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SUMMARY
The authors summarize the main dynamic balancing methods of robotic mechanisms in this paper.
The majority of dynamic balancing methods have been presented, and there may be other dynamic
balancing methods that are not included in this paper. Each of the balancing methods is reviewed and
discussed. The advantages and disadvantages of each method are presented and compared. The goal
of this paper is to provide an overview of recent research in balancing. The authors hope that this
study can provide an informative reference for future research in the direction of dynamic balancing
of robotic mechanisms.
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1. Introduction
When mechanisms conduct operations, in some cases their mass center and angular momentum
change, and vibration is thus generated. Dynamic balancing involves force balancing and moment
balancing. Force balancing can be realized through having the center of mass (CoM) of the mecha-
nism settled at a spot. Moment balancing can be realized through letting the angular momentum be
constant. The shaking force balancing and shaking moment balancing of mechanisms can be traced
back to 1960s in scholars Berkof and Lowen’s works.1–3 After that, some significant papers have
been published in this area. For example, Ricard and Gosselin published a paper on the reactionless
conditions studied for robot mechanisms in 2000.4 From that point, the study of dynamic balancing
began to emerge in the academic research arena of robotics.

In many engineering applications, having a dynamic balancing condition is crucial, for example,
the robotic mechanisms used in space.5 If one does not have a dynamic balancing condition, it will
remarkably deteriorate the mechanism capabilities.6–8 For the purpose of accomplishing dynamic
balancing, one needs to fulfill both force balancing and moment balancing. Usually counter-masses
are used for realizing force balancing, and counter-rotations are usually employed to realize moment
balancing. The question of achieving force balancing and moment balancing can be summarized
as: typically employing additional components (rather than removing mass) to balance the origi-
nal unbalanced conditions. However, when one uses additional balancing components, the system
becomes heavier, which means more energy is needed to drive the system, which is not cost effec-
tive. There are, of course, many other methods that are able to achieve a dynamic balancing condition,
which are reviewed and discussed here, and this is the main theme of this study.

Before the authors proceed further, it is necessary to reiterate the dynamic balancing conditions
in a single plane. In order to achieve the dynamic balancing, one usually needs to have the following
conditions (the linear momentum and angular momentum are constant):

m · v = m · x
•
com = P → constant (1)

I · ω = L → constant (2)
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Fig. 1. Relationship between static balancing, force balancing, and dynamic balancing.

where P is the linear momentum, xcom is the position of CoM, and L is the angular momentum. From
a different perspective, it is known that a mechanism is dynamically balanced when the sum of all
forces and moments acting on the base are zero,9 that is,

F = ma = m
dv

dt
(3)

M = d L

dt
(4)

where L is the angular momentum. Noted that the equations above for momentum and angular
momentum balance are for the case that it is in 1D. Whereas for angular momentum balance in
3D case, if the same equation is used, it must be in the spatial frame, where I is not constant. If it is
expressed in a body-fixed frame, then I is constant, and then the equation will relate to the Euler’s
equation of motion by including one extra term. If the right-hand side of the above two equations
remains zero during motion, then the force and moment (acting to the base) will be zero, which
means dynamically balanced/reactionless. Thus, we have the following two conditions for having a
reactionless condition:

Center of mass → constant (fixed)

Angular momentum → constant

Another interesting fact regarding the relationship between the static balancing, force balancing, and
dynamic balancing can be illustrated in Fig. 1. Dynamic balancing is a subset of force balancing, and
force balancing is a subset of static balancing. It is important to distinguish between static balancing
and forcing balancing. Static balancing is the case where motors do not have to counter to the weight
of the system, and the system can still remain stable in any configurations,10 which can be achieved by
using counter-masses, springs, or friction.11 Static balancing conditions can be achieved by making
the potential energy of the system equal zero. Whereas force balancing is the case where the net force
acting on the base is zero. If a system is force balanced, it is also static balanced; but if a system is
static balanced, it does not necessarily mean that it is force balanced.

In ref. [12], dynamic balancing is mainly categorized into two families: “balancing prior to kine-
matic synthesis” and “balancing after the design.” In this paper, the dynamic balancing methods
based on these two classes are studied. This study is essentially an extension of the authors’ previ-
ous presented paper in the 2016 ASME International Design Engineering Technical Conferences and
Computers and Information in Engineering Conference.13

For dynamic balancing after the design, adding separate counter-masses and counter-rotations,
adding special four-bar linkages, adding springs and counter-masses together, adding counter-
rotary counter-mass (CRCM), adding active-driven CRCM, adding active dynamic balancing block
(ADBB), adding auxiliary links, and balancing through trajectory planning and control are presented
in detail. Fisher’s method falls into the category of balancing prior to kinematic synthesis.
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Fig. 2. Principal vector structure.

