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ABSTRACT Robotic manipulators are typically engineered with high-power systems to handle payloads
and counteract gravity, owing to their robust and weighty structures. However, there is now a growing
need for eco-friendly and safe human-robot collaboration solutions that require power-efficient innovations.
Currently, gravity compensation techniques employ various counterbalancing mechanisms that are specific
and challenging to expand for systems with higher degrees of freedom (DOF). In response, this research
introduces a novel gravity compensator system capable of effectively counterbalancing manipulators with
multiple degrees of freedom (DOF) using only one spring. The proposed system uses parallelogram
mechanisms, cam follower systems, and a square-root mechanism to solve potential equations mechanically.
The proposed system can generalize the design of a gravity compensator for a multi-DOF manipulator using
only one linear spring. This paper outlines the design and development of prototypes, focusing on one-
and three-degree-of-freedom manipulators, which serve as experimental testbeds. The experiment shows
that our gravity compensator system significantly reduces the required torques, power, and overall energy
consumption of the robotic system. This innovative approach addresses existing challenges and paves the

way for sustainable and power-efficient robotic manipulator design.

INDEX TERMS Gravity compensator, low power, manipulator, robotic arm, multi DOF.

I. INTRODUCTION

Manipulator arms are widely used in various industries
including manufacturing, healthcare, entertainment, and ser-
vices. However, owing to their high-power actuators, these
robotic arms can pose safety risks to operators and the work-
ing environment because they are heavy and have significant
inertia. To mitigate this issue, gravity compensators, such
as counterweights or spring mechanisms, are employed to
reduce the load of actuators in the manipulator arms.

It is worth noting that as the manipulator arm oper-
ates, the center of gravity changes continuously, making the
design of multi-DOF (degree of freedom) gravity compen-
sators challenging. This research focuses on passive gravity
compensation mechanisms that use potential energy stor-
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age elements, such as springs or additional masses for
counterbalancing. These mechanisms aim to counteract the
gravitational force on the linkage and reduce the payload
impact. To achieve this, the spring or counterbalance mass
is connected to a specific point on each linkage to reduce or
eliminate the overall effect of gravitational force [1], [2].
Wongratnaphisan and Chew have found that a specific
relative motion between the proximal and distal links is nec-
essary to create a multi-DOF passive gravity compensator [3].
They proposed a parallelogram mechanism to achieve this
motion. Kim and Song suggested a three-DOF passive gravity
compensator that uses timing belts to create a parallelogram
mechanism fulfilling the required relative motion condi-
tion [4]. However, using timing belts and cables instead of
a parallelogram mechanism offers some advantages, such as
reducing the robot’s weight and complexity. Consequently,
this approach has been widely researched [5], [6], [7], [8].
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Also, Cho et al. proposed a gravity compensator for a manip-
ulator arm with a hemispherical workspace [9] using three
bevel gears to create relative motion between links one and
two. This design approach has been applied in other studies
aswell [10], [11], [12]. Cui et al. proposed a similar two-DOF
system to achieve relative motion between proximal and dis-
tal links but used noncircular discs instead of bevel gears [13].

Numerous studies have utilized a cam shape to create
torques for gravity compensation mechanisms. For instance,
Ulrich and Kumar proposed a two-DOF gravity compen-
sator that applies a cam-follower mechanism with a tension
spring [14]. They designed a cam shape to compensate for
the mass of each link, and the spring was connected to a
wire wrapped around each cam to create gravity compen-
sation. Similarly, Koser proposed a cam-follower gravity
compensator for two-DOF systems that employed compres-
sion springs instead of tension springs [15]. Lee et al. used
a similar mechanism to produce a compact and modular
one-DOF gravity compensator [16]. Also, Takesue et al. also
utilized the cam-follower mechanism to create a variable
gravity compensation system [17], where they regulated the
load that this gravity compensation system could manage
by turning a knob. Others have applied this mechanism in
various applications [18], [19], [20], [21].

