TECHNICAL RESEARCH REPORT

A New Class of Six-Bar Mechanisms with

Symmetrical Coupler Curves

by W-B. Shieh, L-W. Tsai,
S. Azarm, A.L. Tits

T.R. 96-51

IMR

INSTITUTE FOR SYSTEMS RESEARCH

Sponsored by

the National Science Foundation
Engineering Research Center Program,
the University of Maryland,

Harvard University,

and Industry



Proceedings of

The 1996 ASME Design Engineering Technical Conference and

Computers in Engineering Conference
August 18-22, 1996, Irvine, California

96-DETC/DAC-1116

A NEW CLASS OF SIX-BAR MECHANISMS WITH
SYMMETRICAL COUPLER CURVES

W.-B. Shieh!
Department of Mechanical Engineering
University of Maryland
College Park, Maryland, 20742

S. Azarm?

Department of Mechanical Engineering
University of Maryland
College Park, Maryland, 20742

ABSTRACT

A new class of six-bar mechanisms with symmetrical coupler-
point curves is presented. This class of mechanisms is made up of
a four-bar linkage with an additional dyad to form an embedded
regular or skew pantograph. Because the coupler curve generated
at an output point is amplified from that of a four-bar, a compact
mechanism with a relatively large coupler curve can be obtained.
In addition, due to their structure arrangement, the analysis and
synthesis of such mechanisms can be easily achieved. It is shown
that the admissible range of transmission angle for such mecha-
nisms is smaller than that of a four-bar mechanism. It is also
shown that mechanisms with an embedded skew pantograph ex-
hibit better design flexibility than those with an embedded regular
pantograph. Finally, an example mechanism from this class is il-
lustrated and compared with a four-bar linkage with the same
coupler curve.
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o Crank angle measured counter-clockwise from baseline
AoBy.

¢ Minimum transmission angle.

1 Transmission angle of a four-bar mechanism.

v Transmission angle of the embedded regular panto-

graph.

v' Transmission angle of the embedded skew pantograph
(type A mechanism).

v"” Transmission angle of the embedded skew pantograph
(type B mechanism).

p Size factor of a regular or skew pantograph.

¢ Coupler plate angle (=£ABC) of a four-bar mechanism.

¢' Coupler plate angle (=£ABG) of a type A mechanism
with an embedded skew pantograph.

11 Skew pantograph angle (=/HFD), see Fig. 5.

1 Skew pantograph angle (= ZHDF), see Fig. 5.

1 INTRODUCTION

It is well known that symmetrical coupler curves can be
generated by a four-bar linkage with a coupler link AB and
a follower BoB of equal length, AB = BB, as shown in Fig.
1. The coupler point generating a symmetrical curve lies on

Copyright © 1996 by ASME



Figure 1. Four-bar linkage with AB = BC = B,B

the circle centered at B and passing through A (Hartenberg
and Denavit, 1964). Unlike the four-bar linkage, there are
only a few studies on symmetrical coupler curves associ-
ated with six-bar linkages. For examples, sufficient condi-
tions for the Watt-I mechanisms with symmetrical coupler
curves were investigated by Dijksman (1976; 1980a; 1980b;
1981; 1984). Stephenson-I and -III mechanisms that gener-
ated symmetrical coupler curves were reported by Dijksman
(1979) and Antuma (1978), respectively. All of the above
mechanisms were developed with the use of a four-bar link-
age with a symmetrical coupler curve. Among them, most
were derived according to Roberts-Chebychev cognate the-
orem, while others were developed from the Chebychev’s
dyad or a combination of the two.

Although these six-bar mechanisms all generate sym-
metrical coupler curves, their characteristics are different
from one another. For example, using a four-bar linkage as
the source linkage, Hain’s six-bar mechanism can trace a
symmetrical coupler curve at any point on its translational
coupler link (Dijksman, 1976). Note that Hain’s six-bar
coupler curve is identical to that of the source four-bar. Us-
ing the Kempe's over-constrained focal mechanism as the
source mechanism, Dijksman’s Watt-I mechanism can gen-
erate a series of symmetrical curves at various points of its
floating link (Dijksman, 1984). A Stephenson-IIT mecha-
nism derived from the Chebychev’s dyad is capable of gen-
erating a symmetrical curve whose order is higher than that
of a four-bar linkage (Antuma, 1978). Although the above-
mentioned six-bar linkages are capable of tracing symmet-
rical coupler curves, none is capable of amplifying the four-
bar coupler curve.

