 = IVD = DY G.13) 
  

N> x? -(Sx) 

where x and y are the coordinate values of the points which comprise the straight-line. 

Then, the standard error is given by 

> (y-b- mx)’ 
Wy (3.14) 

The standard error is a weighted average of the summation of the difference between the 

actual y values of a point and the y values approximated by the straight-line based on a 

given x value. In effect, this value is numerically similar to a standard deviation value. 
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3.5 Straight-line Mapping 

A technique for implementing a straight-line mechanism based on the length and 

orientation of required straight-line is now presented. This technique, termed straight-line 

mapping, is most useful to the designer when a desired straight-line path is fully known. 

While the end result of straight-line mapping is a mechanism synthesized based on a 

required output, it is not necessarily a classical kinematic synthesis technique. The 

mechanism is completely described before using straight-line mapping. Straight-line 

mapping is a series of rotation, translation, and scaling transformations on the base 

coordinate system that describes a linkage, such that the output of the linkage will match a 

desired path. This is done by developing a software-based “catalogue” of output paths of 

four-bar straight-line linkages. This information is compiled into a map which is used to 

perform the appropriate transformations. This process is fully implemented in the 

Straight-line software program. Straight-line mapping is performed as follows: 

1) The output path of a given mechanism is measured in a convenient coordinate system. 

2) The designer creates a line which is the desired output of the given mechanism. 

3) The length and orientation of the desired straight-line are measured. 

4) Three transformations are performed on the base coordinate system of the given 

mechanism such that its output path now visually matches the desired output path. 

The above procedure is based on mathematical transformation of coordinate systems. 

Figure 3.47 shows the three coordinate frames that are used to perform the mapping 

operation. In order to map a linkage, a transform from A to A’ and then from A’ to B is 

necessary. Since A and A’ are coincident, the transform from A to A’ is given by 

cos(@) sin(@) 00 

a! — sin(@) cos(@) 00 
T= 0 0 10 (3.15) 

0 0 Ol 
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Figure 3.47 Straight-line Mapping Coordinate Systems 

The transformation from A’ to B is given by 

cos(a) sin(a) 0—/, cos(a) — Z, sin(a) 

—sin(a) cos(a)0 J, sin(a) — 1, cos(@) 

0 0 1 0 

0 0 O 1 

T? = (3.15) 

where 

8 is the angle from the positive x-axis in A to the positive x-axis in A’, 

a is the angle from the positive x-axis in A’ to the positive x-axis in B, 

I; is the distance to B in A’ along the x-axis in A’, and 

Lis the distance to B in A’ along the y-axis in A’. 

The values 0, a, /;, and /) are the map variables and are predetermined based on the 

chosen mechanism, separate map variables are necessary for each closure of a four-bar 

linkage. When an output straight-line path is entered by the user, it is assumed that this 

line will lie on the positive x-axis of B. One final scaling operation is necessary to 

complete the operation. The length of the straight-line path is determined at the same time 
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that the other map variable are measured. The final transform from the original 

mechanism to the transformed mechanism is given by 

LT4T? a oo. 3.16 — (3.16) 
where 

Lis the length of the desired straight-line path, and 

M is the length of the straight-line path as measured with the other map variable. 

The transform given in Eq. 3.16 is used to calculate the mathematical position of the 

points used by the drawing routine in the Straight-line program. It should be noted that 

one additional transformation is necessary to convert the points from the coordinate 

system in B to the coordinate system in which the user inputs and views points (the screen 

coordinate system.) The determination of this transform is dependent on a number 

computer programming variables including the type of screen display used, the user 

interface, the operating system, and the programming language platform. This final 

transform is, however, no different in theory than any of the other transforms described 

above. 

Straight-line mapping is available to the designer via the Straight-line program. One 

useful design approach is to first make a scaled computer sketch which describes the 

constraints of a design problem; if the sketch is saved in a bitmap format it can be 

imported into the Straight-line program. The designer can then map linkages directly over 

the sketch, quickly visualizing the incorporation of different linkages into a solution. 
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3.6 Design Implementation 

Below is an example demonstrating how the research presented here has been used in the 

design process. In this case, the Straight-line software program was used to develop the 

design. The following example shows just on of the many applications of four-bar 

straight-line linkages. 