Other unconventional compensators have also been pro-
posed, such as that proposed by Boisclair et al. They
used Halbach arrays as a one-DOF system gravity compen-
sator [22]. Cheng et al. proposed a two-DOF system using
an unconventional torsional compliance beam rather than a
spring [23], whereas Trease and Dede suggested a similar
compliance joint method, but using a torsion bar rather than
a compliance beam [24]. Kuo and Wu [25] proposed a novel
approach that employed a spring with a Cardan gear mecha-
nism to achieve a compact gravity compensation mechanism.

Many researchers have proposed gravity compensator
designs for specific fields. Woo et al. designed a hybrid
gravity compensator system that used a counterweight and
a spring together [26]. The system adjusted the compensa-
tion load by moving the counterweight position. Agrawal
and Agrawal proposed a two-DOF gravity compensator
system [27] for a leg orthosis, and Zhou et al. pro-
posed a two-DOF gravity compensator system for a passive
lower-limb exoskeleton for walking assistance [28]. The
authors also used an optimization algorithm to optimize the
design of a gravity compensator. This demonstrates the exten-
sive potential applications of gravity compensation across
various fields, including industrial robotics, medical tech-
nology, humanoid robotics, haptic devices, and exoskeleton
designs [29], [30], [31], [32], [33], [34], [35].

Several studies have also focused on reducing the number
of passive energy storage or partial compensation to minimize
the complexity of the calculation and design. For instance,
Kuo et al. proposed a gravity compensator in a reconfigurable
mechanism [36], proving that a single spring can compensate
for the gravitational force in two one-DOF reconfigurable
systems. Maaroof et al. used Particle Swarm Optimization to
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TABLE 1. Summary of gravity compensator research.

Ref /Year Type DOF # energy Goal
elements
[29]/2019  Potential 3 2 Total
[31]/2020 Potential 2 1 Total
[6]/2021 Kinetic 4 4 Total
[30]/2021 Potential 2 1 Partial
[41]/2021 Potential 1 1 Total
[32]/2022  Hybrid 2 2 Total
[34]/2022  Kinetic 1 2 Partial
[35]/2022 Potential 2 2 Total
[38]/2022 Potential 2 2 Partial
[42]/2022  Kinetic 1 1 Total
[25]/2023  Potential 1 1 Total
[33]/2023  Hybrid 3 3 Total

compute the spring properties for a remote center-of-motion
(RCM) mechanism [37], aiming to minimize the summation
of actuator torques.

Researchers have paid significant attention to optimization
and partial gravity compensation methodologies in recent
years, owing to the reduced complexity of the resulting
mechanisms [31], [38], [39]. In our view, these strate-
gies particularly appeal to industrial applications where
cost-effectiveness is critical.

Over time, the trends in gravity compensation have pro-
gressed towards the creation of gravity compensators that
can adjust to various loads. This means that passive grav-
ity compensators can be adapted to handle different loads
encountered by the manipulator arm. Adaptability is com-
monly achieved through mechanisms such as a changeable
pivot lever or passive pulley system [40], [41], [42], [43].

To summarize, passive gravity compensators can be clas-
sified into three main categories:

1. Kinetic gravity compensators: This is the simplest
method where a counterweight is used. However, it adds extra
weight and inertia to the system.

2. Potential energy storage gravity compensators: This type
of gravity compensator relies on the principle that the system
is statically balanced if the total potential energy of the system
remains constant for any configuration. Springs are the most
commonly used potential energy-storage mechanism.

3. Combination of kinetic and potential energy storage or
other types.

Most gravity compensators require the same number of
compensating energy elements as the number of degrees of
freedom (DOF). See Table 1. However, in some cases [29],
the number of springs used is lower than the number of DOFs,
and these mechanisms cannot be extended to higher DOFs.
Some compensators aim for only partial compensation [31].

