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2 Fundamentals: Structural analysis

2.1 Motion

The number of degrees of freedom (DOF) of a system is equal to the number of
independent parameters (measurements) that are needed to uniquely define
its position in space at any instant of time. The number of DOF is defined
with respect to a reference frame.

Figure 2.1 shows a rigid body (RB) lying in a plane. The rigid body is as-
sumed to be incapable of deformation and the distance between two particles
on the rigid body is constant at any time. If this rigid body always remains
in the plane, three parameters (three DOF) are required to completely define
its position: two linear coordinates (z,y) to define the position of any one
point on the rigid body, and one angular coordinate 6 to define the angle of
the body with respect to the axes. The minimum number of measurements
needed to define its position are shown in the figure as x,y, and 6. A rigid
body in a plane then has three degrees of freedom. Note that the particular
parameters chosen to define its position are not unique. Any alternative set
of three parameters could be used. There is an infinity of sets of parameters
possible, but in this case there must always be three parameters per set, such
as two lengths and an angle, to define the position because a rigid body in
plane motion has three DOF.

Six parameters are needed to define the position of a free rigid body in a
three-dimensional (3-D) space. One possible set of parameters which could
be used are three lengths, (z,y, z), plus three angles (6,,6,.6,). Any free
rigid body in three-dimensional space has six degrees of freedom.

A rigid body free to move in a reference frame will, in the general case,
have complex motion, which is simultaneously a combination of rotation and
translation. For simplicity, only the two-dimensional (2-D) or planar case
will be presented. For planar motion the following terms will be defined,
Fig. 2.2:

e pure rotation in which the body possesses one point (center of rotation)
which has no motion with respect to a “fixed” reference frame [Fig. 2.2(a)].
All other points on the body describe arcs about that center.

e pure translation in which all points on the body describe parallel paths
[Fig. 2.2(b)].

e complex or general plane motion which exhibits a simultaneous combination
of rotation and translation [Fig. 2.2(c)]. With general plane motion, points
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on the body will travel nonparallel paths, and there will be, at every instant,
a center of rotation, which will continuously change location.

Translation and rotation represent independent motions of the body.
Each can exist without the other. For a 2-D coordinate system, as shown in
Fig. 2.1, the x and y terms represent the translation components of motion,
and the 6 term represents the rotation component.



Figure 2.1
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and six powered cylinders connecting the moving platform to the base frame.
The position and orientation of the moving platform are determined by the
six independent actuators. This mechanism has spherical joints.
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2.3 Degrees of Freedom

The concept of number of degrees of freedom is fundamental to the analysis
of mechanisms. It is usually necessary to be able to determine quickly the
number of DOF of any collection of links and joints that may be used to
solve a problem.

The number of degrees of freedom or the mobility of a system can be
defined as:
e the number of inputs which need to be provided in order to create a pre-
dictable system output, or
e the number of independent coordinates required to define the position of
the system.

The class f of a mechanism is the number of degrees of freedom that are
eliminated from all the links of the system.

Every free body in space has six degrees of freedom. A system of class
f consisting of n movable links has (6 — f) n degrees of freedom. Each joint
with j degrees of constraint diminishes the freedom of motion of the system
by 7 — f degrees of freedom. Designating the number of joints with £ degrees
of constraint as ¢y, it follows that the number of degrees of freedom of the
particular system is

5

M=06-fin= > (G- e (2.1)

j=f+1

This is referred to in the literature on mechanisms as the Dobrovolski formula.

A driverlink is that part of a mechanism that causes motion. An example
is a crank. The number of driver links is equal to the number of DOF of the
mechanism. A driven link or follower is that part of a mechanism whose
motion is affected by the motion of the driver.
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The class of a mechanism can be computed with the help of a mobility
table (Table 2.1). Consider the four-bar mechanism, shown in Fig. 2.13(a).
The translation along the ¢ axis is denoted by T;, and the rotation about the
1 axis is denoted by R;, where ¢ = x,y, 2. Every link in the mechanism is
analyzed in terms of its translation and rotation about the reference frame
xyz. For example the link 0 (ground) has no translations, T;=No, and no
rotations, R;=No. The link 1 has a rotation motion about the z axis, R,=Yes.
The link 2 has a planar motion (zy is the plane of motion) with a translation
along the z axis, T,=Yes, a translation along the y axis, T,=Yes, and a
rotation about the 2z axis, R,=Yes. The link 3 has a rotation motion about
the z axis, R,=Yes. The results of this analysis are presented with the help
of a mobility table (Table 2.1).

