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Abstract—In most of gravity balancing approaches de-
voted to robot manipulators, the gravity compensation is
carried out for cancelling of the static efforts due to robot
element masses, as well as a fixed payload. When the pay-
load is variable, i.e. if for each cycle of the robot opera-
tion it is different, the known compensation techniques are
not efficient. Some solutions permitting to compensate the
gravity effects of variable payloads have been developed.
However, they have similar drawbacks. To adapt the robot
to the changing payload it is necessary: i) to increase the
number of actuators and ii) to bring energy inside the sys-
tem, i.e. the adaption technique is not energy efficient.

This paper deals with a new gravity-compensation sys-
tem for cancellation of the static loads of the changing pay-
load. It is shown that the adaption to a new manipulated
payload does not need to bring energy inside the system,
i.e. the adaption technique is energy efficient. Simulations
of the suggested mechanism by using ADAMS software are
performed and show the efficiency of the proposed solution.

Keywords: robot manipulators, gravity compensation, static bal-
ancing, variable payload

I. Introduction

Any mechanism is statically balanced (also denoted as
gravity-balanced) if its potential energy is constant for all
possible configurations. With regard to the static balancing
in robotics, this term differs from the first definition because
in this case, the aim of the balancing is the minimization
or cancellation of input efforts of a mechanical system by
means of gravitational force balancing. This means that the
mechanism is statically stable for any configuration; i.e.,
zero actuator input efforts due to the static loads are re-
quired.

For static balancing of robot mechanisms, different ap-
proaches and solutions have been developed and docu-
mented. The balancing schemes for robotic systems can
be systematized by taking into account the nature of the
compensation force:
• with counterweights (group A): this is a classical ap-
proach which consists in adding counterweights in order
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to keep the total centre of mass of moving links station-
ary [1–9].
• with spring (group B): the approaches developed in this
group are based on the use of either zero-free length springs
or non zero-free length springs [10–25].
• with a complementary actuator which can be a pneu-
matic or hydraulic cylinder, electromagnetic device, etc.
(group C): In this case, a pneumatic or hydraulic cylinder is
connected with some manipulator links [26–29] or directly
with the moving platform [30]. There are also some ap-
proaches based on special counterweights, which are fluid
reservoirs. Continuous gravity compensation is achieved by
the pumping of fluid from the first reservoir-counterweight
to the second.

The main drawbacks of the mentioned solutions when
applied to robotics is that they ensure the gravity balancing
of the robot for a given gravity load. However, when this
load is varying (for example, during a palletizing task), they
cannot ensure the cancellation of the gravity effects due to
change of the payload. To overcome this difficulty, a few
solutions have been proposed. The most resourceful ones
are listed below:
• The use of active counterweights, such as in [28, 31]
where the position of the counterweights on the balanced
links varies and is modified through the use of additional
actuators. This leads to the increase of the number of actu-
ators and, obviously, to the development of a more complex
controller.
• In [32], a variable gravity compensation mechanism is
proposed. It uses two types of linear springs and changes
the equilibrium position of one of these. This also leads to
the considerable increase of the number of actuators and the
achievement of more complex controllers.
• The gravity compensation technique developed in [33–
35] uses remote counterweights connected to the robot via
a hydraulic transmission. As it has been shown in [34] the
built prototype of the 7-degrees-of-freedom (DOF) robot is
able to adapt its balancing counterweights to a payload of
up to 10 kg, which was a maximal payload for the tested
prototype. The main drawbacks of this technique is the use
of hydraulic power systems (while the robot energy is pro-
vided by electricity) and the increase of the system foot-
print.

An additional drawback of all these techniques is the fol-
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(a)The Kuka KR 700 PA (courtesy of Kuka)
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(b)Its kinematic architecture

Fig. 1. The Kuka KR 700 PA able to carry out variable payloads up to 700
kg.

lowing. When the payload is changing from a massm1 to a
massm2, there is a change of potential energy in the system
equal to∆V = gz(m2 −m1) (whereg is the gravitational
constant andz the altitude at which the load is changed).
Therefore, ifm2 > m1, energy must be brought in the sys-
tem to be able to adapt and to compensate the new payload.
If m2 < m1, if the robot was ideal, it should be able to
stock the non necessary energy in capacitors or batteries.
However, even if most robot actuators are now equipped
with four-quadrant amplifiers which are able to stock addi-
tional energy in capacitors, as the stocking performance of
capacitors is limited, many energy is still dissipated (under
the form of heat) to avoid the overload of the capacitors.

