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1. Introduction

The analysis and identification of the mobility, or more precisely, the intervals of rotation, of linkages is an important
aspect of the linkage design. As a classical problem in linkage design, mobility analysis was extensively addressed in lit-
eratures. In the reported works, the analyses were mostly conducted on the full mobility of a crank[1-3]. Basically, the
Grashof’s criterion can be used for the detection of a full rotatability. That means, for a planar four-bar linkage, the sum
of the shortest and longest link lengths cannot be greater than the sum of the remaining two link lengths if there is to be
continuous relative rotation between two members [4,5]. There are many other methods developed on the mobility analysis
to determine not only the full rotatability, but also the range of motion. Midha etal. [6] utilized the triangle inequality con-
cept to formulate the mobility conditions for planar four-bar linkages, and provided a graphical interpretation to mobility
determination. Angeles and Bernier proposed a unified method of mobility analysis based on the concept of linkage discrimi-
nant[7]. Most of these works addressed the mobility problem in terms of crank rotation, very few works are concerned with
the mobility of the coupler link.

The analysis of mobility of coupler link of planar linkages is important in both theory and applications. With the advances
of robotics, innovative designs of mechanisms are developed, where coupler-driven four-bar linkages are adopted[8-12].
Coupler-driven linkages are also found their applications in novel transmission, energy converter etc|13,14]. An analysis
method focused on the mobility of the coupler link is needed for both design and analysis.

In this work, we address the mobility of the coupler-driven four-bar linkages. The constraint equations of four-bar link-
ages are reformulated and interpreted. A constraint triangle is constructed, which characterizes the movement of the coupler
link. By making use of the constraint triangle, a simple formulation is developed, with which the motion analysis is con-
ducted to determine the range of coupler rotation. Using the new formulation, the coupler’s full rotatability is re-evaluated.
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Fig. 1. A coupler-driven four-bar linkage with revolute-revolute (RR) dyads, where ¢ is the coupler angle.

Fig. 2. Embodiments of coupler-driven four-bar linkages, (a) coupler-point driving with Revolute-Prismatic-Revolute (RPR) linkage, where the prismatic
joint is active, (b) coupler-angle driving with Prismatic-Prismatic-Revolute (PPR) linkage, where the revolute joint is active.

The problem of circuit number determination is studied. A method of tracing coupler curve with the coupler angle as pa-
rameter is also presented. The work in this paper extends the mobility analysis in[15], with inclusion of circuit and branch
analysis, all being demonstrated with examples.

2. Coupler-driven four-bar linkage

A fully parametric four-bar linkage model is illustrated in Fig.1. Let the position vector of the coupler point P is r =
[x,y]", expressed in a frame F fixed to link BD. A local coordinate system X;-Y;, fixed to the coupler link with its origin at
point P, is also defined. The local coordinates of points A and C are given as ag = [—-m, —h]” and ¢y = [I3 — m, —h]", where m
and h define the position of point P in the coupler link, and I3 is the length of the coupler link. Two centers of the four-bar
linkage are B(bq, by) and D(d;, d,), from which the length I; of the base link is calculated. The problem at hand is to find
the range of ¢, the coupler angle in the literature[1].

For the coupler-driven linkage, two driving methods are possible. One is that the coupler link is driven by an external
force, which pushes the coupler at a coupler point P and moves it following its coupler curve noted by I". An embodiment
of this type of actuation can be a RPR linkage, as shown in Fig.2a. The other one is that the coupler link is driven by an
external torque, which rotates the coupler following a prescribed function of coupler angle ¢». An embodiment of this type
actuation can be a PPR linkage, as shown in Fig.2b. In this work, we consider the coupler angle as an input, which physically
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corresponds to the PPR embodiment. In both embodiments, two links, AB and CD, each with one joint grounded, are driven
by the coupler link.

The mobility analysis of four-bar linkages is conventionally done with algebra approach, utilizing closure loop equations
of the linkage, as can be seen in the works on the crank rotatability[1]. When this approach is applied to the mobility
analysis of the coupler, however, the formulation is ended up with a very complicated function of the coupler rotation, as it
has to use an intermediate variable, normally the crank angle, which has to be eliminated finally. This makes it difficult to
find the range of rotation angle ¢ for a given set of linkage parameters. Alternatively, the four-bar linkage can be transformed
virtually into a new linkage in which the crank and the coupler swop, so the coupler mobility analysis problem is converted
into a problem of crank mobility analysis.