3.6.1 Design Example, The Personal Gym 

As part of an effort to enter the competitive home exercise market, Nautilus Inc. has 

evaluated several designs for home gym equipment. Since many exercises consist of 

moving weights along a straight-line path, the four-bar 
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Figure 3.48 Personal Gym Prototype 

straight-line linkage is an appropriate design choice for a linkage to guide the user input 

handle. Figure 3.48 shows a prototype design that was created using the Straight-line 
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software program. The design consists of a bench, a frame, and a modified Roberts Type 

2 linkage. Specific type synthesis techniques were used in the development of this 

prototype. The Roberts Type 2 is suitable because of its relatively high path-scale 

correlation number, 0.52, and unmodified, it has good line fidelity, with a standard error of 

0.002. Figure 3.49 is a plot of the coupler position and link velocities generated with data 

from Straight-line. The angular velocity of the coupler and output links does not vary 

drastically throughout the range of straight-line motion. This is important tn maintaining 

the “feel” of the mechanism should be acceptable, 
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Figure 3.49 Velocity Chart of Personal Gym Linkage 

meaning that the when the input link is loaded with a weight force, the coupler link on 

which the user acts, will move in a smooth and fluid manner. 

One additional advantage of using a modified Roberts Type 2 linkage is that decreasing 

the length of the ground link results in coupler path that may be useful in other types of 
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exercises. Figure 3.50 shows the prototype Personal Gym using a modified Roberts 

linkage with the ground pivots moved towards each other. 
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Figure 3.50 Personal Gym using Modified Robert Link with 

Reduced Distance Between Ground Pivots 
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4 The Straight-line Software Program 

4.1 Introduction 

Straight-line is a four-bar linkage type synthesis and analysis program written for the 32- 

bit Microsoft Windows operating systems. It has been tested under Windows 95, and 

Windows NT. Straight-line was written specifically as an implementation of the research 

presented in this work and represents much of the research effort. The program was 

written with Borland’s Delphi windows programming development software which is an 

object-Pascal based language useful for creating small to medium sized Windows 

applications. 

Straight-line is intended to be a design tool. The end goal of this software is to provide a 

useful, convenient, and quick means for the designer to generate and apply four-bar 

straight-line linkages. While using Straight-line was designed to be intuitive, it is 

recommended that the user read thought the user’s guide and reference below. This 

program is meant to be openly available to both the academic and professional and is being 

distributed as freeware. The current version number as of this writing is Beta 1.1. 
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4.2 Installation 

Straight-line can be easily installed to either a floppy disk or a hard drive. In any case, at 

least 350k disk space is required for installation. If installing to a floppy disk, simply copy 

the straight.exe program file to the disk. If installing to a hard disk drive, make a 

directory or folder on the drive and copy straight.exe to that folder. All files associated 

with Straight-line, including .mec (mechanism files) and .bmp (image bitmap files) should 

be kept in the same directory as the straight.exe program file. The straight.exe program 

file contains a Windows program icon which can installed by using the File-New 

command under the Windows program manager main menu. Consult the Windows 

operating manual for more information on installing program icons. 

No special hardware requirements are necessary to run Straight-line. However, faster 

graphics hardware may result in significantly better performance, since Straight-line 

performs many graphics-memory-intensive bitmap operations. 
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4.3 User’s Guide and Reference 

4.3.1 Running Straight-line 

Straight-line is started either by double-clicking the Straight-line program icon or by using 

the File-Run command under the Windows program manager. 

4.3.2 The User Interface 

Figure 4.1 shows the Straight-line program main window. The main window is where 

most of the program operation and interaction with the designer takes place. The primary 

components of the main window are the view panel, the control panel, the menu bar, and 

the title bar. 
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Figure 4.1 Straight-line Main Window 
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View Panel - The view panel shows a graphical representation of the four-bar linkage. It 

consists of two areas, an animation port (the white area with gridlines), and a border (the 

gray area surrounding the white area.) The border contains a label which identifies the 

type of mechanism being displayed in the animation port. The label in the border of the 

view pane reads “General Fourbar” in Figure 4.1, indicating that the current mechanism 

displayed is a general four-bar linkage. The linkage displayed in the animation port has a 

coordinate system that is identical to that shown in Figure 3.2; the links, shown by thick 

lines, are also designated in the same manner as Figure 3.2. Additionally, link two, the 

input link, has a yellow dot at its center for identification. The next link in the chain 1s link 

three, the coupler link, shown with an attached triangle identifying the trace point which 