In this paper, we present a new class of six-bar linkages
made up of a four-bar mechanism with an embedded regular

or skew pantograph. This class of six-bar mechanisms are
capable of generating amplified symmetrical four-bar cou-
pler curves at their output points. This is particularly useful
in applications such as walking machine leg mechanisms for
which a compact mechanism with a relatively large output
coupler curve is needed (Funabashi et al., 1985, Shieh et
al., 1995). Furthermore, unlike the Funabashi’s leg design
(Funabashi et al., 1985) that uses a general six-bar mecha-
nism, the analysis or synthesis of a six-bar mechanism with
an embedded regular or skew pantograph can be easily ac-
complished in two steps. First, a four-bar linkage is ana-
lyzed or synthesized with a desired coupler curve. This is
then followed by adding a dyad to form an embedded pan-
tograph. In this way, the analysis or synthesis of the six-bar
is essentially simplified to that of a four-bar.

The balance of this paper is organized as follows. In
Section 2, the construction of a new class of six-bar link-
ages with an embedded regular and skew pantograph is de-
scribed. In Section 3, mechanism characteristics such as
the transmission angles and the coupler curves are inves-
tigated. In Section 4, an example mechanism is given to
demonstrate the capability of such six-bar linkages. In Sec-
tion 5, we summarize the main results of this study.

2 CONSTRUCTION OF SIX-BAR MECHANISMS WITH
SYMMETRICAL COUPLER CURVES

The basic idea for creating a new class of six-bar mech-
anisms with symmetrical coupler curves is to combine the
functions of a four-bar linkage and a pantograph into one.
Since there are four links in each of the four-bar mechanism
and the pantograph, it is necessary for these two mecha-
nisms to share two common links. By embedding a panto-
graph in a six-bar linkage, the coupler curve of a four-bar
linkage can be amplified at the output point. As it will
be described in more details, two different types of six-bar
linkages with an embedded regular or skew pantograph are
possible. For type A mechanisms, the upper link of the em-
bedded pantograph is a new link passing through By and
is parallel to line BC of the four-bar linkage shown in Fig.
1, while the lower link is parallel to the rocker link BBy.
On the other hand, for type B mechanisms, the upper link
of the embedded pantograph is the extension of the rocker
link, while the lower link is parallel to line BC.

2.1 Construction of Six-Bar Mechanisms with an Embedded
Regular Pantograph

In what follows, we first review the function of a regular
pantograph. Then, the constructions of types A and B six-
bar linkages are described.
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Figure 2. Regular pantograph

2.1.1 Description of a Regular Pantograph. A panto-
graph is usually used to amplify an input curve at its output
point. Referring to the pantograph shown in Fig. 2, points
D, C, and E always remain collinear and points H, C, G,
and F form a parallelogram. The link lengths of a panto-
graph are related by two factors n and p, where n refers to
an amplification factor, while p, a size factor, only effects
the size of the pantograph.

Provided that point D is fixed and C traces an input
curve, point E will trace a similar curve which is amplified
by a factor n with respect to the input curve without chang-
ing its orientation as shown in Fig. 2. On the other hand,
if point C is fixed and point D traces an input curve, point
E will trace a similar curve which is amplified by a factor
(n — 1), and rotated by an angle of = about point C.

2.1.2 Construction of Type A Mechanisms.
For type A mechanisms as shown in Figs. 3(a), (b), and
(c), the embedded pantograph is BHFGEC), and points C
and E are the input and output points, respectively. The
construction of such mechanisms is carried out through the
following steps:

1. Construct a four-bar linkage 49 — ABC — By such that
AB = BC = B,B.

2. Starting from point Bp, draw a dashed-line passing
through point C.

3. Construct a four-bar parallelogram ByBGF by adding
two binary links BoF and F'G such that BoF||BG and
FG||BoyB. (The length of BoF is determined by the
amplification factor n.)

4. Locate the intersection point E between the extended
lines of ByC and F'G and extend link FG to FE.

(©)

Figure 3. Type A six-bar linkages with an embedded regular panto-
graph: () 0 < p+d <m(b) " < p+¢ < 2m; (c) 27 < p+ ¢ < 3.

5. Reshape the coupler plate from ABC to ABG.

For this type of mechanisms, if point By is considered as
two concentric binary pivots, then the mechanism becomes
a special case of the Stephenson-III mechanism. Referring
to the mechanism shown in Fig. 3(b), if link BB is re-
placed by a parallel link of the same length, e.g., link CH,
a Stephenson-II mechanism is obtained. If link ByF of Fig.
3(b), instead of link ByB, is replaced by a parallel link of
the same length, then a Watt-I mechanism is obtained.