In this work, we attempt to analyze the coupler mobility directly with a new formulation, adopting a geometric approach
utilizing a constraint triangle, as described presently.

2.1. Constraint equations

We first formulate the constraint equations based on Burmester theory. Refer to Fig.1, the constraint equation for the
dyad BAP is

ll(r+Qag) —b|I> =13 (1)

where b is the position vector of point B in the fixed frame F. Moreover, Q denotes the rotation matrix carrying the coupler
link from its reference to its current orientation through an angle ¢.

Eq. (1) implies that the trajectory of point A is a circle of radius I,, centered at point B. The equation can also be written
as

r—(b-Qap)|*> =12 (2)

which represents a circle centered at a point with position vector (b —Qag), if Q is fixed. Similarly, the constraint equation
for the DCP dyad is

lIr - (d - Qeo)||* = I3 (3)

where d is the position vector of point D in the fixed frame F. The equation represents a circle centered at a point with
position vector (d — Qcy), if Q is fixed.
Let

u=r-(b-Qag), v=r-(d-Qc) (4)

which are two vectors parallel to AB and CD, with their lengths being equal to [, and l4, respectively. Subtracting Eq. (3) from
(2) yields

)l = [lv]|* =5 - I3 (5)
that is

u+v) (u—-v)=105-12 (6)
or

(2r+Q(ap+¢o) — (b+d)) - (Q@—¢o) — (b—d)) =15 - I (7)

which is a linear constraint of r. The geometric meanings are explained in next section.
3. A triangle of motion constraint

Eq. (6) is a derived constraint from two basic link-length constraints (2) and (3). The equation stands for a parallelogram
constructed with vectors u and v, for which u + v and u — v are exactly the diagonal vectors, as demonstrated in Fig. 3.

The parallelogram leads to a vector triangle, constructed by u, v and u — v. An equivalent triangle is constructed with a
vertex at P, namely, APUV, as shown in Fig.4.

It is clear that in the triangle the side lengths of PU and PV, which are the magnitudes of vectors u, v, are constant, equal
to I, and l4, respectively. We recall that the closure equation of the quadrilateral BACD can be expressed as

b+u+Q(cog—ag)=d+v (8)
or
u-v=Q(ap—-¢)+d-b=(r+Qay—b) - (r+Qco—d) (9)

In other words, Eq. (4) defines the same geometric constraint as the closure loop equation. Thus the triangle APUV charac-
terizes the movement of the coupler link.

For each given orientation of the coupler link, the coupler point of a four-bar linkage admits normally two solutions,
or two branches, which can be demonstrated in Fig.5(a). Let the other position of the coupler point P be noted by P/, the
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Fig. 3. A parallelogram constructed from two vectors.

Fig. 4. The triangular constraint on the coupler link. The two circles are generated from Eqs. (2) and (3), with their centers located at points U and V.

corresponding positions of pivoting points are A’, C', respectively. Another triangle AUVP’ can be established for the second
position. It can be simply shown that the triangle AUVP' is symmetric to AUVP about UV:

As demonstrated in Fig.5(b), line segments UP, UP’ and VP, VP' are the radii of the constraint circles. Both AUPP’ and
AVPP' are isosceles, thus UV connecting two vertices U and V is symmetric line of the isosceles triangles. Hence we conclude
that AUVP' is symmetric to AUVP about UV.

By connecting pairs of points (A, A’) and (C, (") and letting the middle points of AA’ and CC’ be M and N, the following
relationships can be found:

« AA' =CC' = PP
« AA’||CC'||PP’;  BM||DN||UV
« ABAA’=AUPP'; ADCC'=AVPP

4. Mobility regions

The established motion constraint triangle facilitates the mobility analysis, with which the complex algebraic manipula-
tion can be avoided.

In the constraint triangle APUV as shown in Fig.5, the angle 8 made by PU and PV is a function of the coupler angle, as
found as
B+12—w?

T; w=|lwl], Bel0, ] (10)

cosf =

where
w=u-v=d+Qa;—b-Qc (11)
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Fig. 5. Two configurations of a four-bar linkage for the two solutions of a given coupler angle, (a) the four-bar linkage and the constraint circles, (b) the
two constraint circles with their centers at U and V, (c) constraint triangles which are symmetric about UV.