Thus, all existing adaptive gravity-compensation systems
of robots are not energy efficient. Please note that the en-
ergy efficiency of machines (but not only machines) in EU
will becomes soon an important research problem as the ac-

tual european policy is to target a decrease of 20% of con-
sumed energy for 2020 (and 40% for 2030). In the present
paper, taking into account that many robots used for the
pick-and-place operations of heavy devices (such as palleti-
zation operations) are 4-DOF industrial robots such as the
Kuka KR 700 PA presented in Fig. 1, we present an active
balancing system able to compensate the gravity effects of
a variable payload without the need of bringing additional
energy in the whole robotic system. In the Section II, we
show that it is possible to fully balance the gravity effects
on the manipulator. Then, in Section III, we present the
adaptive-gravity balancing system able to compensate the
gravity effect of variable payloads. In Section IV, numer-
ical validations made with the software ADAMS are per-
formed. Finally, in Section V, conclusions are drawn.

It should be noticed that a patent on the proposed balanc-
ing system is currently pending [36].

II. Gravity-balacing of the manipulator only

A. Description of the robot architecture to balance without
payload

Let us consider the kinematic architecture of the 4-
DOF industrial robot depicted at Fig. 1(b). This architec-
ture, made of revolute (R) joints only, allows the robot to
perform Scḧonflies motions (i.e. its effector located at point
P is able to carry out three translations along the base frame
axesx0, y

0
andz0 and one rotation aroundz0). These four

DOF are controlled through the actuation of motors linked
to theR joints located at pointsA, B (two R joints are lo-
cated at this point, one controlling the angleα, the second
one the angleβ) andP .

The links attached to theR joints located at:
• B, C, F andE,
• B, C, G andI,
• C, D, H andG,
form articulated planar parallelograms (also denoted asΠ
joints). TheΠ jointsBCGI andCDHG ensure the axis of
theR joints located at pointP to be always vertical, while
theΠ joint BCFE allows for remoting the actuation of the
link CD as close as possible to the base.

In the following of the paper, the gravity fieldg is equal
to g= [0 0 − g]T (g > 0) and is directed alongz0. More-
over, we denote as:
• Si the centre of mass of the linki,
• mi the mass of the linki,
• ℓQR the length between two arbitrary pointsQ andR,
• zQ the position along thez0 axis of anarbitrary pointQ.

B. Computation of the gravitational potential energy

The robot (without payload) gravitational potential en-
ergyV is given by:

V = g

10∑

i=1

mizSi
(1)
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in which

zS1
= zB + ℓBS1

cosα (2)

zS2
= zB + ℓBS2

cosβ (3)

zS3
= zB + ℓBE cosβ + ℓES3

cosα (4)

zS4
= zB + ℓBC cosα− ℓCS4

cosβ (5)

zS5
= constant (6)

zS6
= zI + ℓIS6

cosα (7)

zS7
= zB + ℓBC cosα+ lCS7

(8)

zS8
= zB + ℓBC cosα+ lCG − ℓGS8

cosβ (9)

zS9
= zB + ℓBC cosα− ℓCD cosβ + ℓDS9

(10)

zS10
= zB + ℓBC cosα− ℓCD cosβ (11)

taking into account thatzB andzI have constant values.
Introducing (2)–(11) into (1), and simplifying, we obtain

V = a cosα+ b cosβ + c (12)

with

a =g(m1ℓBS1
+m3ℓES3

+m4ℓBC +m6ℓIS6
)

+ g(m7ℓBC +m8ℓBC +m9ℓBC +m10ℓBC)
(13)

b =g(m2ℓBS2
+m3ℓBE −m4ℓCS4

−m8ℓGS8
)

− g(m9ℓCD +m10ℓCD)
(14)

c =g zB(

4∑

i=1

mi +

10∑

i=7

mi) + g(m5zS5
+m6zI)

+ g(m7lCS7
+m8lCG +m9ℓDS9

) = const

(15)

C. Balancing of the manipulator

The gravity balancing of the manipulator will be
achieved if and only if the potential energy becomes con-
stant. For that, two usual methods are possible:
• the addition of two counterweights on linksBC andEB
(Fig. 2(a)),
• the addition of two zero-free length springs on linksBC
andEB (Fig. 2(b)).