For this type of six-bar linkages, the size factor p = 1
and the link lengths are related by:

BiF=BG=FE=nByB and FG=BB (1)

2.1.3 Construction of Type B Mechanisms. For type B
mechanisms as shown in Figs. 4(a), (b), and (c), the em-
bedded regular pantograph is ByBFGEC and points C and
E are the input and output points, respectively. Type B
mechanisms are constructed through a similar (as in type
A) procedure;
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(@ (b)

Figure 4. Type B six-bar linkages with an embedded pantograph: (a)
O<pt+o<mb)m<p+¢<2m(c)2r < p+¢ < 3m.

1. Construct a four-bar linkage Ag — ABC — By such that
AB =BC = B,B.

2. Starting from point By, draw a dashed-line passing
through point C.

3. Extend the rocker link from ByB to BoF. (The choice
of joint F' is determined by the amplification factor n.)

4. Add a binary link FE such that FE || BC. (E is the

intersection of E)ﬁ and ﬁ.)

5. Create a binary link CG to connect the coupler plate
ABC and link F'E at points C and G, respectively, such
that CG || BF.

For this type of mechanisms, the size factor p = 1 and the
link lengths are related by:

F=CG=(n-1)B,B and ByF =FE =nByB (2)
Note that, type B mechanisms are Watt-I mechanisms.

2.2 Six-Bar Mechanisms with an Embedded Skew Pantograph

In this section, we first review the function of a skew
pantograph. Then, the constructions of types A and B six-
bar mechanisms are described.

pnl

A

Figure 5. Skew pantograph

2.2.1 Description of a Skew Pantograph. Referring to
the skew pantograph shown in Fig. 5, points H, C, G,
and F form a parallelogram and the triangular link DHF
is similar to FGE. It is shown (Song et al., 1987) that if
point D is fixed and point C traces a given curve, then point
E will trace a similar curve which is amplified by a ratio n,
and rotated clockwise about the fixed point D through an
angle 1, with respect to the given curve as shown in Fig. 5.
On the other hand, if point, C is fixed and point D traces a
given curve, then point E will trace a similar curve which is
amplified by a ratio m, and rotated counter-clockwise about
the fixed point C through an angle v, where

m = (n? — 2ncost), + DY and y= sin~!(22%2) (3)

Note that, in Fig. 5, p effects the size of a skew panto-
graph.

2.2.2 Construction of Type A Mechanisms.
For type A mechanisms as shown in Figs. 6(a), (b), and
(c), the embedded pantograph is BH FGEC where point
By is a fixed pivot while C and E are the input and output
points, respectively. The construction of type A linkages is
carried out through the following steps:

1. Construct a four-bar linkage Ay — ABC — By such that
AB = BC = BoB.

2. Add a binary link BoF. (Note that, the length of link
By F determines the amplification factor while the ori-
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Figure 6. Type A six-bar linkages with an embedded skew pantograph:
(with ¢’ =dp+1) (@) 0< p+¢' <m ()7 < p+¢' <27 and
() 2r < p+¢’' <3n.

entation of link BoF determines the orientation of the
output curve.)

3. Form a four-bar parallelogram ByBGF by reshaping
the coupler plate from ABC to ABG and adding a bi-
nary link F'G.

4. Reshape link F'G to a triangular plate FGE such that
AFGE is identical to ABCG.

For this type of mechanisms, if point By is considered
as two concentric binary pivots, then such a mechanism
becomes a special case of Stephenson-III mechanism. If
link ByB is replaced by a parallel link of the same length,
a Stephenson-II mechanism is obtained. In addition, if link
ByF (instead of link By B) is substituted by a parallel link of
the same length, a Watt-I mechanism is obtained. For type
A mechanisms, the size factor p = 1 and the link lengths
are related by:

BoF=BG=FE=nByB and FG=ByB (4)

Figure 7. Type B six-bar linkages with an embedded skew pantograph:
(with " =¢ -t —) () 0< p+¢" <m (b) T < p+9¢" < 2m;
and (c) 27 < p + ¢" < 3m.

2.2.3 Construction of Type B Mechanisms. For type B
mechanisms as shown in Fig. 7, the embedded skew pan-
tograph is BoBFGEC. The construction of type B mecha-
nisms is carried out through a procedure as follows:

1. Construct a four-bar linkage Ay — ABC — By such that
AB = BC = B,B.

2. Reshape the binary link BoB to a triangular plate
ByBF. (Similar to type A mechanisms, the choice of
point F' determines the amplification factor and the ori-
entation of the output curve.)