The paper is organized as follows: Section 2 presents the methods under the balancing prior
to kinematic synthesis; balancing after the design methods are presented in Section 3; Section 4
compares each balancing method and lists od advantages and disadvantages of each method; the
impact of dynamic balancing and future directions are presented in Section 5; and Section 6 gives
the conclusion.

2. Balancing Prior to Kinematic Synthesis

2.1. Fisher’s method
In 1906, the physician Otto Fisher proposed the approach of adding auxiliary parallelograms to the
system to trace the CoM, as shown in Fig. 2. All the linkages are connected by revolute joints in this
paper, unless otherwise stated. The dots in Fig. 2 below represent revolute joints.

The main idea of the Fisher’s method is that by adding auxiliary parallelograms to the system,
one can make the center of the mass fixed at a stationary point H, as shown in Fig. 2. Details
can be referred to ref. [14]. A practical application of Fisher’s method can be found in force bal-
ancing of Delta robot.12 In working leading to this application, scholar V. Wijk investigated and
employed this approach, developing a methodology for analysis and synthesis for inherently bal-
anced mechanisms.15 The pantograph structure is used to achieve the dynamic balancing. Regarding
the pantograph structure, the linear momentum is first resolved, after which the force balance con-
ditions are determined. Finally, the principal dimensions can be derived. Due to the fact that the
2-degree-of-freedom (DOF) pantograph structure does not contain a center linkage, one can deter-
mine the principal dimensions without resorting to the equivalent linear momentum systems (ELMS).
Since the 3-DOF and 4-DOF principal vector structures have center chains, the ELMS are employed
to determine the principal dimensions. Wijk15 used Fisher’s methodology in his work to compute the
principal dimensions and by using the pantographs to settle the CoM of the mechanism at a station-
ary point. The results indicate that the principal vector linkage structure is force balanced. Regarding
the moment balancing issue, the movements of the principal vector structure need to be restrained
through complementary components. The moment balance is realized primarily based on the idea of
symmetrically designing of the system, similar to adding a slider to accomplish moment balancing.
The added components are designed to cancel out the static and dynamic forces and moments due
to the motion of the mechanism. This moment balancing approach (symmetrically designing of the
system) above in some extent is very similar to the approach of dynamic balancing through trajectory
planning, as discussed in Section 3.8. Furthermore, the gripper studied in ref. [15] is actually origi-
nated from employing the principal vector linkage along with a slider. The principal vector linkage’s
motion is restricted so as to accomplish the moment balancing condition. Similarly in refs. [16–18],
the authors employed the approach of Fisher’s method; however, the moment balance in the work16–18

is achieved through appropriate choice of passive joints and specific trajectory path. Overall, the lim-
itation in Wijk’s work is that the method is only applicable to mechanisms that move within a single
plane, and the method is not applicable to spatial mechanisms due to the complexity of the spatial
kinematics. Also, the moment balancing technique is very restricted and it only applies to special
cases.

Furthermore, a Dual-V type mechanism is developed from pantographs in ref. [19]. The shaking
moment balancing of the overall system is mainly achieved by symmetrically placing four limbs, as
shown in Fig. 2(c). The purpose of symmetrically designing the limbs in such way is that the shaking
moment generated by each limb is in an opposite direction and thus the shaking moment can be
balanced out each other.
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(a)

(b) (c)

Fig. 3. Development of the 4-RRR balanced manipulator.20

The advantage of such design is that counter-rotations are not needed. However, the limitation of
the above shaking moment balancing approach is that the robotic system is only dynamically bal-
anced when the end-effector moves along the orthogonal lines (i.e., moves along x and y axes). When
the robotic system moves along other directions rather than the x and y axes, it is not moment bal-
anced anymore. As a side note, the developed Dual-V mechanism, from a different perspective, can
also be designed from a normal planar mechanism with counterweights, as shown in Fig. 3(a), after
which the four limbs are developed to parallelogram shaped structure, as shown in Fig. 3(b), and
finally to the Dual-V mechanism. The counter-masses are represented by CM (i.e., the balancing
components), as shown in Fig. 3.