Expanding Eq. (12) yields

_COS(z)(bllg - d]l3) + Sil’l(f)(bzl; — d213) +S
Ll

cosf =
with
s=—bidy —bydy + (b2 + D3 +d} +d3 -3 +13-13)/2
= -G +B-1H)/2 (13)

The right-hand side of Eq. (12) cannot be greater than 1 for any real value of 8. A dimensionless function z is thus defined
as

2
z=1—<%(Dcos¢+Esin¢+s)> (14)
214
where
D =bil3 —dilz; E =bylz—dsl5 (15)

A configuration of a four-bar linkage is feasible only if z is non-negative. When z = 0, the angle § is equal to either 0 or
180° and the coupler link reaches one of the rotation limits.
The limits of the coupler angle ¢ can thus be obtained from z = 0, which yields four solutions of ¢:

¢ = ¢po £ cos™! <S_lzl4> (16a)
Lilz
¢ = g+ cos! [ SHk (16b)
Lils
with
b, —d
_ -1 2 2
¢Po = tan <b1 — d]) (16¢)

These four solutions can be real or complex. The real solutions form the intervals of the mobility region for the coupler
link.

The real solutions are also the turning points, i.e, the extreme points of the coupler rotation. These turning points break
the coupler curve into branches such that the motion along each branch can be driven monotonically from the coupler angle
input. The branches meet at the turning points of the curve, where the mechanism moves differentially without any rotation
at the coupler link, an input singularity.

When a turning point is reached, angle 8 becomes zero, which means PU and PV are collinear. An interesting property
of the turning points for a coupler-driven four-bar linkage is readily revealed

The two links connected to the coupler link are parallel when a turning point is reached.

At any turning point, the centrode of the four-bar linkage moves to infinity.
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5. Analysis of the mobility region

We will look into Egs. (16a) and (16b) on different cases of solutions and to analyze further the mobility of a coupler
link. Depending on the linkage parameters, the equation can admit four, two or zero real solutions.

We first find conditions leading to real solutions. For inverse cosine functions, the argument has to be not great than 1,
which means

(s — hls)? < (hl3)? or (s+bLly)? < (L13)? (17)
The first inequality, upon considering the inequality of lengths of quadrilaterals, finally yields

h4bzh+l (18)
The second inequality leads to

(h —15)% < (I, —1y)? (19)
Three cases are thus identified with respect to inequalities (18) and (19)

1. Case 1: both inequalities are satisfied. There are four real solutions, or four turning points. On the plot of z vs ¢, there
are two intervals of feasible coupler angle.

2. Case 2: only one of the two inequalities is satisfied. There are two real solutions, or two turning points. On the plot of z
vs ¢, there is only one interval of feasible coupler angle.

3. Case 3: none of the two inequalities are satisfied. There is no real solutions, or no turning points can be identified. On
the plot of z vs ¢, the interval of feasible coupler angle is unbounded.

5.1. Condition for a full rotation of the coupler link

The condition for a linkage with a full rotation of the coupler link can be derived from Case 3. In Case 3, the limit
equation of coupler equation admits no real solutions, which means no limits exist for the coupler link rotation, and thus
the linkage can make a full, or unbounded rotation of the coupler link. Moreover, in a special condition of Case 2, when the
mobility range is found exactly as 27, the mechanism admits also a full coupler rotation.

5.1.1. Case 3
In this case, the conditions admitting no real solutions are
(h —13)* > (I — Iy)? (20)
and
L+l <b+ly (21)

A careful analysis of both inequalities for different combinations of the shortest and longest links has been done. The analysis
result, as listed in Appendix for all 12 combinations, reveals that, if we assign the shortest link to either the coupler or the
grounded link, a full coupler rotatability is obtained. There are totally six combinations of which the coupler link can make
a full rotation.

5.1.2. A special condition of Case 2

When Eq. (18) takes the equal sign, the inverse cosine function has solutions of +. The range of rotation is exactly
equal to 360°. This means a Grashof linkage with fully rotatable coupler link is still possible.

The above two cases are the Grashof conditions applicable for the coupler link. It is noted that in literature there are four
types of Grashof linkages, namely, double-crank, crank-rocker, rocker-crank and Grashof double-crank types, depending on
the relative rotations of two neighboring links. Of them, we can find from our results that double-rocker and double-crank
types of Grashof linkages allow a full rotation of the coupler, as shown in the Appendix.

With the results above, it is thus clear for the condition of full coupler rotatability:

The coupler link is fully rotatable if and only if either the coupler or the grounded link is the shortest one of a Grashof linkage.

