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Abstract

Type synthesis of 1-DOF remote center of motion (RCM) mechanisms is the preliminary for research on many multi-
DOF RCM mechanisms. Since types of existing RCM mechanisms are few, it is necessary to find an efficient way to create
more new RCM mechanisms. In this paper, existing 1-DOF RCM mechanisms are first classified, then base on a proposed
concept of the planar virtual center (VC) mechanism, which is a more generalized concept than a RCM mechanism, two
approaches of type synthesis for 1I-DOF RCM mechanisms are addressed. One case is that a 1-DOF parallel or serial-par-
allel RCM mechanism can be constructed by assembling two planar VC mechanisms; the other case, a VC mechanism can
be expanded to a serial-parallel RCM mechanism. Concrete samples are provided accordingly, some of which are new

types.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

A general mechanism is made up of parts and joints. If a part of the mechanism can rotate around a fixed
point distal from the mechanism, and there are no physical revolute joint at the fixed point, then this mech-
anism may be called a remote center of motion (RCM) mechanisms [1].

The RCM mechanisms are initially developed to position and manipulate tools or endoscopes in some min-
imally invasive surgery (MIS) or surgery robotic applications. During MIS, surgical tools or trocars (cm size)
pass through small incisions to reach the surgical site. The entry point as a kinematical constraint acts as a
pivot that the tools have to be moved in a spherical configuration. The introduction of RCM mechanisms
in MIS provides a fixed entry point (coincided with RCM point) of the endoscope into the patient’s body dur-
ing the whole operation process, enhances safety and quality of the surgery, and gives facilities for surgeons.
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Such mechanisms have been used widely in robot assisted surgery applications, such as the wrist module of Da
Vinci surgical system [2]. In fact, almost all commercially endoscope surgical robots are RCM-based robots.

Taylor is the first to apply RCM concept to a laparoscopic robot [1]. Variants of such robots have been
developed [3,4], including MINI-RCM&PAKY robot, Steady Hand Robot, etc. In addition, Kim et al. [5]
designed a 6-DOF MR-compatible RCM manipulator for minimally invasive liver surgery. Baumann et al.
[6] proposed a 2-DOF parallel RCM force reflecting manipulator, named PantoScope. Faraz and Payandeh
[7] made some primary research on type synthesis of 2-DOF RCM mechanisms. Zoppi et al. [8] provided a
fully parametric analytical model of the inverse kinematics of a class of 4-DOF RCM parallel manipulators.

However, current research on RCM mechanisms is very limited in mechanics, including lacking of type syn-
thesis, which is one of the most important issues on constructing a novel mechanism. As a result, types of
RCM mechanisms are limited, and effective methods to achieve type synthesis for RCM mechanisms are also
scanty.

Although most RCM mechanisms in applications should be implemented at least two rotational DOFs
around the RCM point, these mechanisms can be consisted of two 1-DOF RCM mechanisms. So the inves-
tigation on 1-DOF RCM mechanisms is primary important for the proposal of multi-DOF RCM mecha-
nisms. In this paper, the type synthesis of 1-DOF RCM mechanisms is addressed, to give an overview of
such mechanisms, and present some new ways to find more types of RCM mechanisms. For this purpose,
the classification of existing RCM mechanisms is first presented in Section 2. The concept of virtual center
mechanism (VC mechanism), which is the generalization of RCM mechanism, is introduced in Section 3.
Two type synthesis approaches based on combination and expansion of virtual center mechanism are
addressed in Sections 4 and 5, respectively. Finally, conclusions are drawn.

2. Classification of 1-DOF RCM mechanisms
2.1. Single-revolute-joint RCM mechanisms

As well known, if a link is connected by a revolute joint at its end, all points excluding the axis of the rev-
olute joint in this link are rotated around the axis. In this case, any point on the axis can be considered as a
RCM point. Thus a 1-DOF RCM mechanism can be constructed as shown in Fig. 1.

This kind of RCM mechanism usually acts as a basic component or module of a 2-DOF or multi-DOF
RCM mechanism due to its simple structure. For instance, Lum [9] designed an embodiment of 2-DOF
RCM mechanism is composed of two revolute joints.