C.1 Balancing of the manipulator by adding counter-
weights

Let us denote as (Fig. 2(a)):
• mcw1 the mass of the counterweight on linkBC which
is located at the distancercw1 of theR joint at pointB,
• mcw2 the mass of the counterweight on linkEB which
is located at the distancercw2 of theR joint at pointB.

The potential energyVcw of the counterweights is given
by:

Vcw = −g(mcw1rcw1 cosα+mcw2rcw2 cosβ) (16)

The total potential energyV + Vcw is thus constant (i.e.
the robot is gravity-balanced) if and only if the counter-
weights are designed such that:

mcw1 = a/(g rcw1) (17)

mcw2 = b/(g rcw2) (18)
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Fig. 2. Balancing of the robot manipulator under consideration. (a) via
counterweights, (b) via zero-free length springs

C.2 Balancing of the manipulator by adding zero-free
length springs

Let us denote as (Fig. 2(b)):

• k1 the stiffness of the spring on linkBC acting between
the pointsQ1 andQ2,
• k2 the stiffness of the spring on linkEB acting between
the pointsR1 andR2.

The potential energyVsp of the zero-free length springs
is given by:

Vsp =
k1ℓ

2

Q1Q2
+ k2ℓ

2

R1R2

2
(19)
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Noting the fact that:

ℓ2Q1Q2
= ℓ2BQ1

+ ℓ2BQ2
− 2ℓBQ1

ℓBQ2
cosα (20)

ℓ2R1R2
= ℓ2BR1

+ ℓ2BR2
− 2ℓBR1

ℓBR2
cosβ (21)

and introducing it into (19), we get:

Vsp = −k1ℓBQ1
ℓBQ2

cosα−k2ℓBR1
ℓBR2

cosβ+d (22)

whered is a constant equal to

d =
k1(ℓ

2

BQ1
+ ℓ2BQ2

) + k2(ℓ
2

BR1
+ ℓ2BR2

)

2
(23)

The total potential energyV + Vsp is thus constant (i.e.
the robot is gravity-balanced) if and only if the springs are
designed such that:

k1ℓBQ1
ℓBQ2

= a (24)

k2ℓBR1
ℓBR2

= b (25)

Now that we have considered the balancing of the robot,
let us consider the balancing of the variable payload.

III. Adaptive gravity-balacing system

In the following of this Section, we consider that the
robot manipulator is self-balanced using one of the method
proposed in the previous Section (the balancing solutions
will not be drawn on the following pictures for reason of
drawing clarity) and we only focus on the balancing of the
variable payload.

A. Description of the adaptive gravity-balacing system

In order to ensure the balancing of the variable payload,
it is necessary to achieve the following modifications to the
robot architecture.

First, we slightly modify the robot architecture by adding
a revolute joint on the linkEF at a new pointJ defined
such that the pointsB, D and J are aligned (Fig. 3).
With the new design, the robot becomes a pantograph link-
age [37] with a magnification factorp = ℓEF /ℓEJ which
links the position of pointD to the position of pointJ such
that:

zD − zB = p(zB − zJ) (26)

Thanks to this design and the well-kown pantograph
properties [38], it is possible to cancel the gravity effect
of a massm applied at pointP (f = mg) by applying a
vertical balancing force of magnitudefbal = p gm at point
J .