traces the straight-line path. Link four, the output link, and finally link one, which is the 

ground link, is not drawn. As the linkage cycles through successive positions the coupler 

path is plotted as a series of blue points in the animation port. The linkage and the coupler 

path are both drawn over a grid, shown by a dashed gray line. Straight-line contains no 

specific system of units for measurement. The distance between grid lines in the 

horizontal and vertical directions is always one unit (i.e. if a link has a length of one, it will 

always fit exactly along the edge of a quadrille.) When the cursor is moved over the 

animation port, the cursor changes from an arrow to a cross-hair. The location of the 

linkage in the animation port can be changed by dragging with the left mouse button over 

the view port. Holding down the SHIFT key and left clicking on the animation port will 

center the linkage such that the center of the ground link (which is not drawn) will be in 

the center of the animation port. The appearance of the linkage and the animation port 

can be customized; this is done with the animation options dialog box which ts discussed 

below. 

Control Panel - The control panel contains groupings of buttons and text boxes which 

display information about the linkage, control the linkage dimensions, and control the 

linkage animation. At the top of the control panel are eight text boxes. The boxes are 

grouped into four rows, each row corresponding to a link on the mechanism. The first 
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box in each row its the link length. The link length can be changed either by clicking on the 

box and entering a dimension using the keyboard, or by using the spin buttons which are 

located in a sub-panel beneath the text boxes labeled “Link Dimensions.” Each button in 

the link dimensions sub-panel has an up and a down arrow. Clicking on the up arrow will 

increase the link length, clicking on the down arrow will decrease the link length. The first 

button changes the length of link one, the second link two, and so forth. The second item 

in each row of text boxes corresponds to the link angles. The angle of link one, the 

ground link, can be changed with the spin button located in the sub-panel labeled 

“Rotate.” The “Coupler Point” sub-panel contains two spin buttons which move the point 

on the coupler traces a path. The two spin buttons move the point in a coordinate frame 

fixed to the coupler link. The frame is defined such that the origin of the frame is centered 

on the intersection of link two and the coupler link. The x-axis points along the coupler 

link towards the intersection of coupler link and link four. The y-axis is oriented in a 

right-hand sense such that the z-axis is normal to the animation port and point out of the 

screen. The bottom sub-panel contains four buttons. The large button on the far left 

starts and stops the linkage animation. The button to the right of this increments the 

animation sequence by one step (this is only noticeable if the animation is been stopped.) 

The button on the upper right reverses the direction of input link; the button below this 

toggles the linkage to its alternate closure. 

Title Bar - The title bar contains the label “Straight-line Mechanism Analysis” followed by 

the name of the currently open file. When the program is started a default file is created. 

Menu Bar - The menu bar is divided into five menus: File, Edit, Analysis, Animation, and 

Help. Additionally, a pop-up menu, which contains some commonly used commands, is 

accessed by right clicking anywhere on the main window; see the reference section below. 

4.3.3 Reference 

The File menu commands: 

69



New - Four-bar mechanism files are saved as .mec files by Straight-line. The New file 

command begins a new mechanism file. When a new file is begun, the default mechanism 

is a general four-bar linkage. 

Open - The Open command brings up a dialog box and loads existing .mec file into 

memory. 

Reopen - Reopen reloads the current mechanism and bypasses the Open dialog box. 

Save - Save store the current mechanism as a .mec file. The .mec files are stored as 

ASCII text files. If necessary, the can be edited with a text editor, however, editing these 

files may lead to program errors and is not recommended unless absolutely necessary. 

SaveAs - The SaveAs command brings up a dialog and stores an existing .mec file to a 

new name or location. 

Import Bitmap - The Import Bitmap command allows the user to display a graphical 

image as the background of the animation port. This useful feature allows the user to 

overlay a linkage over a drawing for synthesis and analysis purposes, for instance, the 

frame or required ground points of a mechanism might make useful backgrounds for the 

animation port. The image must be in the standard Windows bitmap format. Files that 

have the .bmp extension are bitmap files. Most graphics editors are capable of editing the 

size of bitmaps; many are available as freeware or shareware. The animation port in 

Straight-line is 394 x 394 pixels. Ideally, a bitmap imported into straight-line should also 

be 394 x 394 pixels, this is because bitmaps are always aligned to the upper left corner of 

the animation port. Therefore, any bitmap larger than 394 x 394 will have the right and 

bottom portions cropped. Bitmaps smaller than 394 x 394 will leave a white space to the 

right and bottom of the image. The grid can be displayed over top of the bitmap if 

desired. 
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Print - The Print command will export the contents of the animation port to a printer 

This feature is currently under development. 