Fig. 1. Single-revolute-joint RCM mechanisms.

Fig. 2. Circular-prismatic-joint RCM mechanisms.
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2.2. Circular-prismatic-joint RCM mechanisms

Some RCM mechanisms are made up of a circular-prismatic joint (Fig. 2), such as the SMOS robot pro-
posed by Guerrouad and Vidal [10]. The advantage of this kind of mechanism lies in its compactness. How-
ever, fixed RCM point, limited rotational range, large occupied space, and high precision needed in
manufacture and assembly surely limited its usage.

2.3. Parallelogram-based RCM mechanisms

The most familiar RCM mechanisms in applications are based on parallelograms, which can easily com-
pose a 2-DOF RCM mechanism [3,4,9].

Fig. 3a shows a basic configuration of parallelogram-based RCM mechanisms. It is noteworthy that there
exist redundant constraints in the BCDE loop. Thus by eliminating different redundant constraints, several
other configurations can be derived, as shown from Fig. 3b—f. This family of RCM mechanism has many
advantages including a relatively large movement range, a simple structure, the driver placed at the base of
linkage, and the adjustable position of RCM point by bending the links. On the other hand, the disadvantages
of parallelogram-based RCM mechanisms are also obvious, such as intervention between linkages, singularity
of parallelogram linkages, and lacking absolute rigidity due to a large number of revolute joints.

2.4. Synchronous-transmission-based RCM mechanisms

Fig. 4 shows a belt driving system, whose transmission ratio is equal to 1. In this system, the orientation of
two wheels is the same. Such a synchronous-transmission system can be regarded as a substitution of paral-
lelogram linkage. In addition, all equal-ratio synchronous transmissions can be used to replace parallelogram
linkages, such as belt, gear, chain, etc. Fig. 4 uses a synchronous-transmission system to replace a set of par-

allelogram linkage. Or two sets of parallelogram linkage can be replaced, such as a Mini RCM mechanism [3]
with two set of tooth synchronous belt transmission systems.
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Fig. 3. Parallelogram-based RCM mechanisms.
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Fig. 4. Synchronous-transmission RCM mechanisms.
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Fig. 5. Instantaneous RCM mechanisms.

2.5. Instantaneous RCM mechanisms

Some RCM mechanisms do not strictly accord with the definition of RCM mechanisms. But, in some cases,
they are also useful. For example, the mechanism developed by Kim et al. [5] consists of two prismatic pairs
perpendicular to the end-effector; and the ratios of their displacements is equal to the ratios of the distances
between them and the RCM point, respectively, i.e. Sp/S, = dp/d,. As a result, the end-effector can approxi-
mately rotate around a fixed point (see Fig. 5a). However, a parasitical movement along the end-effector axis
occurs at the same time.

In an isosceles trapezoid four-bar link shown in Fig. 5b, there is an instantaneous RCM at point O. Assum-
ing that the angular rotation is small and the link DC is fixed on the base, the motion of the link AB can be
considered that rotated around the point O. In other words, the point O is an instantaneous RCM of this isos-
celes trapezoid structure. However, with increment of rotational angle, the center will shift seriously. Such
mechanism prefers using in a flexure system [11] for some micro-positioning applications.

3. Virtual center mechanisms

To find more novel RCM mechanisms, a more generalized concept relative to RCM mechanisms is intro-
duced. Such a mechanism is referred to as a virtual center (VC) mechanism. Here only planar VC mechanisms
will be concerned and defined.

There are many circular motion mechanisms in mechanics, in part of which there exists no physical revolute
joint at the center of motion. As shown in Fig. 6, a point (such as point E) in a link of a parallelogram mech-
anism can be rotated around a fixed point (such as point O) within the plane. However, no physical revolute
joint is needed at this point. In other words, there is a redundant constraint between points £ and O. Such a
mechanism is defined as a planar VC mechanism. The point E is a circular motion point about the center point
0.

On the other hand, if a link of the planar mechanism can rotate around a fixed point within a plane, and no
physical revolute joint exists at the fixed point, the mechanism is defined as a planar virtual center of motion
(VCM) mechanism.