3. Create a four-bar parallelogram BCGF by adding two
binary links CG and GF.

4. Reshape link FG to a triangular plate FGE such that
AFGE is identical to AByBF.

Note that, type B mechanisms belong to Watt-I mechanisms
and their link lengths are related by:

BoF = FE =nByB, BF =CG =GE =mB,B,
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and FG = ByB (5)

3 MECHANISM CHARACTERISTICS

3.1 Six-Bar Linkages with an Embedded Regular Pantograph

Although type A and B mechanisms with an embedded
regular pantograph are different in structure, the charac-
teristics of their transmission angles and coupler curves are
identical to each other.

3.1.1 Transmission Angle. Referring to the mecha-
nisms shown in Fig. 3 or 4, the transmission angles of the
four-bar linkage and the embedded regular pantograph are
denoted as p and v, respectively. Although the singular
condition ® of such mechanisms can be avoided as long as u
and v are kept between 0 and , it is desirable to keep both
of them as close to 7/2 as possible. Thus, both transmission
angles p and v should be constrained:

(6)
(7

E<U<L<T—€

ELSVLST—E

where € is the minimum transmission angle for a mechanism
to possess good force transmission characteristics. Usually,
€ = 45° is assumed for both the four-bar linkage and the
embedded regular pantograph.

According to Figs. 3 and 4, it is observed that the
transmission angle v of the embedded pantograph is deter-
mined by both the four-bar transmission angle x4 and the
coupler plate angle ZABG (or ¢). Since 0 < g < m and
0 < ¢ < 2x, we have 0 < p+ ¢ < 3w. Referring to the
mechanisms in Figs. 3(a), (b) or (c), the transmission angle
v can be expressed as

o+ o, for0<py+o<nw
v=_2n—(u+¢),forr<p+¢<2r (8)

(u+ @) —2m, for2r < p+ ¢ < 3w

With the substitution of Eq. (8) into Eq. (7) and after
simplification yields

() e—p<p<m—e=-g,
forO<pu+od<m

() e+(r—@)<p<mT—c+(T—9), ©)
formr<pu+o¢<2m

({i)e+2r—-@)<p<w—e+(2r - 9¢),
for2m<pu+¢<3m

5A singular condition refers to the condition when 4 or v is equal to 0
or .

6

In order to satisfy both Eqs. (6) and (9), the transmission
angle 4 must fall in one of the following ranges:

(i) e<pu<mr—e-—9,
forO<p+od<nm
(ila) e+ (r—@) <p<m—e¢,
forr<p+odp<2randr—¢ >0
(ib) e<pu<m—e+ (7 —9¢),
forr<p+d<2randmT—¢ <0
(ili) e+ (2r—9) <p<m—cg,
for2r < p+ ¢ < 3w

(10)

Comparing the admissible range of u in Eq. (10) for a six-
bar mechanism with an embedded regular pantograph with
that in Eq. (6) for a four-bar mechanism, we observe that
the admissible ranges of p for the four-bar linkages have
been reduced by an amount of ¢, |(r — ¢)|, and (27 — ¢)
for cases (i) through (iii), respectively. Such a reduction
in the range of u may be considered as a significant design
limitation.

3.1.2 Coupler-Point Curve. The coupler curve of a six-
bar mechanism with an embedded regular pantograph sat-
isfies the following theorem.

Theorem 1. Referring to the siz-bar mechanisms in Fig. 3
or 4, the amplified coupler curve generated by point E is
bounded between two concentric circles centered at By and
with radii of (BoE)a=o and (BoE)a=x, where

(i) (BoE)a=r > (BoE)a=0, f 0 < p+¢ < 7 or2mr <
p+¢<3m,oor

(i) (BoE)a=0 > (BoE)a=r, if ®<p+¢ <2m.

Proof. Referring to Fig. 3(b), BgE can be obtained by ap-
plying the cosine law to AByEF,

BoE =2 ByF (1 — cosv)!/? (11)

Since cosv is a monotonically decreasing function within
the range of 0 < v < =, the maximum and minimum of
ByE occur at v = vpay and v = Vmin, respectively.

(}) ForO< p+¢ <mor2r < u+ ¢ < 3w, we observe
from Eq. (8) that the maximum and minimum values of
v follow that of p. Hence, vmax and pimay occur at a = m;
Vnin and pyi, occur at a = 0. This, in turn, indicates that
(BoE)a=r and (BoE)a—o are the longest and the shortest
distances between points E and By for a € [0, 27].

