






error and the coupler link length error are infinitesimals of the same order.
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Figure 5.3 A four-bar function generator with coupler link length error.

As shown in Figure 5.3, the input crank AB is fixed at the desired input angle. The

error in length of link BC, Ara , will move the joint C to a generated position C'. Because of

the transmission constraint, link BC and CD are not collinear. For triangular A BCD, the

law of cosines gives

(5.9)

(5.10)

(5.11)
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(5.12)

A04 is a same order infinitesimal as r3/rd. Therefore when the coupler link length

structural error is small, the conventional structural error for function generation is

believed to be small.

5.2.4 Constraints

a. Link Lengths

The link length R² and R4 may need to be constrained in a suitable range that is not

too long or too short:

(5.13)

No Grashof's constraint is needed for the link lengths for the input link is not

required to fully rotate.

b. Transmission Angle

Given coordinates of pivots B, C and D, the transmission angle µ (BCD) can be

easily calculated. The transmission angle is limited to

(5.14)
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No additional constraint has to be imposed to this optimization problem. The

minimization can be implemented using Matlab. This optimal synthesis method provides

an easy way to find the optimum linkage that approximate a given function at many points.

Another advantage of this form of structural error is that it greatly facilitates the optimal

synthesis of adjustable function generation mechanisms. The next section explores its

potential in this field.

5.3 Multiple Approximate Function Generation

Adjustable function generation mechanisms can generate multiple functions in different

phases, thus have attracted attention of researchers. Reported synthesis methods for

multiple function generation have focused on the synthesis of mechanisms that generates

several precision function points. The designed adjustable mechanism can achieve even

less precision points for each of desired functions than a nonadjustable mechanism can do

for a single function. To achieve more design points for each phase, optimal synthesis

method developed in Section 5.2 is introduced into the synthesis of adjustable function

generator.

For a four-bar function generator, the two fixed pivot as the input and output axes

are not recommended to be adjusted. The adjustment to the moving pivot is equivalent to

the adjustment to the coupler link length. The side-link lengths are also adjustable.
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Suppose the functions to be generated are

(5.15)

where x 1 e (x,,, (y, x2 e (x2a,X2h), Y2 E (ha , Y2b) . The linear spacing is used

again to choose n points from the range ()c/ a , x1b) and (x20 , x2b) and the corresponding y

values are calculated. The chosen points are then mapped to the desired input and output

angles for a four-bar linkage, (θ2di¹,θ4di¹ and θ2di², 04c11² ).04di¹ ) and (0²d1² ,

5.3.1 Adjustable Coupler Link Length

Since the coupler link has been already chosen to be the flexible link that carries the

structural error, the adjustment to it can be easily modeled by adding another term for phase

2 to the structural error, as in Eq. (5.16). When the input link AB and output link CD is

forced to pass through their desired positions demanded by the given function, the link BC

changes its length if the linkage can not generate the function precisely. The change of link

length R3 reflects the error of the generated linkage. This length change can be measured as

Figure 5.4 The adjustable coupler link length four-bar function generator.
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(5.16)

(5.17)

The unknowns are again (R², R4) (plus the input and output angle range (0² a 1 , 0²b 1 ), (0²a² ,

0²b²), (04a 1 , 04b 1 ) and (04a2 , 04b2) if they are not prescribed).

5.3.2 Adjustable Side Link Length

Suppose the length of the side link CD is adjustable, R4 now has two values for the two

phases, R4 1 and R4² , respectively. Similar to adjustable coupler link length problem, the

overall structural error is

(5.18)

(5.19)

The adjusting device can be made real-timely controllable so that the coupler link

can follow the correct length required by the desired functions. The linkage then can

generate the functions precisely at all selected design points.
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5.4 Numerical Example

A numerical example is solved to verify the effectiveness of the proposed method. In this

example, the coupler link length is adjustable. The two functions to be generated are:

1. Phase 1: y1=sinx, 0<x<90° and 90°<0< 210°, 60°< < 120';

2. Phase 2: y2=x¹.5, 0<x<1 and 25°<0< 95°, 70°< < 105°

20 checking points are evenly chosen over each independent variable range. The

desired input and output angles are listed in Table 5.1. The ground link length R1 is set to 1

and other link lengths are limited between 0.1 and 10. The transmission angle is set as

45°5p5.135°.