2.2. Using dynamically balanced four-bar linkage
In the above, the authors incorporate methods of dynamic balancing within the kinematic synthesis of
the mechanisms. This approach is designated in the introduction and herein this paper as “balancing
prior to kinematic synthesis.” This balancing-synthesis approach is also found in textbooks widely
used for teaching undergraduate design of machinery. Another one that can also be considered as this
technique is by using the dynamically balanced four-bar linkages, which is discussed in this section.

It is possible to use balanced 4-bar linkage to synthesize planar and spatial reactionless mech-
anisms.21–24 For example, in ref. [23], a 3-DOF mechanism is designed through combining two
horizontal four bars and one vertical four bar. This mechanism is used as a building block (it is a
reactionless mechanism, or it can be considered as a balancing component) to synthesize the 6-DOF
parallel robot. Through calculation it is found that the four-bar linkage is not dynamically balanced
when it is moving in three dimensions, and thus the 3-DOF mechanism structure is created. The
overall robotic structure demonstrates that the reactionless conditions can be fulfilled. However, the
downside of the above method is that the complexity of the overall system increases significantly,
which complicates the kinematic and dynamic analysis.

Similarly, a four-bar structure (the so-called Gosselin type II reactionless mechanism), as shown
in Fig. 5, is used to synthesize planar and spatial 3-DOF robots.24 The merit of this approach is that
one does not add counter-rotations, but the platform is assumed to be very thin, which is not practical
in reality. Very interestingly and from a different perspective, the four-bar can actually be viewed
as the derivation of the principal vector chain. The three-chain linkage is advanced to a four-bar
through attaching one linkage to the base, as illustrated in Fig. 4(b), and through reconfiguring and
manipulating the moment balancing conditions and also the position of CoM of each link for the
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(a)

(b)

Fig. 4. Evolving process.20

Gosselin’s type II mechanism

Revolute joint

Fig. 5. Gosselin type II reactionless mechanism.21

four-bar structure (the detailed reconfiguring and derivation processes of the balancing conditions,
i.e., how Fig. 5 is obtained from Fig. 4, are illustrated in ref. [21], the authors thus will not repeat it
here anymore), the Gosselin type II reactionless mechanism can essentially be derived, as shown in
Fig. 5. The points in Figs. 4 and 5 represent revolute joints.

3. Balancing After the Design
While two main dynamic balancing prior to kinematic synthesis methods are studied in Section 2,
most of the dynamic balancing methods belong to the balancing after the design approach. Based
on different techniques, the authors further divide the dynamic balancing methods into eight main
groups: add separate counter-masses and counter-rotations method, add special four-bar linkage
method, add springs method (only applies to static balancing), add CRCM method, add active-driven
CRCM method, add active dynamic balancing unit method, add secondary linkages method, and bal-
ancing through trajectory planning and control method. The authors will discuss each of them in this
section as follows.

3.1. Add separate counter-masses and counter-rotations
One can add counter-masses and counter-rotations to achieve a dynamic balancing condition.
Regarding the shaking force balancing, the traditional way to make the CoM of the system fixed
at a stationary point is to use counterweights to relocate the CoM to a fixed point.25–29 Regarding the
shaking moment balancing, one can add counter-rotations to make the angular momentum equal to
zero.30–36 For example, as shown in Fig. 6, one adds two counter-masses to a 2-DOF robotic manipu-
lator to make the center of the mass of the system fixed at the base revolute joint; similarly, as shown
in Fig. 7, one adds a counter-rotation to a rotating mechanism to achieve a shaking moment balancing
condition.

A parallelogram five-bar-based structure is designed and being used as one limb for the planar
three-DOF mechanism in ref. [38]. The mechanism has a pair of parallelogram five-bar linkage
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CoM
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Fig. 6. Traditional counter-mass method for force balancing.37

Fig. 7. Counter-rotation method for moment balancing.61

limbs. First of all, the moving platform was considered as two masses stationed at the attachment
points between the limbs and the platform. To do that, the following requirements need to be ful-
filled: one needs to have equivalent mass, equivalent inertia, and equivalent CoM. Then for every
limb, the force balancing needs to be fulfilled at the beginning so as to attain the reactionless condi-
tions. For the force balancing issue, the CoM formula Mr = ∑

miri (r is the position of CoM) was
applied. Through equaling the CoM position to zero, the force balancing solutions can be derived.
According to the force balancing solutions, one can see that the mass and length terms are larger
than zero. The exclusive approach to fulfill the condition is to let the CoM position of other linkages
be smaller than zero. In order to fulfill this, counter-masses are employed. Regarding the moment
balancing, the angular momentum of the five-bar system was determined, and through letting the
angular momentum equal zero, moment balancing solutions can be obtained. From the force balanc-
ing, one establishes two equations, and based on the angular momentum conditions, one establishes
three equations; that is, there are five equations being given in order to have the reactionless con-
ditions for the limb. The originality of the above work is that the parallelogram structure was put
forward to be used as one limb for a planar 3-DOF mechanism.