(i) Similarly, for 7 < g + ¢ < 27 we observe from
Eq. (8) that the maximum value of v follows the minimum
value of p and vice versa. Hence, vmax and pmin occur at
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o = 0; Upin and pmax occur at a = 7. This indicates that
(BoE)g=0 and (BoE)s=r are the longest and the shortest
distances between points E and B, for « € [0, 2x].

From (i) and (ii), we conclude that the entire coupler
curve is bounded between two concentric circles centered at
By and with radii of (ByE),_, and (BoE),_,, respectively.

O

3.2 Six-Bar Linkages with an Embedded Skew Pantograph

For this class of six-bar mechanisms, the transmission
angle characteristics between type A and type B mecha-
nisms are different, while the characteristics of their coupler
curves remain identical to each other.

3.2.1 Transmission Angle of Type A Mechanism.
Referring to the type A mechanisms shown in Fig. 6, the
transmission angles of the four-bar linkage and the embed-
ded skew pantograph are denoted as p and v’, respectively.
Similar to the six-bar mechanisms with an embedded reg-
ular pantograph, these transmission angles should be con-
strained:

eE<u<T—€ (12)
e<v'<m—e€ (13)

Referring to Fig. 8, the value of transmission angle v’ of the
embedded skew pantograph is determined by both y and the
coupler plate angle ZABG. The value of /ABG depends on
the angle ZABC and the relative orientation angle between

B_o?' and Boﬁ (or Bﬁ). For instance, if the orientation

of BO? is achieved by rotating the vector Boﬁ clockwise
about By through an angle v, as shown in Fig. 8(a), then
(ABG = [ABC + LCBG = ¢ + 9. Otherwise, if the

orientation of Bﬁ is achieved by rotating the vector EOT{)
counter-clockwise about By through an angle 1), as shown
in Fig. 8(b), then LZABG = (ABC — [(GBC = ¢ — 1,.
Hence, denoting /ABG as ¢’ yields

¢'=¢+ayy (14)

where a = £1. Note that, the coupler curve at E is ob-
tained by rotating the curve at C clockwise or counter-
clockwise about point By through an angle ¢, according
toa=1or a=-1. (see Figs. 8(a) and (b))

Since0< p<mand0< ¢ <27, wehave 0 < p+ ¢ +
ay < 3Ir+ahpyor 0 < p+¢' < 3w+ apy. Referring to
the mechanisms in Figs. 6(a), (b) or (c), the transmission

By ) By
&
}\‘ -------------- A ,/
5 "\ r \Vz/, Ao
i \ H@‘I / te pt
Y g
‘l’zj; \ By [ s A
aN v [ nhofr
FEANIYIH ¢ Y/ ()
’ NOA [RY/ R4
J ‘Y Vi),
/ L %4 i
7 \ C ¥,
A
F v! 4 ‘.\ Fé/iv!,
,/ '\‘ ;
’/ \_\ l' H
G \ :I' i
H " Y K
'-J‘.\ /
\ ;G
x /
SN Y
I 4
E E
4
(@) (b)

Figure 8. Coupler curve at C is rotated about point B, through an
angle 1), at point E: (a) clockwise rotation (@ = +1) and (b) counter-
clockwise rotation (a = —1)

angle v’ of the embedded pantograph can be expressed as

p+o, forO<p+¢'<n
vi=S2r—(u+¢)forr<u+¢' <2r (15)
(p+¢')—2m for2r<p+¢' <3n

Note that, since the condition g + ¢’ > 37 is not desirable,
such a condition is not considered. Substituting Eq. (15)
into (13) and satisfying Eq. (12), the transmission angle u
of type A mechanisms must fall in either of the following
ranges:

(i) e<p<m—e—0,
forO<p+d'<n
(lia) e+ (m—@)<p<m—rg,
formr<pu+¢'<2randw—¢' >0
(ibye<pu<m—e+(mr—¢'),
forr<p+éd'<2mandrw—¢' <0
(i) e+ 2r—@Y<pu<m—eg,
for2r < p+¢' <3mw

(16)

Eq. (16) shows that, when compared with a four-bar link-
age, the admissible range of uy for type A mechanism is
reduced by an amount of ¢', |(mx — ¢')|, and (27 — ¢') for
ranges (i) through (iii), respectively. Since ¢' = ¢ + a)y
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and @ = 1, the admissible range of x for a mechanism with
an embedded skew pantograph is larger than that with an
embedded regular pantograph, if the value of a is selected
as —1, +1, —1, and +1 for cases (i), (iia), (iib), and (iii),
respectively.