Print Setup - Use Print Setup to specify printer settings. 

Exit - This command closes the Straight-line program. 

The Edit menu commands: 

Copy Data - This command is when a table of linkage output data is generated. Copy 

Data will copy selected data table cells to the clipboard. This allows the information to be 

used by other programs such as spreadsheets or text editors. Data can also be copied to 

the clipboard by using the pop-up menu which is only available when the data table is 

displayed, see below. 

Remove Bitmap - This feature will remove a bitmap image from the animation port. 

The Analysis menu commands: 

Generate Data Table... - This command will invoke a separate window which displays a 

table of data for the current mechanism as shown in Figure 4.2. If the Position menu item 

is checked, then only position data will be displayed; if Velocity is checked, then both 

position and velocity information are displayed; and if Acceleration is checked, then all 

three are displayed. Note that in order to display acceleration information, velocity 

information is necessary, and in order to display velocity information, position information 

is necessary. The output data is generated as a function of the angle of the input link, link 

two. To change the increment at which data is displayed, the increment value under 

Animation Options dialog must be modified. As stated earlier, right clicking on the data 

table will bring up a menu which allows the user to copy either the selected data or all of 

the table data to the clipboard for processing in another program, see Figure 4.2. 
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Figure 4.2 Data Table Window 

Mechanism - The mechanism command is a series of cascading sub-menus for choosing 

which type of four-bar straight-line linkage is currently loaded in memory. There are 

twenty-two different mechanisms to choose from and an additional generic four-bar 

linkage. The current mechanism contains a check mark by its name on the sub-menu. The 

linkage dimensions are modified via the control panel. This command is also accessible by 

right clicking on the main window to invoke a pop up menu. 

Line Information... - This command is used to determine information about the fidelity 

of a straight-line path. Selecting this menu command brings up the dialog box shown in 

Figure 4.3. 
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Figure 4.3 Line Information Dialog Box 

When the box appears, two red dots show up in the animation port. These dots indicate 

the position on the coupler path that corresponds to the value of the angle of link two 

shown by the start angle and end angle spin buttons in the dialog box. By changing the 

value of the start and end angles, the coupler path segment that is analyzed can be 

changed. Each time the start and end angles are modified, the slope, intercept, and 

standard error for the segment of coupler path between the two red dots is calculated and 

displayed. Directly below the angle spin buttons, the number of points used in the line 

analysis is indicated. It is important to note the following constraints on using this line 

analysis to avoid errors: the line analysis proceeds in a counter-clockwise direction, 

therefore the start angle must always less than the end angle; it 1s not possible to do an 

analysis for coupler points which physically are not possible or cannot be reached by the 

mechanism in its current closure. If or no red dots appear in the animation port, then the 

start and end angles selected do not exist. Click on the spin buttons and change the angles 

until the dots appear on the screen; then make sure that they are proceeding in the correct 

direction. 
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Options... The Options command displays a dialog box which contains three text boxes: 

input increment, @2, and a2. The input increment controls how much the link dimension 

values and the coupler point values are changed when the spin buttons are used on the 

control panel. The default value is 0.25. The values of 2, and a, are inputs for 

generating mechanism data using the Generate Data Table command. The default value 

for both is 1.0 

Map Linkage - This command is used to perform linkage mapping with the current 

mechanism. While the Map Linkage menu item is checked, clicking on the animation port 

will draw a red dot. Clicking again, in a different location, will draw a line. The current 

mechanism is then mapped such that its output path will trace the line drawn on the 

animation port. It is recommended that while clicking on the animation port to input a line 

for linkage mapping that the linkage animation be stopped. One a line has been drawn, 

linkage animation can started. Remember to Un-check the Map Linkage menu item in 

order to stop linkage mapping. 

The Analysis menu commands: 

Start - The Start command begins linkage animation, it performs the same task as clicking 

on the lower left button on the control panel. 

Stop - The stop command stops linkage animation, it performs the same task as clicking 

on the lower left button on the control panel. 

Options... - This command brings up the dialog box shown in Figure 4.4. This dialog 

box is used to control the details linkage animation. The dialog box contains three groups 

of controls: General, Links, and Trace Point. 