The above method is based on the concept of decomposing first and then integrating; that is, one
limb is first proposed, making this limb achieve dynamic balanced conditions, and lastly those limbs
are integrated to make up the entire mechanism. However, the drawback of the previous dynamic
balanced system is that counter-devices were employed, which increases the weight, and the system
was made more complex. The purposes of using counterweights and counter-rotations are to bring
the CoM position to a fixed point and to keep the angular momentum a constant value, respectively.

In another study,39, 40 the CoM of the system was first determined by using counter-masses; then
through employing the linear momentum formula, the CoM was made still so as to satisfy the
force balancing. Afterward, the shaking moment of the link can be modeled as the time change
rate for the overall angular momentum. The model of the overall angular momentum of the link-

age Ho = ∑
mi (xi

•
yi −yi

•
xi +K 2

i

•
φi ) was used, after which the overall angular momentum is set

at zero so as to obtain the reactionless conditions. Hereafter, it is found that one cannot achieve
dynamic balancing unless counter-rotations are added. After counter-rotations were added to the sys-
tem, the overall angular momentum was set at zero, and the moment balancing solutions were finally
determined.

https://doi.org/10.1017/S0263574720000168 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574720000168


A review of dynamic balancing 61

However, the downside of this balancing approach is that the counter-balance device is placed on
the moving links rather than placing it on the base, which requires us to counter-balance the effect
generated by the counter-balance device.

A dyad achieves the reactionless condition through resorting to two counter-masses and two
counter-rotations in ref. [41]. The counter-masses are put at each linkage, similar to the conventional
force balancing approach,42 to have the CoM settled at the hinge. One accomplishes the shaking
moment balancing through resorting to planetary gear trains that conduct the counter-rotations. The
force balancing condition can be determined through resorting to the CoM equation. According to
the force balancing solutions, one found that the terms of mass and length are larger than zero. The
exclusive approach is to employ counter-masses. The upper movable linkage’s shaking moment can
be eliminated through one gearwheel, which is put on the ground. A small gear and a large gear on
the ground are fixed side by side. The counter-rotation gearwheel on the left side is mated with the
larger gearwheel, and the small gearwheel is attached to the top moveable linkage through a belt.
Through this, the gearwheel is not directly joined to the top movable linkage, but it rotates contrary
to the top movable linkage to have the reactionless conditions. With respect to the moment balanc-
ing, the angular momentum was first determined, and by equaling the angular momentum to zero,
moment balancing conditions were extracted.

The drawback of the above dynamic balancing approach is that counter-masses and planetary gear
trains are employed, which increases the overall weight and makes the system more complex. In the
second part of the work, the shaking moment balancing was also investigated through resorting to
flywheels and this solution is more promising. The angular momentum of the mechanism system was
first obtained. For the purpose of realizing the moment balancing of the system, a flywheel can be
employed. The flywheel has the equal and contrary shaking moment so that the system is moment
balanced by a flywheel. One actuator drives the flywheel. This falls into the category of the active
balancing approach. A similar study can also be found in ref. [43]. However, the issue of how to
effectively and practically join the flywheel to the system still remains.

The scheme of mounting the gearwheel on the base, which is to counter balance the shaking
moment, can result in a smaller increase of weight.44 The gearwheel is initially installed on the
moving linkage, thus the counter-mass of the base linkage also needs to force balance this gear. If the
gear is installed on the system frame, the base linkage counter-mass does not have to force balance
this gearwheel anymore, which implies the mass for the counterweight of the base linkage could
be reduced. However, the downside is that one increases the number of added components.42 The
balancing scheme that the gearwheel installed on the system base is a derivative of Gao’s approach
in refs. [39, 40]. A similar study can also be found in refs. [45, 46].

There is one study as follows employing nine counter-devices to achieve a reactionless con-
dition.47 A 3-DOF parallelepiped structure is employed to synthesize the spatial robots. The
parallelepiped structure has total of nine counter-devices (six counter-masses and three counter-
rotations) in order to make the robot to be dynamically balanced, which significantly increases
the robot weight and inertia. This structure is not promising since one employed too many
counter-masses and counter-rotations.