Then, in order to apply the vertical balancing force at
point J , we add the balancing module to the robot (see
Fig. 4). This module is made of four joints (three prismatic
(P) joints located at pointsK,L andN and one revolute (R)
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Fig. 3. Modification of the robot architecture so that it becomes a panto-
graph linkage.
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Fig. 4. The robot with the adaptive balancing module.

joint at pointM ) and one zero-free length spring of stiffness
kp attached at pointsT1 andT2 with the lengthsℓMT1

and
ℓMT2

always constant. In this module:
• theP joint at pointK is passive but it integrates a brake
that is activated when the robot is manipulating a constant
load and deactivated when the balancing module is adapting
to a new payload,
• the P joint at pointN integrates a motor plus a brake:
when the robot manipulates a constant load, the brake is
activated and the motor is shut down, while, when the bal-
ancing module is adapting to a new payload, the motor is
activated and the brake is deactivated,
• theR joint at pointM and theP joint at pointL are pas-
sive but they integrate brakes that are deactivated when the
robot is manipulating a constant load and activated when
the balancing module is adapting to a new payload.

This adaptive module is able to ensure the balancing of
the variable payload for any robot configuration. Moreover,
the adaption does not need to bring additional energy as
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Fig. 5. The robot with the adaptive balancing module and a payload mass
m: theP joints at pointsK andN are fixed while the others joints of the
adaptive module are passive.

all the requested energy is already stored in the spring of
stiffnesskp. In the following sections, we explain how it
works.

B. Balancing conditions

B.1 For a payload massm

As mentioned previously, during the manipulation of a
constant payload of massm, theP joints at pointsK andN
are fixed via brakes, while the other joints are passive, and
the resulting mechanism is depicted at Fig. 5. When the
P joints at pointsK andN are fixed, the balancing mod-
ule has two planar passiveDOF which makes it possible to
follow the displacement of the pointJ . Moreover,
• the lengthℓMJ becomes constant and will be denoted as
ℓMJ = ℓm,
• the altitudezM of the pointM becomes constant.

Let us show that under certain conditions, the balancing
module ensure the gravity compensation of the payload. We
define the angleγ asγ∠T1MT2 (γ is not constant and de-
pends on the robot configuration). The energy of the zero-
free length spring with a stiffnesskp is equal to:

Vbal =
kpℓ

2

T1T2

2
(27)

or also, when considering thatℓ2T1T2
= ℓ2MT1

+ ℓ2MT2
−

2ℓMT1
ℓMT2

cos γ

Vbal = e− kpℓMT1
ℓMT2

cos γ (28)

where

e =
kp(ℓ

2

MT1
+ ℓ2MT2

)

2

For reasons of simplicity of computation, we consider
that the centre of mass:
• of the link between pointsM andN is located atM ,

• of the link between pointsN andJ is located atJ and
has a massmJ .
Such conditions can be obtained through a proper link de-
sign and, eventually, the use of counterweights. Note that
these conditions are not necessary, but simplifies the expla-
nation of the ways the balancing module works.

The potential energy of the payload mass plus the bal-
ancing module is

Vm = mg zP +mJzJ +mmod g zM (29)

wheremmod is the total mass of the linksa, b, c andd, and
zM is the constant altitude of the pointM .

Noting the fact thatzP = zD and introducing (26)
into (29), we get

Vm =mg (p(zB − zJ) + zB) +mJ g zJ +mmod g zM

=h+ (mJ − pm) g zJ
(30)

with h = mg (p+ 1)zB +mmod g zM = constant.
Finally, aszJ = zM − ℓMJ cos γ = zM − ℓm cos γ, we

get

Vm =h+ (mJ − pm) g (zM − ℓm cos γ)

=l + (pm−mJ) g ℓm cos γ
(31)

with l = h+ (mJ − pm) g zM = constant.
The balancing module can cancel the gravity effects of

the payload massm if the total potential energyVtot =
Vm + Vbal is equal to a constant, which can be obtained if
and only if (for fixed lengthsℓMT1

, ℓMT2
and stiffnesskp):

ℓm =
kpℓMT1

ℓMT2

(pm−mJ) g
(32)

resulting inVtot = e+ l = constant.
Thus, by properly fixing the lengthℓm = ℓMJ , we can

balance the payload mass. Note that in general,(pm −

mJ) > 0, which means thatℓm > 0.