The difference between a VC mechanism and a VCM mechanism is that one or more points can rotate
around a fixed point in a VC mechanism, but at least a /ink can rotate around a fixed point in a VCM mech-
anism. Thus it can be easily concluded that the concept of VCM is included in VC. After all, if a link of the

Fig. 6. Parallelogram VC mechanism.
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Fig. 7. The hierarchy relationship of the concept mentioned above.

mechanism can rotate around a virtual center, all points in it can rotate around the center point. The difference
between a VCM mechanism and a RCM mechanism lies in the position of virtual center. The virtual center of
a RCM mechanism is distant from the mechanism, but in a VCM mechanism, the virtual center can be located
anywhere. So the concept of RCM is an inclusion of that of a VCM. The hierarchy relationship of them is
illustrated in Fig. 7.

Since VC is a more generalized concept than VCM, it is possible to create a new VCM mechanism by com-
bining or expanding VC mechanisms (not VCM mechanisms). Then, RCM mechanisms can be further syn-
thesized provided that some geometric constraints could be satisfied.

The majority of known VC mechanisms can be found in some professional mechanical manuals. Fig. 8
gives only four typical VC mechanisms.

Links of the mechanism shown in Fig. 8(a) should satisfy: (1) AC/CF = AB/BE = ED/DF = EG/FO; (2)
BCDE is a parallelogram; (3) points A4, E, F are collinear. The position of virtual center O can be determined
by geometric conditions FO//EG, and points A, G, O are also collinear. When link EG rotates around joint G,
point F will rotate around point O. The structure shown in Fig. 8b is symmetric, and BCDE is a rhombus. The
virtual center O is symmetric with joint 4 about line CE. In Fig. 8c, links CG and EF are connected with the
base by joint D, and forming two parallelograms with all sides equal on both sides of joint D, respectively. The
virtual center O is centro-symmetric with joint 4, the center of symmetry is point D. Fig. 8d shows a Sylvester
pantograph mechanism. If ABCD is a parallelogram, and ABGC = ADCE, then the trajectory generated by
point G is similar to one generated from point E. The angle between links FE and OG equals to ZGAE =
Z/CDE = /GBC, and lengths of links satisfy condition: FE/OG = AE/AG = DE/DC.

Fig. 8. Four typical VC mechanisms.
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Fig. 9. Rotational rigid bodies. (a) A rigid body with circular motion; (b) a rigid body connected two VC mechanisms.

4. Type synthesis method I — combination of two VC mechanisms

Considering the kinship between VC and VCM or RCM, a new VCM or RCM mechanism can be con-
structed by combination of two VC mechanisms.

Theorem. If any two distinct points in a rigid body can move along the concentric circles, and the two points are
not collinear with the center, then the rigid body must accomplish a circular motion whose center is coincided with
that of the concentric circle.

Proof. With reference to Fig. 9a, letting A, A, be the two distinctive points of a rigid body, each of them can
move along a concentric circle centered at point C, while point P is a generic point in the same rigid body.
Here, we need to prove that point P can also rotate around center C.

When the rigid body moves, the lengths C4;, CA, are constant, since points A4, 4> and P are all points in
the same rigid body, the lengths 414,, A4, P and A,P are also constant, and hence

/A1A,P = const
/CA,A, = const

= /CA,P = const

and

CA, = const
A,P = const

We will then obtain
CP = const
That is to say that the triangleCA,P keeps rigid, so point P can rotate around the center C. [

According to theorem, if two VC mechanisms, such as R; and R, in Fig. 9b, both of which have one com-
mon virtual center C, are connected by a rigid body 4;4,P through two revolute joints, the two connected
joints will move along the concentric circles, and A4;4,P rotates around the center C. By employing this
method, some novel 1-DOF parallel RCM mechanisms can be easily constructed. The detailed procedures
are given as follows.

Step 1. Choose two VC mechanisms as elements, they may be the same type or not. Two same parallelogram
VC mechanisms are chosen as two elements in the example shown in Fig. 10a.

Step 2. Adjust positions and orientations of two VC mechanisms and change their kinematical parameters to
make their virtual center coincided. Make sure that the two circular motion points (such as points A
and B in Fig. 10a) and the virtual center are not aligned. In Fig. 10a, two elemental VC mechanisms
are distributed symmetrically, and the common virtual center is point O.