In ref. [37], the authors proposed the dynamic balancing through reconfiguration method to
address the issue of using extra counter-devices. The basic concept of the dynamic balancing through
reconfiguration approach is to balance the robotic system not through adding extra counter-devices,
but rather through reconfiguring the robotic structure. One major advantage of which is that it can
reduce the overall weight of the robotic system. One needs to firstly dynamically balance one limb
through the reconfiguration approach and then unite the balanced limbs to design the overall robotic
manipulator. The authors here will not reiterate it anymore. Details can be referred to ref. [37].

3.2. Add special four-bar linkage
Two types of Assur groups in ref. [48] are, respectively, used to dynamically balance a four-bar
linkage without counter-rotations. The counterweights are used to force balance the four-bar linage,
and the Assur group is used to moment balance the four-bar linkage. However, the structure of the
overall system becomes complex, and also the added Assur group has the potential to collide with
the four-bar linkage. It should be noticed that the difference between adding the four-bar linkage
here and using balanced four-bar linkage in Section 2.2 is that in Section 2.2, the four-bar linkage is
used to synthesize reactionless mechanisms before the mechanism is designed, whereas the adding
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four-bar linkage here is to add extra device to make the system to be dynamically balanced, in which
the balancing condition is achieved after the mechanism being already designed.

Similarly, two methods are introduced to dynamically balance a planar robot mechanism in
ref. [49]. One method is to add idler link between the base and the moving platform, but lots of
counter-masses and counter-rotations are used, which greatly increases mass and inertia. The other
approach is to add crank-slider mechanisms to all the mechanism limbs. This approach reduces
the number of counter-rotations used. The second approach falls under the category of the passive
dynamic balancing technique. If the passive balancing approach is changed to the active balancing
approach, one can further cut down the number of counter-rotations. The counter-masses (i.e., the
balancing components) are presented by CM.

3.3. Add springs
There are several studies that focus on the static balancing of planar and spatial robotic mechanisms
by incorporating springs into the robotic system.50–53 Following the previous studies in refs. [50–52],
some recent studies54, 55 formulated the force balancing of the robotic mechanism as a constrained
nonlinear optimization problem, in which a mean-square root of the sum-squared values of bearing
and spring forces is minimized, by using the “fmincon()” provided by the Matlab optimization tool-
box. The above study combines the counter-masses and a spring that is attached between two passive
links to achieve the force balancing condition. The limitation of the above method, however, is that it
may only be applicable to planar mechanisms with revolute joints. The study did not prove whether
the approach can apply to spatial robotic mechanisms.

Overall, the advantage of combining counter-masses and springs in force balancing is that the
system will not be heavier as comparing to only using counter-masses, and also by employing a
spring, it can make the robotic system adapt to different payloads and make the robotic system come
to a new equilibrium configuration.56 However, the method proposed in this study is only applicable
to shaking force balancing and ignores the shaking moment balancing. Other drawbacks of the above
approach are summarized in ref. [57].

3.4. Add CRCM
The main idea of using a CRCM in dynamic balancing a mechanism is to use the same device to
achieve both force balancing and moment balancing instead of using separate counter-masses and
counter-rotations, which can reduce the mechanism’s weight and inertia.58–60 However, the potential
issue is that how to connect gears to the oscillating links without generating noise. In ref. [61], the
main focus is on the “shift modification rule,” from which the counter-rotary counterweight was
developed, and it was compared to the technique that uses only counter-rotation. It was found that
the CRCM approach achieved the goal of reducing extra masses and inertia.62 Similarly in ref. [63],
the authors compared the following approaches for the amount of weight and inertia increase in
balancing the dyad: counter-rotations approach, duplicate mechanisms approach, CRCM approach,
and Idler loop approach. A judging element was set up. The objective of the element is to assess
the extra weight and inertia increase. There are four main steps in this comparison, and here it is
summarized as follows:

First step: The counterweights and lump mass’s position vectors were determined, then by
employing the position vector derivatives, the linear momentum was extracted. By
making it zero, the force balancing conditions were obtained.

Second step: The angular momentum with respect to the reference point was extracted. The relation-
ship between the gearwheels was used to further simplify the momentum, and through
making it equal to zero, the reactionless conditions were therefore obtained.

Third step: This involves determining the reduced inertia through the kinetic energy.
Fourth step: The overall mass is obtained.

Last step: The overall mass and inertia reduction to the previous approaches are compared.