A mathematical proof of the Grashof's criterion by means of polynomial discriminant was presented in [16], taking the
crank angle as the rotation variable. In this work, we use the coupler angle as variable for the proof of coupler’s full rotation.
In this regard, the current work can be considered as complementary to the proof in [16].

5.2. The number of circuits

Another part of the mobility analysis deals with circuits, branches and turning points, as they provide movement state
changes of linkages.

A circuit, also known as assembly mode, of a linkage is defined as all possible orientations of the output link of the
linkage, or all possible positions of a coupler point, which can be realized without disconnecting any joints[17]. The turning
points are also referred as input singularities. In this work, the coupler angle is used as input variable. At the turning points,
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Table 1
Number of circuits in four-bar linkages.
No.  solutions intervals  circuits  linkage conditions
1 4 2 2 non-Grashof (1 —h)2 <(b—-L)?andlj+13>L+14
2 2 1 1 Grashof (-2 > —Ip)?and h+ b =hL+14
1 1 non-Grashof (1 —B)2<(b—Ip)%orly+l5>1+1I,
3 0 0 2 Grashof (i —1)?2>(y—Iy)?and l +1 <b+14

the two branches meet and the angular velocity of the coupler link vanishes. Moreover, the crank and the follower are
parallel, a configuration allowing instantaneous translation. It is noted that the turning points in the coupler driven linkage
are different from the crank-driven linkages. In the latter case, the coupler becomes collinear with either the crank or the
follower when a turning point is reached [17,18].

A method to determine the number of circuits was developed in [19], in which the image curve of the coupler movement
in a kinematic image space was checked. The method reached the same conclusion as that in the book of Erdman, Sandor
and Kota[20]. However, the conclusion is not accurate, as we find later. In this work, we try to determine directly the
number of circuits by checking the number of intervals of coupler rotation, taking into consideration of branches.

It is a known fact that there are two solutions of coupler point location for a given coupler angle. The two solutions cor-
respond to two branches. This fact, combining with different number of intervals of the coupler angle, yields the following
results on the number of circuits:

« Two intervals. They are formed by four turning points. In each interval, there exist two pieces of coupler curves, corre-
sponding to the two branches. The two pieces of curves meet at two turning points, where the coupler point changes
branches. The connected curves form as one curve, or one circuit. So two intervals end up with two circuits.

« One interval, or two turning points. With the same token, one interval ends up with one circuit only.

« Zero interval, or no turning points. There exist two curves for the two branches. As there are no turning points on the
curve, the two curves has no turning points in common to meet each other. Each curve forms separately a circuit for
one branch. The coupler curve thus has two circuits.

From the above analysis, it is clear that a coupler curve has one circuit if and only if there is only one feasible range of
angle rotation, which corresponds to Case 2.

A special case of Case 2 is noted. In Case 2, when Eq. (18) takes the equal sign, the inverse cosine function has two
solutions of —7 and 7. There is still one interval of feasible coupler angle, which is exactly equal to 360°. In other words,
the coupler link rotates for 360° in one branch, and 720° in its two branches of a circuit.

The above results are summarized in Table 1.

In the literatures [19,20], it was stated that non-Grashof linkages have one circuit (assembly mode), while all Grashof
linkages have two circuits. This statement, however, is inaccurate. From Table 1, we can see that a Grashof linkage can have
one circuit, if the sum of two pairs of opposite links are identical. This will be further demonstrated in Section7.

6. Coupler curve tracing

The identified turning points are useful for coupler curve tracing. A parametric coupler curve equation can be established
in terms of coupler angle ¢, paying attention to the turning points where branch changes. Referring to Fig. 4, the coordinate
of a coupler point P can be obtained as

2 w2 2
li+wi -1

rp=d—Q(¢p)cy — LR(Fa)W, o =cos™ Wiy

(22)
where W is the unit vector parallel to w, and R(+«) is a rotation matrix of angle +, the angle made by VU and VP. Eq.
(22) expresses the two branches of the coupler point, where the branch, indicated by the sign of «, changes only a turning
point is reached.
Note Eq. (22) takes use of the dyad DCP. Alternatively, it can also take use of the dyad BAP and yield the same result.
Eq. (22) stands also for a parametric coupler-curve equation. A coupler curve can thus be traced using this equation.
The coupler curve tracing is not a simple problem due to the high-order polynomial and singularities [18]. A method by
distance geometry was proposed in [21]. Comparing to that one, the method proposed above is simpler and straight forward.