B.2 Adaption to a new payload massm′

If now we want to balance a payload massm′, by using
the equation (32), we see that the lengthℓMJ should adapt
to a new constant lengthℓ′m defined as:

ℓ′m =
kpℓMT1

ℓMT2

(pm′
−mJ) g

(33)

This adaption can be energy-free by using the following
procedure. First, the robot must be stopped at the position
the payload should be changed (fig. 6(a)). Thus, the alti-
tudezP becomes constant. Then, theR joint at pointM
is also fixed while the brake of jointK is deactivated such
that the global system is equivalent to the one depicted in
Fig. 6. Note that, when theR joint at pointM is fixed, this
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(a)Beginning of the adaption: the robot is stopped. TheP joint at pointK
becomes passive while theR joint at pointM is fixed (thus ensuring the
spring potential energy to be stored). TheP joint at pointN is actuated to
adapt the lengthℓMJ .
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(c)The robot with the adaptive balancing module when manipulating a
massm′: theP joints at pointsK andN are fixed while the others joints
of the adaptive module are passive.

Fig. 6. Adaption of the balancing system

Counterweights
of total mass m

mod

Element fixed
to the link b

PulleyElement 
fixed on the
link a

Fig. 7. Balancing device for cancelling the gravity effectsdue to the mass
of the adaptive module: the counterweights are moving in the opposite
sense of the linkb and are thus balancing the moving mass of the gravity-
compensation module.

also fix the lengthℓP1P2
of the spring. As a result, during

the adaption phase, the spring energy is totally stored (no
energy dissipation).

The P joints at pointsK andL are passive while the
P joint at pointN is actuated. A simple mobility analy-
sis shows that the balancing module has thus 1DOF which
can be controlled by the actuator in theP joint located at
pointN . This activeP joint will be used to adapt the length
ℓMJ to become equal toℓ′m (Fig. 6(b)).

The robot being fixed, when the activeP joint is mov-
ing, the change of potential energy is only due to the dis-
placement of the links of the balancing module during its
adaption. This variation∆V of energy is equal to:

∆V = mmod g∆zM (34)

where∆zM is the variation of altitude of the pointM due
to the module adaption. This variation of potential energy
can be cancelled through a proper balancing system such as
the one presented in [39] which is depicted at Fig. 7.

Thus, as the variation of potential energy is null during
the adaption phase, the robot does not need (theoretically)
any additional energy to adapt to the new payloadm′, that
will be compensated thanks to the optimal adjustment of
the lengthℓ′m defined in (33). Once the adaption is done,
the robot is gravity-balanced for the new payloadm′, i.e.
the robot actuators do not need to compensate the gravity
effects of the massm′ (Fig. 6(c)).

C. Discussion

In the previous Section, it has been mentioned that, dur-
ing the adaption phase, the robot must be stopped, which
will lead to a increase of the operation cycle time. How-
ever, in the other techniques [28, 31–35] able to balance a
variable load, the robot should also be stopped during the
adaption. Thus, stopping the robot is not a drawback due to
our balancing technique, but to all adaptive balancing tech-
niques. In order to overcome this drawback, the adaption
can be down when the robot is moving. However, this does

6
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not ensure anymore the system to be energy-free during the
adaption phase.

Please note also that we claim that the adaption is energy-
free. However, we do not take into account the fact that the
actuator in theP joint located at pointN needs energy to
move against the friction in the joint. However, our expe-
rience in the field has shown that the friction effects are
usually very small with respect to the gravity effects which
have been compensated.

Finally, the conditions of balancing for the payload de-
scribed in (32) show that, ifm = 0, the lengthℓM should
be negative, which is unconvenient from a design point of
view. In order to overcome this difficulty, two ways are
proposed:
1. we can put a loadmc > mJ on the robot end-effector
that will never be removed to ensure that the lengthℓM will
be always positive.
2. it is possible to show in Section II-C that a partial
gravity-balancing of the robot architecture can be achieved
with counterweights and/or springs so that the potential
gravitational energy of the robot becomes a linear func-
tion of zP only, i.e. the robot potential energy has the form
V = mP zP + constant, with mP > 0. In such a case, the
balancing condition (32) can be rewritten as:

ℓm =
kpℓMT1

ℓMT2

(p (m+mP )−mJ) g
(35)

As a result, an optimal design of the robot can ensure that
the term(pm+mP −mJ) is always positive.