Link | T, | T, | T. | Ry | Ry | R.
0 No | No | No| No | No | No

1
2 Yes | Yes | No | No | No | Yes
3

\ \ No \ No \ No \ ‘
for all links T,=No & R,=No & R,=No = f=3
Table 2.1. Mobility table for the mechanism shown in Fig. 2.13(a).

From the mobility table it can be seen that link ¢, = 0, 1, 2, 3 has no
translation along the z axis, no rotation about the z axis, and no rotation
about the y axis The class of the mechanism is f=3 because there are three
DOF, translation along the z axis, rotation about x, and rotation about y,
which are eliminated from all the links. There are four rotational joints (5
degrees of constraint joints) in the system at A, B, C, and D.

The number of DOF for mechanisms of class f=3 (planar mechanisms) is

given by
5

M=3n-> (j—3)¢;=3n—2c¢;5 —cu
j=4
The number of DOF for the mechanism in Fig. 2.13(a), which is of f=3 class
is given by
M=3n—-2c—c4=3(3) —2(4) =1.

The mechanism has one DOF (one driver link).
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For the slider-crank mechanism in Fig. 2.13(b) the mobility table is given
in Table 2.3.

Link [ T, | T, | T. | R | R, | R.

WD —
)
5
Z
©)
Z,
©)
Z,
©)
)

‘ No ‘ No ‘ No ‘ ‘
for all links T.=No & R,=No & Ry=No = f=3
Table 2.3. Mobility table for the mechanism shown in Fig. 2.13(b).

The mechanism in Fig. 2.13(b) has three moving links (n = 3), three rota-
tional joints at A, B, C, and one translational joint at C, (¢; = 4). The
number of DOF for this mechanism is given by

M=3n—-2¢c—c,=3(3) —2(4) =1

The mobility table for the mechanism shown in Fig. 2.12(a) is given in Ta-
ble 2.4.

Link | T, | T, | T, | Rz | Ry | R,
0 No | No | No | No | No | No

QY | W[ DN =
Z,
o
Z
@)
Z
o
Z,
o
Z,
o
)

\ No \ No \ No \
for all links T,=No & R,=No & R,=No = f=3
Table 2.4. Mobility table for the mechanism shown in Fig. 2.12(a).

There are seven one degree of freedom joints (¢5 = 7) in the system:
e at A there is one rotational joint between link 0 and link 1;

e at B there is one rotational joint between link 1 and link 2;

e at B there is one translational joint between link 2 and link 3;

e at C there is one rotational joint between link 0 and link 3;

e at D there is one rotational joint between link 3 and link 4;

e at D there is one translational joint between link 4 and link 5;

e at A there is one rotational joint between link 5 and link 0.
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The number of moving links is five (n = 5). The number of DOF for this
mechanism is given by

M=3n—-2c—c,=3(5) —2(7) =1,
and this mechanism has one driver link.

The number of DOF for mechanisms of class f=5 is equal with the number

of moving links:
M =n.

The driver link with rotational motion [Fig. 2.14(a)] and the driver link with
translational motion [Fig. 2.14(b)] are in the f=5 category.
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2.4 Planar Mechanisms

For the special case of planar mechanisms (f=3) the Eq. (2.1) has the form,
M =3n—2c; — ¢y, (2.2)

where n is the number of moving links, ¢5 is the number of full joints (one
degree of freedom), and ¢4 is the number of half joints (two degrees of free-
dom).

There is a special significance to kinematic chains which do not change
their degrees of freedom after being connected to an arbitrary system. Kine-
matic chains defined in this way are called system groups or fundamental
kinematic chains. Connecting them to or disconnecting them from a given
system enables given systems to be modified or structurally new systems to
be created while maintaining the original degrees of freedom. The term sys-
tem group has been introduced for the classification of planar mechanisms
used by Assur and further investigated by Artobolevski. Limiting to planar
systems from Eq. (2.2), it can be obtained

3n—2c; =0, (2.3)

according to which the number of system group links n is always even. In
Eq. (2.3) there are no two degrees of freedom joints because a half joint, ¢,
can be substituted with two full joints and an extra link (see Section 2.8).