However, it should be noticed that it is unnecessary to make a comparison for the mass and inertia
reduction due to the fact that some of the masses and inertia are on the base, so the weight that
belongs to the base does not directly have an influence on the system.

https://doi.org/10.1017/S0263574720000168 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574720000168


A review of dynamic balancing 63

Fig. 8. Single CRCM structure.64

Fig. 9. Ground CRCM balancing approach.64

The following three CRCM-based methods are developed in ref. [64]: the low inertia approach,
single CRCM approach, and ground CRCM balancing approach. Each approach has its advantages.
For example, the low inertia approach has low inertia increase, the CRCM approach only requires one
CRCM for dynamic balancing, and the ground CRCM balancing approach has compact construction.
Lastly, numerous 2-DOF manipulators were designed based on the CRCM structure. Moreover, the
3-DOF planar and spatial mechanisms were designed through resorting to the reactionless dyad.

It should be noticed that the single CRCM structure is not recommended because the balancing
gears (as indicated by the red circle of Fig. 8) are placed on the moving linkage rather than on the
ground. The ground CRCM balancing approach is similar to the Idler loop,41 that is, the moment of
the top movable linkage is balanced through a CRCM, which is joined to the top movable linkage by
a belt drive, as shown in Fig. 9. The moment of ground linkage is balanced through a second CRCM,
which is joined to a gearwheel, and this gearwheel is installed on the ground linkage, which makes
the mechanism heavier. As a comparison, the structure in refs. [41,44] is that the gear, which moment
balances the top movable linkage, is put on the ground, so the system is not affected at all.

By using the similar idea, a reactionless 2-DOF planer parallel mechanism is developed by using
the same counter-mechanism to moment balance the statically balanced mechanism,65, 66 instead of
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Fig. 10. AD-CRCM-balanced mechanism.67

using counter-rotations. The counter-mechanism achieves variable inertia, reduces the mass of the
reactionless mechanism that uses counter-rotations, and has better mass-inertia performance, but still
the additional mass and inertia are added in the system, which makes the system become heavier.

3.5. Add active-driven CRCM
A dyad is dynamically balanced by actively driving the CRCM (AD-CRCM) in ref. [67]. The
rotational motion velocity of the AD-CRCM and the actuator torque that drives the CRCM are deter-
mined from the angular momentum. Via comparison, it is found that the AD-CRCM method is better
than the normal CRCM method in terms of weight and inertia relations. By combining two CRCM
into one AD-CRCM, a 2-DOF reactionless structure can be generated, as illustrated in Fig. 10. The
3-DOF planar and spatial mechanisms are designed through resorting to the AD-CRCM reactionless
dyad. Since the AD-CRCM was employed, the system becomes heavier.

In the above study, a 2-DOF AD-CRCM balanced mechanism was designed through joining two
CRCM to one AD-CRCM. Enlightened from the previous layout, new 3-DOF planar and spatial
mechanisms can be designed, as illustrated in Fig. 11, based on using the 2-DOF AD-CRCM reac-
tionless structure. Note that this is just a conceptual design. Since the kinematic, dynamic, and control
analysis of these 3-DOF planar and spatial mechanisms are not the focus of this study, they will be
studied in a separate paper as a future work.

3.6. Active dynamic balancing unit
An ADBB is introduced in ref. [68], and it is placed on the base of the system. The purpose of using
this ADBB is to produce same counter forces and counter moments but have opposite direction
with the existing shaking forces and moments of the system. A similar idea can also be found in
ref. [69]. The ADBB has three counterweights and three counter-rotations. The objective of the three
counterweights is to force balance the pre-existing shaking force in three directions. The objective
of the three counter-rotations is to moment balance the shaking moment in three directions. This
approach is similar to the adding separate counter-masses and counter-rotations method. Considering
the low mass inclusion, the ADBB is advanced to another ADBB so that the counter-devices are
united. Here, the system has the shaking forces along the x and y axes and one shaking moment
around the z axis. Since the ADBB has to make two pre-existing shaking forces and one pre-existing
shaking moment be balanced, the ADBB is developed to have two translational movements and
one rotational movement. A 2-RRR parallel manipulator was employed to actuate the disc in the x
and y axes. Potential future study is to seek the intelligent control approach for manipulating the
ADBB. However, one issue in this study is that it will make the system become heavier if the base is
suspended.