Step 3. Add a revolute joint at the circular motion point whose rotational center is point O (such as points 4,
Bin Fig. 10a) in each VC mechanism, then connect the two joints with a link. The link can then rotate
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Fig. 10. 1-DOF parallel RCM mechanisms.

around center O. Delete all redundant links, the resultant mechanism will be a VCM mechanism. In
the case that the virtual center is distant from the mechanism, it will be a RCM mechanism.

Using this method, some new 1-DOF parallel RCM mechanisms can be obtained. Fig. 10 outlines two of
them. In the mechanism shown in Fig. 10a, link 4B rotates around the point O which is out of the mechanism.
In the Fig. 10b, the RCM mechanism consisted of two VC mechanisms shown in Fig. 7a symmetrically. This
mechanism can be designed to avoid singularity, and it has a larger workspace than the one shown in Fig. 10a.

Another advantage of this method includes that the position of RCM can be arranged flexibly. What is
more important, the position of RCM can be adjustable. Fig. 11 shows an embodiment of mechanism shown
in Fig. 10a. The motor drives the link at the base, enabling the upper moving platform to rotate around the
virtual center. By adjusting a screw stud, the distance between 4 and B (Fig. 10a) changes, which can further
change the distance from the moving platform to the virtual center. Such mechanisms can be used for com-
ponents or modules in leveling or alignment applications.

With the combination of two VC mechanisms, not only parallel RCM mechanisms but also serial-parallel
RCM mechanisms can be constructed, such as a parallelogram-based RCM mechanism. The detailed proce-
dures are given as follows.

Step 1. Two VC mechanisms are chosen as elements. Noted that in the two elemental VC mechanisms, the
rotational orientations between driving links (such as link AB in Fig. 6) and the circle motion points
(such as point E in Fig. 6) keep the same. For instance, two identical parallelogram VC mechanisms

Fig. 11. An adjustable RCM mechanisms.
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are chosen as two elements in the example shown in Fig. 12a. However, the example shown in
Fig. 12b employs two VC mechanisms with different types as two elements. One is a pantograph
mechanism; the other is a parallelogram VC mechanism.

Step 2. Adjust positions and orientations of two VC mechanisms and change their kinematical parameters to
make their virtual centers, driving links and parts of other links coincided. In Fig. 12a, the driving
links AB and A'B', links CD and C'D’ should be coincident, and the virtual center is point O. In
Fig. 12b, the driving link of pantograph mechanism is link EG, it should be coincided with driving
link C'D’ of the parallelogram VC mechanism. Moreover, Links AB and 4’B’ should be coincident.

Step 3. Add a revolute joint at the circular motion point in each VC mechanism, then connect two joints with
a link which can rotate around center O. Deleting all redundant links, the resultant mechanism will be
a VCM mechanism.

Fig. 12 illustrates processes of synthesizing two kinds of serial-parallel RCM mechanisms by employing the
method described above. The mechanism in Fig. 12a is indeed a parallelogram-based RCM mechanism
(Fig. 7), whilst the one shown in Fig. 12b is a new RCM mechanism.

5. Type synthesis method II — expansion of a VC mechanism

Comparing VC mechanisms (Fig. 6) with RCM (VCM) mechanisms (Fig. 3), it can be discovered that they
are somehow similar to each other except constraint conditions. Hence by adding some constraints and links
in a proper manner, a VC mechanism can be derived into a RCM mechanism.

Firstly, concept of DCC (degree of combinational constraint) represented by u is introduced. The DCC rep-
resents the expectable constraint capacity of a /imb combined of links and joints. It is given by

u=M—1x DOF

where M is the degree of freedom of a unconnected link, which is 6 in three-space and is 3 in a plane. DOF is
the number of degree of freedom of the limb.
In the case of planar mechanisms, the above equation could also be written as

u:2J1+J2—3L

where, L is the number of links; J; is the number of 1 DOF joints; and J, is the number of 2 DOF joints. For
instance, the DCC of a revolute joint is 2, which indicates a revolute joint can constrain two independent mo-
tions in the plane. For the combination of one link and two revolute joints shown in Fig. 13a, the correspond-
ing DCC is 1.