7. Examples

We first include three examples to demonstrate the mobility analysis with the new formulation. The linkage parameters
are given in Table 2. The two sets of parameters are taken from [22].
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Table 2
Linkage parameters for Examples 1, 2 and 3 (units: m).
Ex. m h [by, b2] [dy,da2] b I3 Iy
1 0.1 0.15 [-0.2,0] [0.2,-0.2] 0.15 0.4 0.35
0.083 -0.125 [-0.2,0] [-0.025,0.1] 0180 0.068  0.157
3 0.1 0.0 [0, 0] [0.25, 0] 0.2 0.3 0.2

Four-bar linkage 1

0.34

0.24

-0.14

-0.2

<03 <02 -0 0 0.1 0.2
x[m]

(a) (b)

Fig. 6. Mobility analysis of Example 1, (a) plot of z vs ¢, where the shadow areas show the ranges of rotation, (b) turning points on the coupler curve.

7.1. Example 1

In the first example, the linkage parameters take values from the first data set in Table 2. The ranges of coupler rotation
are found as ¢ € [-2.432, —1.520]rad and ¢ € [-0.334, 0.577]rad from Eqs. (16a)-(16b). The plot of z function is shown in
Fig.6(a), in which two distinct intervals of coupler angle are clearly displayed.

The above boundaries of the motion range are the turning points of the coupler link. Fig. 6(b) displays the turning points
on the coupler curve, along with the four-bar linkage. It is seen that the four turning points are on two circuits of the
coupler curve, each circuit corresponding to one range of rotation. For this linkage, while the Grashof’s criterion is satisfied,
it allows a full rotation of the crank, but not the coupler link.

7.2. Example 2

The second example takes the second set of linkage parameters in Table 2, which is actually a cognate linkage of the
four-bar linkage in the first example. The limit equations (16a)-(16b) have no real solutions, which means that function
z has not intersection with ¢-axis, as shown in Fig.7(a). In other words, the coupler link can generate a full rotation. No
turning points exist for this linkage, as seen in Fig. 7(b). For this linkage, inequality (21) becomes the Grashof criterion, while
inequality (20) is satisfied too.

7.3. Example 3

One more example is given for a four-bar Watt linkage[23]. Only two turning points exist, which are ¢ =
[—1.6208, 1.6208] rad, corresponding to one interval. So the linkage has only one circuit, as shown in Fig.8.

The above three examples show different coupler curves, which lead to rotatability in different ranges. By virtue of plot of
constraint manifolds, the rotatability can be explained readily. Fig.9 displays three manifolds of the examples. The manifold
is constructed with the constraint Eqs. (2) and (3). Maple’s 3-D surface plot function implicitplot3d was utilized to
generate the surfaces. Another command intersectplot was used to obtain the intersections. In the manifolds, each
cross-section in the x-y plane contains two constraint circles for a fixed coupler angle. The entire manifold plots allow us to
observe directly the coupler rotatability either in a full rotation and a limited range of rotation, and the number of circuits.
The turning points on the intersections of the manifolds are the extremes of ¢, which can be easily identified.

As can be seen from the first example, the constraint manifolds have two intersections, which are two closed-curve in
3-D space. The turning points of the linkage are the extreme points of the two curves, where the coupler angle reaches
either their maximum and minimum. In the second example, the two manifolds intersection yields to two open curves, no
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Four-bar linkage 2

0.3
0.2
15
0.1
m
] yim] |
\/\/\ ol
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-0.24
0% T T T T T T T T T T T
- 3n T 3 0 L L3 ELS T 0.3 0.2 -0.1 0 0.1 0.2
3 ) 4 2 3 ) .
o [rad] x[m]

(a) (b)
Fig. 7. Mobility analysis of Example 2, (a) plot of z vs ¢, (b) the linkage and the coupler curve, where no turning points can be identified.

Four-bar Watt linkage

021
0.11

1.59
ylm] of
0.1

& in x X 3w B
7 7 T
.24 0 [rad]
02 01 0 0.1 02 03 1
x [m]

.54

(a) (b)

Fig. 8. Example 3 of one-circuit linkage, (a) two turning points and the linkage, (b) plot of z vs ¢, showing the range of motion.

extreme points, or turning points, can be identified. The linkage thus can rotate fully. In the example of the four-bar Watt
linkage, the intersection yields only one closed curve. The linkage has thus one circuit accordingly.