Wang70 suggested an active reactionless structure almost identical to the ADBB as in ref. [68]. By
using this active reactionless structure, the moving platform can achieve both reactionless conditions
and can be actuated to proceed in a designated path. The primary objective of the active reactionless
structure is to make the moving platform to have the reactionless condition. A portion of the forces
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(a)

(c)

(b)

(d)

Fig. 11. 3DOF mechanisms.20 (a) Planar 3-2RRR mechanism. (b) Planar 4-2RRR mechanism. (c) Spatial 3-
2RRR mechanism. (d) Spatial 4-2RRR mechanism.

and moments generated through the active reactionless structure is employed to make the shaking
force and moment be balanced. The rest of the portion of the forces and moments generated through
the active reactionless structure are employed to drive the platform to a designated path. One of the
main issues is the same as above that the system becomes heavier.

3.7. Add secondary linkages
Regarding achieving the reactionless conditions for the Delta manipulator in ref. [71], an approach
was suggested for the force balance. All limbs and one-third of the platform are balanced by a coun-
terweight and one extra linkage; that is, each leg turns into a 3D-pantograph. This approach is in
some extent very similar to the method of adding counter-masses and springs together, as discussed
in Section 3.3, where counter-masses and springs are added together to achieve the force balanc-
ing. Moreover, because the platform of the Delta system does not have rotational motion, the force
balancing approach was reduced as: one limb as a 3D-pantograph balances the total weight of the
platform and part of the weight of the other two limbs. Two extra counterweights are put on the other
two limbs. The complete manipulator is made to be force balanced through three counterweights and
an extra linkage. Regarding the moment balancing, the active-driven method was employed because
one would not be able to let the velocity of the manipulator be a constant value through the pas-
sive balancing approach. It was discovered that the weight of the extra linkage can be employed to
force balance the total mass of the platform and the upper linkages (which are close to the platform).
However, the downside of this balancing approach is that still the system’s weight and inertia will
increase.

3.8. Balancing through trajectory planning and control
There are some studies dealing with optimum motion planning to achieve a dynamic balancing con-
dition.72–75 More precisely, most studies above still use counter-devices to achieve a force balancing
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condition, and after that by optimal control of the end-effector to achieve a shaking moment balanc-
ing condition. For example, in ref. [73], the SCARA robot is dynamically balanced through using
counter-masses and optimal control. The purpose of the counter-mass is to balance the shaking force,
and through controlling the serial wrist with prescribed rotation velocities, shaking moment is can-
celled. The novelty of this balancing approach is that an optimal control is employed to achieve the
moment balancing.

In another study, the reactionless planar mechanisms design is presented through trajectory plan-
ning instead of using counter-rotations,74 which reduce the system weight and inertia. An auxiliary
parallelogram is used to achieve the center of the mass of the system stationary (i.e., to achieve force
balancing), and the moment balancing is achieved through following a special trajectory. Similarly
in ref. [75], through a specific reactionless trajectory planning, a moment balancing condition of a
3-DOF robotic manipulator is achieved instead of using counter-rotations.

As one can imagine, the major disadvantage of the above approach is that it limits the end-effector
trajectory. Another study76 which is worth mentioning is that through adjusting kinematic parameters
and therefore the end-effector trajectories, the force balancing condition is achieved, but it does not
apply to the dynamic balancing.

In addition, there are several studies formulating the dynamic balancing as a constrained optimiza-
tion problem to try to eliminate the shaking force and shaking moment of mechanisms by increasing
the applied torques of some driving joints instead of using counter-devices,77–83 but it should be noted
that most optimization studies above are based on numerical methods.

4. Comparisons
Here, some advantages, disadvantages, and comparisons of each balancing method are listed in
Table I. Each method has its advantages and disadvantages. It is hard to say at this point that what the
best approach to dynamic balancing is. Depending on different applications and users’ requirements,
one may choose one balancing method over the other.

5. Impact of Dynamic Balancing and Future Direction
Dynamic balancing is critical in many areas,84–88 such as in advanced manufacturing and space. In
manufacturing, for example, if a robotic system/mechanism used in machining is not dynamically
balanced, it will excite vibrations and therefore cause loss of high precision in production of work-
pieces. Furthermore, if the robotic system is not dynamically balanced, it will create vibration and
one therefore needs a large stand or frame to hold the robotic system/mechanism, which will occupy
large space in the (manufacturing) floor, as can be seen in Fig. 12, and also create internal force.
If the robotic system is perfectly dynamically balanced, one can use, for example, a small frame or
simply a rod to hold the robotic system without producing vibration. Similarly in space engineering,
for example, as shown in Fig. 13, when robotic arms operate in space and if they are not dynamically
balanced, the robotic mechanism will generate force and moment in the base (spacecraft), which
affects the performance of the spacecraft.