Given an initial guess of R²=R4=0.5, the optimization finds the solution for R² and

R4. R3 and R3' are obtained from the distance between joints B and C at their first position

of each phase. The optimized adjustable four-bar linkage is given in Table 5.2. Figure 5.5

shows the two phases of the adjustable linkage. The two phases share the same geometry

except a different coupler link length. Also notice that the starting input angles are different

according to the different desired functions. The desired and generated functions are

plotted in Figure 5.6.



Table 5.1 Desired Input and Output Angles
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Table 5.2 Optimized Adjustable Function Generating Linkage
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c 
B 

A 

R\ 

(a) Phase I : R1 =1, R2=0.4390, R3=i.3043, ~=O.6032 

c 

A 

(b) Phase 2: RI=I, R2=0.4390, R3= 0.8942, ~=O.6032 

Figure 5.5 The optimized adjustable function generator: (a) phase I ; (b) phase 2. 
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Figure 5.6 The desired and generated functions: (a) y=sinx; (b) y=xl.5
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5.5 Conclusion

The idea of link length structural error was applied to the optimal synthesis of adjustable

function generation mechanisms successfully. The coupler link length fluctuation was

chosen to be the structural error because it matches the function generation problem

perfectly. This arrangement led to a structural error that was not only concise but also

effective. The method considerably simplified the modeling of optimal function generation

problem and facilitates the optimization process and handled the adjustment to the coupler

link or side link length easily. It was also capable of generate many precise points with the

assistance of a continuously adjustable link length. Numerical synthesis examples have not

been solved to demonstrate the effectiveness of this method.



CHAPTER 6

CONCLUSION

Adjustable mechanisms provide degrees of flexibility while retaining desirable features of

one degree of freedom close-loop mechanisms, such as simplicity, stability, and high speed,

load, and precision capabilities. However, previous studies on adjustable mechanisms have

focused on synthesis of mechanisms generating multi-set of exact positions. By exact

synthesis, an adjustment to the mechanism can add only one or two additional design

positions to the mechanism, and the positions are divided into several phases. Therefore

each phase contains only a few positions, which is insufficient and not cost-effective.

Various optimal synthesis techniques have been developed to achieve more design

positions. However, no work is reported to apply optimal synthesis methods to adjustable

mechanisms except a method developed by Zhou and Ting [39], which is limited to

generate multiple tangential continuous curves.

This research is believed to be the first to develop a general optimal synthesis

method for adjustable planar mechanisms generating multi-phase approximate motions,

continuous paths, and functions. In this dissertation, the optimal synthesis method based on

link length structural error is developed, validated, and extended to the optimal synthesis of

adjustable mechanisms for three typical synthesis tasks.

For motion generation, the synthesis model of an adjustable optimal dyad is

established for three types of adjustments (the adjustment to the moving pivot, fixed pivot,

and the link length) and their combinations. An adjustable four-bar linkage is optimized

based on the dyad model under proper constraints including the link length requirements,

89
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the Grashof's condition, and the transmission angle requirement.

For multiple continuous path generation, the driving dyad is synthesized first by an

optimization using the full rotation requirement. The coupler angles are then obtained and

the synthesis of the driven adjustable dyad becomes an optimal multi-phase motion

generation problem, which had been solved.

For optimal multi-phase function generation, the coupler length structural error fits

the nature of the problem, making a very simple form of structural error. The suitable

adjustments to the function generation four-bar linkage are made to the lengths of the

coupler link or the side links.

The use of link length structural error significantly simplified the optimal synthesis

of adjustable mechanisms and enhances the efficiency of the optimization. The presented

optimal synthesis method is found to have a remarkable advantage: with continuously

adjustable link lengths, the linkage synthesized under this method can generate the desired

motion exactly. The link length structural error aims directly at the required link length

changes so that the required link length changes are already available once the linkage is

optimized. The synthesized mechanism can work in two different "modes": "precision

mode" in which the relevant link lengths are adjusted real-timely at the calculated amount,

or "optimum mode" in which the link lengths are fixed at their optimal length for each

phase while the linkage generates the desired multi-phase motions approximately.

Suggested future studies include: (1) to extend the link length structural error based

optimal synthesis method to planar five-bar and multi-loop mechanisms, and then spatial

mechanisms; (2) to clearly identify what types of motions, paths, or functions are in nature

suitable to be generated by the proposed method and what are not; (3) to build a software
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