2.5 Dyads

The simplest fundamental kinematic chain is the binary group with two links
(n=2) and three full joints (c; = 3). The binary group is also called a dyad.
The sets of links shown in Fig. 2.15 are dyads and one can distinguish the
following classical types:
e rotation rotation rotation (dyad RRR) or dyad of type one D10 [Fig. 2.15(a)];
e rotation rotation translation (dyad RRT') or dyad of type two D20 [Fig. 2.15(b)];
e rotation translation rotation (dyad RTR) or dyad of type three D30 [Fig. 2.15(c)];
e translation rotation translation (dyad TRT) or dyad of type four D40
[Fig. 2.15(d)];
e translation translation rotation (dyad TTR) or dyad of type five D50
[Fig. 2.15(e)].

The advantage of the group classification of a system lies in its simplicity.
The solution of the whole system can then be obtained by composing partial
solutions.
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2.6 Independent Contours

A contour is a configuration described by a polygon consisting of links con-
nected by joints. A contour with at least one link that is not included in
any other contour of the chain is called independent contour. The number of
independent contours, IV, of a kinematic chain can be computed as

N =c—n, (2.4)

where ¢ is the number of joints, and n is the number of moving links.

Planar kinematic chains are presented in Figs. 2.16(a)-(e). The kinematic
chain shown in Fig. 2.16(a) has two moving links, 1 and 2 (n = 2), three
joints (¢ = 3), and one independent contour (N =c¢—n =3 —2=1). This
kinematic chain is a dyad. In Fig. 2.16(b), a new kinematic chain is obtained
by connecting the free joint of the link 1 to the ground (link 0). In this case,
the number of independent contours is also N = c—n =3 —2 = 1. The
kinematic chain shown in Fig. 2.16(c) has three moving links, 1, 2, and 3 (n =
3), four joints (¢ = 4), and one independent contour (N = c—n =4—-3 =1).
A closed chain with three moving links, 1, 2, and 3 (n = 3), and one fixed
link 0, connected by four joints (¢ = 4) is shown in Fig. 2.16(d). This is a
four-bar mechanism. In order to find the number of independent contours,
only the moving links are considered. Thus, there is one independent contour
(N =c—n=4-3=1). The kinematic chain presented in Fig. 2.16(e) has
four moving links, 1, 2, 3, and 4 (n = 4), and six joints (¢ = 6). There are
three contours: 1-2-3, 1-2-4, and 3-2-4. Only two contours are independent
contours (N =6 —4 = 2).

Spatial kinematic chains are depicted in Figs. 2.16(f) and (g). The kine-
matic chain shown in Fig. 2.16(f) has five links, 1, 2, 3, 4, and 5 (n = 5),
six joints (¢ = 6), and one independent contour (N =c—n =6—15 = 1).
For the spatial chain shown in Fig. 2.16(g), there are six links, 1, 2, 3, 4,
5, and 6 (n = 6), eight joints (¢ = 8), and three contours, 1-2-3-4-5, 1-2-3-
6, and 5-4-3-6. In this case, two of the contours are independent contours
(N=c—n=8-6=2).
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2.7 Decomposition of Kinematic Chains

A planar mechanism is shown in Fig. 2.17. This kinematic chain can be
decomposed into system groups and driver links. The mobility of the mech-
anism will be determined first. The number of DOF for this mechanism is
given by M = 3n — 2c5 — ¢4 = 3n — 2¢5. The mechanism has five moving
links (n = 3). To find the number of ¢5 a connectivity table will be used
[Fig. 2.18(a)]. The links are represented with bars (binary links) or triangles
(ternary links). The one degree of freedom joints (rotational joint or trans-
lation joint) are represented with a cross circle. The first column has the
number of the current link, the second column shows the links connected to
the current link, and the last column contains the graphical representation.
The link 1 is connected to ground 0 at A and to link 2 at B [Fig. 2.18(a)].
Next, link 2 is connected to link 1 at B, link 3 at C, and link 4 at B. Link
2 is a ternary link because it is connected to three links. At B there is a
multiple joint, two rotational joints, one joint between link 1 and link 2, and
one joint between link 2 and link 4. Link 3 is connected to ground 0 at C'
and to link 2 at C. At C there is a joint between link 3 and link 0 and a
joint between link 3 and link 2. Link 4 is connected to link 2 at B and to
link 5 at D. The last link, 5, is connected to link 4 at D and to ground 0 at
D. In this way the table in Fig. 2.18(a) is obtained.