There are mainly two methods that belong to the dynamic balancing prior to structure synthesis,
while most of the balancing approaches belong to the dynamic balancing after the design. As men-
tioned earlier, in an absolute sense, it is hard to say which method/approach is definitely better than
the other or what the best approach to dynamic balancing is. Each method has its advantages and
disadvantages. For example, the drawback of using counterweights approach is that the system will
become heavier; the drawback of using trajectory planning method is that the system will only have a
reactionless condition in a specific trajectory. The limitation of the principal vector linkage approach
is that it is only applicable to mechanisms that move within a single plane. Adding springs method is
currently only applicable to static balancing. The potential issue of using CRCM approach is how to
connect gears to the oscillating links without generating noise.

As regarding the future trend and direction in the dynamic balancing of robotic mechanisms,
it will be interesting to investigate the dynamic balancing through adaptive control technique, and
this could potentially be an effective approach without compromising system’s weight, inertia, tra-
jectory, or complexity, since the main idea behind the adaptive control is that if one has unknown
parameters in a dynamic system, through adaptive control we can make the system behave as if
the unknown parameters were known by updating the unknown parameters. Furthermore, dynamic
balancing for spatial mechanisms still needs to be more generalized, since most dynamic balancing
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Table I. Different balancing methods and comparisons.

Method (balancing prior to
kinematic synthesis) Advantages Disadvantages

Fisher’s method (representative: Wijk’s
work)

• Counter-rotations are not needed
• Overall weight is reduced as compared to adding separate

counter-rotations method

• Not applicable to spatial mechanisms due to the complexity of the
spatial kinematics

• Moment balance is realized based on adding extra components

Using dynamically balanced four-bar
linkage*

• Counter-rotations are not needed
• Overall weight is reduced as compared to adding separate

counter-rotations method

• Complexity of overall system increases significantly
• Kinematic and dynamic analyses are complicated

Method (balancing after design)

Add separate counter-masses and
counter-rotations

• Overall weight is increased significantly • Simple approach to achieve dynamic balancing

Add special four-bar linkage* • The number of counter-rotations are reduced or sometimes not
needed

• Structure of overall system is complex
• Added linkage has the potential to collide with others

Add springs • System weight is reduced as compared to only using
counter-masses

• Only applicable to static balancing

Add CRCM • Counter-mass is also used as counter-rotation
• System weight and inertia are reduced as compared to adding

separate counter-masses and counter-rotations

• Potential issue is how to connect gears to oscillating links without
generating noise

• Counter-devices still used
• System becomes complex

Add active driven CRCM • Active-driven CRCM method is better than the normal CRCM
method in terms of weight and inertia relations

• Difficult to realize in practice
• System is heavier as compared to CRCM approach

Add active dynamic balancing unit • Both counterweights and counter-rotations are needed, similar
to separate counter-masses and counter-rotations method

• System becomes heavier

Add secondary linkages • System weight (the number of counter-masses) is reduced as
compared to only using counter-masses

• Only for force balancing
• Active-driven method is needed to moment balancing
• System weight and inertia are increased

Balancing through trajectory planning
and control

• Counter-rotations are not needed • End-effector trajectory is limited
• System weight and inertia are reduced

*Noted that the main difference between adding the four-bar linkage and using the dynamically balanced four-bar linkage is that the dynamically balanced four-bar linkage is used to synthesize reactionless
mechanisms before the mechanism is designed, whereas the adding special four-bar linkage is to add extra device to make the system to be dynamically balanced, in which the balancing condition is achieved
after the mechanism being already designed.
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Fig. 12. 3-DOF robotic manipulator and its stand.

Fig. 13. Robotic arms attached to a spacecraft.

methods for spatial mechanisms all have constrains due to the complexity of the spatial kinematics
and its structure.

6. Conclusion
The authors here divide dynamic balancing methodology into two main categories: balancing prior
to structure synthesis and balancing after the design, and the main dynamic balancing methods for
robotic mechanisms based on these two categories are discussed and compared. There could be other
methods that the authors did not include in this study. The purpose of dynamic balancing is to reduce
or ideally eliminate the reaction forces and reaction moments exert to the system, which causes
vibration. The drawback of achieving a dynamic balancing, however, is mainly as follows: weight
increase, inertia increase, trajectory limitations, and adding complexity to the system.

The purpose of this review study is to present the up-to-date main dynamic balancing methods.
The authors hope that this review can provide an informative reference for future research in the field
of dynamic balancing of robotic mechanisms.
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