As illustrated in Fig. 13, we can follow four steps to construct a RCM mechanism.

Fig. 12. Processes of constructing a serial-parallel RCM mechanism.
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Fig. 13. Schematic of type synthesis method II.

Step 1. Add a link between the circular motion point (point ) and virtual center point (point O) in a selected
VC mechanism. For convenience, the link will be called virtual link in the context. The link is jointed
to the base at the virtual center.

Step 2. Find a combination of links and joints whose DCC > 0. Connect the virtual link with the VC mech-
anism at a proper position (in general case, the driving link is chosen, such as link CD in Fig. 13b). If
the connection does not affect the motion characteristics of the mechanism, in other words the DOF
of new mechanism is still 1, the mechanism can be derived into a VCM mechanism.

Step 3. Removing all redundant links and the joint between virtual link and the base, thus a VCM mecha-
nism can be obtained.

Step 4. Setting up the position of the VCM point, the VCM mechanism is derived into a RCM mechanism.

According to the difference in geometric distribution between the driving link and the virtual link, there are
four cases illustrated as follows:

(1) As illustrated in Fig. 14a, when the driving link 4B and the virtual link OF in a VC mechanism keep
parallel to each other during the linkage moving, a link can be added between the two links to construct

Fig. 15. The driving link and the virtual link keep line-symmetry.
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Fig. 17. The angle between the driving link and the virtual link is a constant.

a VCM mechanism. As a concrete case, it is noticed that the driving link is always parallel to the virtual
link in the VC mechanisms shown in Fig. 8a, therefore, a novel RCM mechanism may be constructed by
this way, as illustrated in Fig. 14b.

(2) As illustrated in Fig. 15a, when the two links in a VC mechanism keep line-symmetry during the linkage
moving, a linkage can be added between the driving link 4B and the virtual link OF to construct a VCM
mechanism. As a concrete case, Fig. 15b illustrates a novel RCM mechanism created by the VC mech-
anism shown in Fig. 8b.

(3) Asillustrated in Fig. 16a, when the two links in a VC mechanism keep centro-symmetric during the link-
age moving, a link FG can be added between the driving link 4B and the virtual link OF to construct a
VCM mechanism. As a concrete case, Fig. 16b illustrates a novel RCM mechanism created by the VC
mechanism shown in Fig. 8c.

(4) Asillustrated in Fig. 17a, when the two links in a VC mechanism keep a fixed angle (not zero) during the
linkage moving, a linkage can be added between the driving link AB and the virtual link OF to construct
a new VCM mechanism. As a concrete case, Fig. 17b illustrates a novel RCM mechanism created by VC
mechanism shown in Fig. 8d.

6. Conclusions

As a kind of deficient-DOF system, a RCM mechanism has many potential applications in surgical assis-
tant robot, leveling or alignment devices, etc. In this paper, the classification of 1-DOF RCM mechanisms is
proposed first. Then, two type synthesis methods of 1-DOF RCM (or VCM) mechanisms are addressed by
combining or expanding VC mechanisms. Some new 1-DOF RCM mechanisms can be synthesized effectively
by using two type synthesis methods mentioned above.

The common point in these two methods is that RCM mechanisms are derived by using different VC mech-
anisms. Once a new VC mechanism is found, the new RCM mechanisms may be constructed accordingly. In
fact, because the concept of VC mechanism is broader than RCM mechanisms, to find a VC mechanism is
much easier than to find a RCM mechanism directly.

However, there are some differences between these two methods. Method I is comparably convenient to
construct parallel RCM mechanisms, and easy to implement as well. The position of RCM in the synthesized
mechanism can be arranged flexibly. But the structure of constructed mechanism is usually complex. Method 1
is also used to synthesize serial-parallel RCM mechanisms. Because the Theorem 4 is a general rule, the
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Method I can be used to construct almost all the planar 1-DOF VCM mechanism. Method II is convenient to
construct serial-parallel RCM mechanisms. But the linkage added latter in this method depends on the con-
figuration of the VC mechanism, which would need more experiences and inspirations for the researcher.
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