The structural diagram is obtained using the graphical representation of
the table connecting all the links Fig. 2.18(b). The ¢; joints (with cross
circles), all the links, and the way the links are connected are represented
on the structural diagram. The number of one degree of freedom joints is
given by the number of cross circles. From Fig. 2.18(b) it results ¢5 = 7.
The number of DOF for the mechanism is M =3(5) —2(7)=1. If M =1,
there is just one driver link. Ome can choose link 1 as the driver link of
the mechanism. Once the driver link is taken away from the mechanism the
remaining kinematic chain (links 2, 3, 4, 5) has the mobility equal to zero.
The dyad is the simplest system group and has two links and three joints. On
the structural diagram one can notice that links 2 and 3 represent a dyad and
links 4 and 5 represent another dyad. The mechanism has been decomposed
into a driver link (link 1) and two dyads (links 2 and 3, and links 4 and 5).

Another graphical construction for the connectivity table, shown in
Fig. 2.18(a), is the contour diagram, that can be used to represent the mech-
anism in the following way: the numbered links are the nodes of the diagram
and are represented by circles, and the joints are represented by lines which
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connect the nodes. Figure 2.18(c) shows the contour diagram for the pla-
nar mechanism. The maximum number of independent contours is given by
N =c—n=7T7-—5=2 where ¢ =7 is the number of joints and n =5 is the
number of moving links.

The connectivity table, the structural diagram, and the contour diagram
are not unique for this mechanism. The new connectivity table can be ob-
tained in Fig. 2.18(d). Link 1 is connected to ground 0 at A and to link 4 at
B. Link 2 is connected to link 3 at C' and to link 4 at B. Link 3 is connected
to link 2 at C' and to ground 0 at C. Link 4 is connected to link 1 at B, to
link 2 at B, and to link 5 at D. This time link 4 is the ternary link. Link 5
is connected to link 4 at D and to ground 0 at D. The structural diagram is
shown in Fig. 2.18(e) and the contour diagram is illustrated in Fig. 2.18(f).

Using the structural diagram the mechanism can be decomposed into a
driver link (link 1) and two dyads (links 2 and 3, and links 4 and 5). If the
driver link is link 1, the mechanism has the same structure no matter what
structural diagram [Fig. 2.18(b) or Fig. 2.18(e)] is used.

Next, the driver link with rotational motion (R) and the dyads are rep-
resented as shown in Fig. 2.19(a). The first dyad (BCC) has the length
between 2 and 3 equal to zero, locc = 0. The second dyad (BDD) has the
length between 5 and 0 equal to zero, Ipp = 0. Figure 2.19(b) shows the
dyads with the lengths I and lpp different than zero. Using Fig. 2.19(b),
the first dyad (BCC) has a rotational joint at B (R), a rotational joint at C'
(R), and a translational joint at C' (T). The first dyad (BCC) is a rotation
rotation translation dyad (dyad RRT). Using Fig. 2.19(b), the second dyad
(BDD) has a rotational joint at B (R), a translational joint at D (T), and a
rotational joint at D (R). The second dyad (BDD) is a rotation translation
rotation dyad (dyad RTR). The mechanism is an R-RRT-RTR mechanism.
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2.9 Problems

Problem 2.1

The planar elipsograph mechanism is shown in Fig. P2.1. Determine: the
mobility table, the connectivity table, the structural diagram, the contour
diagram, the number of DOF, and the dyads and the type of the dyads.

Problem 2.2
Determine the number of degrees of freedom for the cam mechanism in
Fig. P2.2.

Problem 2.3
Determine the number of degrees of freedom for the mechanism in Fig. P2.3.

Problem 2.4

Roller 2 of the mechanism in Fig. P2.4 undergoes an independent rotation
about its axis which does not influence the motion of link 3. The purpose of
element 2 is to substitute the sliding friction with a rolling friction. From a
kinematical point of view, roller 2 is a passive element. Find the number of
degrees of freedom of the mechanism.

Problem 2.5

A planar mechanism is shown in Fig. P2.5. Determine: the mobility ta-
ble, the connectivity table, the structural diagram, the contour diagram, the
number of DOF, and the dyads and the type of the dyads.

Problem 2.4

Roller 2 of the mechanism in Fig. P2.4 undergoes an independent rotation
about its axis which does not influence the motion of link 3. The purpose of
element 2 is to substitute the sliding friction with a rolling friction. From a
kinematical point of view, roller 2 is a passive element. Find the number of
degrees of freedom of the mechanism.
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2.10 Problem Sets

For the planar mechanisms shown in Figs. PS2.1-PS2.5 determine the mobil-
ity table, the connectivity table, the structural diagram, the contour diagram,
the number of DOF, and the dyads and the type of the dyads.