3.2.2 Transmission Angle of Type B Mechanism.
Referring to type B mechanisms shown in Fig. 7, the trans-
mission angle v” of the embedded skew pantograph can be
expressed as

p+ o, forO<pu+d"<nw
v"=S{ 2r—(p+¢"),forr<p+¢" <2m (17)
(+¢")—2m for2r < p+¢" < 37

where
¢" = ¢ —ath —ate (18)

and a = 1. Note that, for the mechanisms in Fig. 7, we
have a = +1.

For this type of mechanisms, since ¢” = ¢— athy — ahy
and ¢ = +1, the admissible range of u for a mechanism
with an embedded skew pantograph will be larger than that
with an embedded regular pantograph, if the value of a is
properly selected.

3.2.3 Coupler-Point Curve. Referring to type A mech-
anism as shown in Fig. 6, the distance between the fixed
point By and the output point E can be written as

BoE = V2 BoF [1 — cos(LByFE)}'/? (19)
where 0 < /ByFE < 7. Since {ByF'E can be written as

—at, forO< p+¢' <7
+atg, form < p+¢' <27 (20)
~aty, for2r < p+¢' < 3n

LBo)FE=v'+

Substituting Eq. (15) into (20) yields

u+ o, forO<p+o¢' <
(ByFE={2r—(u+¢),formr<p+¢'<2m (21)
(p+ @) —2m,for2r < p+¢' <3m

In Eq. (21), it is possible that the maximum value of
(ByFE is greater than 7 and the minimum value of /By F E

0.2 202 -04
A Ao

0.2

0.4

(b)

Figure 9. An identical coupler curve generated by (a) a six-bar mech-
anism with an embedded skew pantograph (b) a four-bar linkage

is less than 0. Hence, the maximum and minimum values
of BoE may not occur at the crank angle @ = 0 or @ = 7.
Therefore, Theorem 1 no longer holds for type A six-bar
mechanisms with an embedded skew pantograph. Similarly,
it can be shown that Theorem 1 does not hold for type B
mechanisms.

4 EXAMPLE MECHANISM

Fig. 9(a) shows a six-bar mechanism with an embedded
skew pantograph. Since this mechanism is designed with
AB = BB = BC, point C traces a symmetrical coupler-
point curve while crank ApA rotates about the fixed pivot
Ag. By using the additional dyad ByFFGFE to form an em-
bedded skew pantograph, the coupler curve at point C is
amplified by a factor of n = ByF /By B and is rotated clock-
wise about point By through an angle of /ZGFE. Fig. 9(b)
shows a four-bar linkage which generates a coupler curve
identical to that of the six-bar mechanism. For the purpose
of comparison, two X-Y reference coordinate systems with
their Y-axes pointing downward along the line of symme-
try and with their origins located at joint By are defined
in Figs. 9(a) and (b). It is clear that, when an identical
curve is traced, the six-bar linkage shown in Fig. 9(a) is
more compact than the four-bar mechanism shown in Fig.
9(b). Such a compactness is important in many applica-
tions, especially for a multi-legged walking machine where
the interference between adjacent legs is crucial.

5 CONCLUDING REMARKS
We have presented a new class of six-bar mechanisms
which are capable of generating relatively large symmetri-
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cal coupler curves at their output points. The basic idea
behind the development of these mechanisms is to combine
the functions of a four-bar linkage and a pantograph into
one. For such mechanisms, the four-bar linkage generates
a symmetrical coupler curve which is then amplified via an
embedded regular or skew pantograph to a desired size. As
such, the analysis or synthesis of these mechanisms can be
easily performed beginning with the four-bar linkage and
followed by the pantograph.

It is shown that the six-bar mechanisms in this class
can be constructed in two different types (or structures).
For those mechanisms with an embedded regular panto-
graph, both types of mechanisms are subject to the same
transmission angle constraints. However, for those mecha-
nisms with an embedded skew pantograph, the two types
of mechanisms yield different transmission characteristics.
The characteristics of the six-bar coupler curves are also in-
vestigated. Because of the different characteristics, six-bar
mechanisms with an embedded skew pantograph are shown
to exhibit better design flexibility. Finally, an example of
a six-bar mechanism from this class is shown to be more
compact than a four-bar, when an identical coupler curve
is traced.
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