7.4. Grashof linkages of one circuit

We include two more examples to demonstrate the determination of number of circuits and to support our conclusion
that one circuit exists for Grashof linkages too. For two linkages with link parameters given in Table 3, we can easily deter-
mine that they have only one circuit (assembly mode), using inequalities in Table 1. Both linkages, as shown in Figs. 10 and
11, are Grashof linkages and their range of coupler angle rotation is exactly equal to 360°. On each coupler curve, there is
only one turning point. A tracing on the whole coupler curve generates 720° of rotation of the coupler. Both the only circuit
and the 720° rotation can be observed from the manifold plots in Fig.12. The turning points shown on the manifold plots
are located at ¢ = +rrrad, thus yield only one overlapped turning point in the coupler curves.

8. Conclusions

In this paper, the motion analysis is studied for the coupler link of planar four-bar linkages, addressing the need of
designing coupler-driven linkages. By means of a motion constraint triangle, the coupler motion is analyzed to yield the
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3 4

04 o4

Fig. 9. Constraint manifolds and their intersections, (a) Example 1 with two ranges of rotations, (b) Example 2 having a full rotation, (c) Example 3 of a
four-bar Watt linkage. In all examples, the number of circuits and turning points can be intuitively identified.

Table 3

Linkages of one circuit (units: m).
No. m h [b1,b3] [dy,d,] L [ Iy
M1 0.1 0.05 [0.0,0.0] [0.15, 0.0] 022 025 018
M2 01 00 [0.0,0.0] [-0.25,0.0] 0.2 0.15 0.2

range of coupler angle. With the new formulation the conditions for the full coupler rotatability are re-evaluated. Moreover,
the linkage circuits and coupler curve tracing are studied.

A contribution of this work is the construction of the motion constraint triangle, which facilitates the four-bar link-
age motion analysis. Comparing with the conventional constraint triangle constructed by connecting two diagonal vertices,
the constraint triangle is more comprehensive and able to capture to motion features of four-bar linkages. With the con-
straint triangle, the mobility of the coupler like is analyzed. Moreover, the conditions for a full rotation of a coupler link are

checked. It is shown clearly that either the coupler or the ground link has to be the shortest one in a Grashof linkage to
enable a full coupler rotation.
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Fig. 10. A Grashof linkage (M1) of one circuit, (a) plot of z vs ¢, (b) the coupler curve displayed with the turning point.
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Fig. 11. A Watt linkage (M2) of Grashof type with one circuit, (a) plot of z vs ¢, (b) the coupler curve displayed with the turning point.
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Fig. 12. Constraint manifolds for one-circuit Grashof linkages, (a) Linkage M1, (b) Linkage M2.
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Another contribution of the work includes the determination of the number of circuits. A four-bar linkage’s coupler curve
has only one circuit if the linkage has only one range of limited rotation or exactly 360°. The corresponding conditions with
link lengths are expressed explicitly. Both Grashof and non-Grashof linkages can have one circuit. The result in this work
corrects the inaccurate statement in the literatures on the number of circuits of linkages.

The results of this work can be applied to design synthesis, for example, the conditions of full rotation or reaching to a
certain range. The results can also be useful for circuit defect detection and avoidance. For example, in the linkage design,
additional constraints can be included in synthesis to generate a linkage of one circuit, for which possible circuit defect can
be avoided.

Appendix. Rotatability of the coupler link in four-bar linkages

Table 4
Condition checking for full coupler rotation (FCR).

Imin Imax FCR?  simplified Eq. (21)  remarks

I 173 Y Lh+b<b+l both equations are satisfied; Eq. (21) is the Grashof Criterion
I3 Y I3 =11 > |l — Iy both equations are satisfied; Eq. (22) is the Grashof Criterion
Iy Y -l >3- both equations are satisfied; Eq. (21) is the Grashof Criterion
I, L N L—-L<lg—1L Eq. (22) cannot be satisfied
I3 N | e . Eq. (22) cannot be satisfied
Iy N ILh—bL < |l -1 Eq. (21) cannot be satisfied
I3 N Y L=l > |l -1 both equations are satisfied; Eq. (22) is the Grashof Criterion
L, Y L—-L>hL—-1 both equations are satisfied; Eq. (21) is the Grashof Criterion
Iy Y L—-L>l—1 both equations are satisfied; Eq. (21) is the Grashof Criterion
Iy L N L+l <li—14 Eq. (21) is the Grashof criterion, Eq. (22) cannot be satisfied
L N L -1l <l -1 Eq. (21) cannot be satisfied
I3 N L+bh<bhb+l, Eq. (22) cannot be satisfied
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