IV. Numerical validations

In this Section, we present numerical validations made
with ADAMS showing that the balancing system is able
to compensate a variable payload. We will consider in the
following of the Section that the robot is self-balanced by
using one of the techniques of Section II. This assumption
is made because the paper does not focus on the balancing
of the robot itself (which is achieved trough the use of very
common techniques which have already been validated in
the past) but on the gravity-compensation obtained by the
use of the adaptive module.

The simulated robot has the following characteristics:
• the origin of the base frame is at pointB, and the pointP
(position of the end-effector) is superposed with the point
D,
• the robot length are:ℓBC = 1.3 m, ℓCD = 1.3 m, ℓGH =
1.3 m, ℓBE = 0.3 m, ℓCF = 0.3 m, ℓBI = 0.3 m, ℓCG =
0.3 m andℓDH = 0.3 m.

The gravity-compensation module is designed such that:
• the lengthℓEJ is equal to 0.3 m; as a result, the resulting
pantograph mechanism of Fig 3 has a magnification factor
p = 1.3/0.3 ≈ 4.33,
• the total mass of linksb, c andd is equal tommod =
10 kg, but is compensated through the addition of the sys-
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Fig. 8. Trajectory during the manipulation of the payloadm = 100 kg,
defined foryP = 0 m.

tem designed in Fig. 7 with counterweights of total mass
equal to 10 kg,
• the total centre of mass of linksb, c andd is located at
pointM ,
• the mass of the linke ismJ = 5 kg and its centre of mass
is located in pointJ ,
• the spring has a stiffnesskp = 20000 N/m.

First, the robot has to manipulate a payload of massm =
100 kg. As a result, the lengthℓMJ of the module should
be equal toℓM = 0.467 m to balance the gravity effects
of the payloadm. The payload is manipulated by the robot
on the trajectory defined in Fig. 8. The results in terms
of robot input torques (Fig. 9) required for manipulating
this payload without the gravity-compensation module (full
line) and with the gravity-compensation module with the
lengthℓMJ equal toℓM = 0.467 m (dotted line) show that,
with the use of the adaptive module, no input torques are
required to move the payload.

Then, at the end of the trajectory defined in Fig. 8 (at the
point xP = 1.35 m, yP = 0 m andzP = 0.63 m), we
change the load and the robot must be able to carry out a
mass ofm′ = 300 kg. As a result, the lengthℓMJ of the
module should be equal toℓ′M = 0.155 m to balance the
gravity effects of the payloadm′. We do not show here the
variation of potential energy during the process of adaption
to the new length because it is equal to zero all the time, i.e.
the compensation module does not bring energy to adapt
to the new length. The new payload is manipulated by the
robot on the trajectory defined in Fig. 10. The results in
terms of robot input torques (Fig. 11) required for manipu-
lating this payload without the gravity-compensation mod-
ule (full line) and with the gravity-compensation module
with the lengthℓMJ equal toℓM = 0.467 m (dotted line)
show that, with the use of the adaptive module, no input
torques are required to move the payload.

V. Conclusion

In this paper, a new gravity-compensation module for 4-
DOF robot manipulating variable and heavy loads has been
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Fig. 9. Input torques for manipulating the payloadm = 100 kg: without
(full line) and with (dotted line) the gravity-compensationmodule.

proposed. The new balancing scheme allows for the com-
pensation of the gravity effects of the manipulated payload
which may vary. Contrary to most of gravity balancing
techniques able to compensate the gravity effects of vari-
able loads, this compensation module is energy efficient,
i.e. the adaption to the new manipulated payload does not
require to bring energy inside the system.

Simulations of the mechanism with ADAMS have been
performed and have shown the efficiency of the proposed
approach.

Future works will concern the optimal design of a proto-
type in order to experimentally validate this balancing tech-
nique which can find wide applications to the solution of
practical problems.
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FR 14 62980, dec 2014. patent pending.
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