In the General controls group there are four spin buttons and two check boxes. The Scale 

spin button changes the size of the image and the grid spacing that is shown in the 
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Figure 4.4 Animation Options Dialog Box 

animation port. Increasing the scale will make the image smaller and the grid spacing 

closer together. The scale is designed such that a scale of one will result in one grid 

quadrille displayed on the animation port; a grid spacing of ten will result in ten quadrilles 

on the animation port. Scaling does not affect the size of an imported bitmap. The 

increment spin button controls the step size of the angle of link two, hence the spacing of 

the coupler points. The value represents the number of degrees between steps. The 

Origin spin buttons move the center of the linkage incrementally. If the Display values 

box is checked, then the appropriate values on the control panel will be updated each time 

the mechanism animates. The Show grid check box turns the animation port grid on and 

off. In the Links group, the Visible check box will turn the links on and off in the 

animation port. The Crank Fully Rotates check box controls whether or not the linkage 

reverses itself when it reaches the limit of a closure (this has no effect on a double-crank 

linkage.) If the Show Envelope check box is checked, then the links will not be erased as 
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the mechanism is incremented, this is useful for visually determining the region of space 

the mechanism will occupy. 

In the Trace Point group, the Visible box determines if the coupler point animation is 

visible. The Show path box turns the animation path on and off. The Keep old paths box 

will control whether or not a coupler path is erased when the linkage is moved. Enabling 

this feature is useful when comparing different mechanisms. Finally, Locator lines will 

control whether or not the thin lines on the coupler link which point to the coupler point 

are shown 

The Help menu commands: 

About - The About command lists information about the current program version and the 

program author. Online help is not currently available with Straight-line. 
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S Future Research 

The field of four-bar linkages encompasses a large body of research. Although the subset 

of four-bar linkages is narrow in comparison. There are a number of useful directions for 

four-bar straight-line mechanism research that are just limited to design implementation 

arena, and even further limited to type synthesis within that arena. For example, 

incorporated into the Straight-line program might be information on transmission angle; 

synthesis with regard to Grashoff classification; force output; inclusion of inertial loads; 

structural dynamics considerations; even manufacturing and assembly techniques. 

There is also room for improvement in the techniques presented in this thesis. A path 

correlation number that is based on the actual sweep area of linkages as opposed to the 

package area is one possible improvement. The straight-line mapping technique could 

also be enhanced. Instead of mapping one mechanism over a straight-line path, many 

different mechanisms could be mapped. 

As with any software program, there are a number of user-interface issue that can be 

addressed. First and foremost would be to make the window interface a multi-document 

interface, meaning that many mechanism windows, as opposed to only one, could be 

opened at the same time. Other capabilities to be added might include real time graphing. 

visual improvements to the appearance of the linkage animation, an optional unit and 

measurement system, built-in bitmap editing, and the ability to choose any link of a 

mechanism as a driver or input link. 

It should be noted that the realm of straight-line mechanisms reaches beyond four-bar 

linkages and that the research in this work could adapted to mechanisms with more than 

four links. 
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6 Conclusion 

This work goal of this work has been to develop a useful system for designing with four- 

bar straight-line mechanisms. The use of type synthesis methodology is fundamental to 

this development. An original software tool for the design, synthesis, and analysis of four- 

bar straight-line mechanisms, the Straight-line program, has been presented. The program 

incorporates a unique linkage mapping technique. Also given is a method to quantify the 

length of a linkage’s straight-line path relative to the overall size of the linkage and a 

method to quantify the fidelity of the linkage’s straight-line path. 

Twenty-two four-bar straight-line mechanisms are treated in this work. A brief discussion 

on the origin of these mechanisms followed by the required link constraint geometry is 

presented in Section 2. For each linkage, Section 3 details the linkage path correlation 

number, followed by a general mathematical model for linkage kinematic analysis, 

comparative charts of linkage velocity and acceleration, linkage standard error, and 

straight-line mapping. A design example is given at the end of Section 3. Section 4 isa 

software manual for the Straight-line software program and Section 5 discusses areas of 

future research. 

Type synthesis has been shown to be a useful tool for the designer that is generally 

overlooked in favor of classical synthesis or analysis methods. Design with four-bar 

straight-line mechanisms is enhanced when the process is be aided by the type synthesis 

techniques incorporated into a useful format such as a software program. 
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Appendix 1: Straight-line Software 
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