This research proposes a novel method for compensating
gravity in n-degree-of-freedom mechanisms. Our approach
uses a single potential energy element and a cam-follower
mechanism to create spring displacement in the gravity com-
pensator system. You can refer to Figure 1 that shows the
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FIGURE 1. One DOF system’s kinematic diagram.

one-link mechanism. For higher-DOF manipulators, we use
parallelogram mechanisms to transmit all joint angles to the
base. Each cam follower is placed next to the other in a series
of connections. All displacements are summed, and only one
spring compensates for all the joints. The details of this are
described in the following sections.

Il. ONE-DOF SYSTEM
To achieve static equilibrium, the potential energy of the
entire system must remain constant [15]. In the model pre-
sented in this work, the sum of the potential energy from
the spring and the potential energy from the linkage of the
manipulator arm must remain constant in any configuration,
as illustrated in Figure 1. The x-y coordinate was fixed to the
ground at joint 1, and the X, - Y, coordinate was attached to
the linkage.

We set & = 90 as the initial condition. The potential
energy equation is given as

1 .
Vo = EkAx(z) + mgl sin 90 1)

where V) is the potential energy of the initial condition (a
constant) and Axp is the initial deformation (preload) of the
spring. For any configuration, the potential energy can be
calculated using

1
Vi) = EkAxZ + mgl sin 6 )

To maintain equilibrium, V; (@)must equal to Vp, which
gives us:

Vi) ="Vo 3

\/ ) 2mgl .
SO Ax(0) =/ (Axg + & (1 —sin®)) 4)

For the system to be in equilibrium, the spring deformation
Ax(f) must follow Equation 4. By taking a set of these
parameters (Axg = Smm,m = 1.5 kg,l = 0.1 m,k =
1.5 N/mm.) Using the relation shown in Figure 2, the cam
shape can be created.

Ill. MULTI-DOF SYSTEM

A. MULTI-DOF SOLUTION FOR THE SINGLE SPRING
SYSTEM

In the previous section, Equation 4 was referenced. The
general equation for a one-degree-of-freedom (DOF) gravity
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FIGURE 2. Relation between spring displacement vs joint angle.

compensator is expressed as follows:

Ax(0) = \f(6) )

where f (0) represents the mechanical parameters and config-
uration of the manipulator arm. In general, multiple potential
energy elements can be used in a multi-DOF system to com-
pensate for gravity. However, for higher-DOF manipulators,
a single spring element is sufficient for gravity compensa-
tion. The general equation for gravity compensation can be
written as:

Ax(01,62,...00) = /f(61,02,...6,) (6)

where [n] is the number of degrees of freedom of the manip-
ulator arm. For a serial n-DOF manipulator, n cam followers
are required (one for each joint). A complex n-dimensional
cam follower can be used for a parallel n-DOF manipulator.

Consider n=2, then Ax(61, 62) = +/f (01, 62). In this case,
the cam shape of the system can be a 3D complex shape,
as shown in Figure 3.

The concept of expanding to higher DOF systems can
be challenging in practice. To overcome this problem,
we employed a square-root (SR) mechanism as a solution,
as illustrated in Figure 4-5. The SR mechanism eliminated
the square root from the RHS of Equation 6). In addition,
parallelogram mechanisms were used to transfer the joint
angles of each manipulator linkage. This enabled us to install
cam-followers at the base, which were placed next to each
other to form a series connection (cam series), as shown in
Figure 6. The displacements from the cam followers were
then summed, and the total displacement was transmitted to
the SR mechanism. Finally, the output from the SR mecha-
nism was directed to a linear compression spring.

B. SQUARE ROOT (SR) MECHANISM
The SR mechanism is a component of equation (6) and
involves the square root term. It consists of an L-shaped
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FIGURE 3. Kinematic diagram of Cam-follower: (a) a cam follower
for 1 DOF system; (b) a complex cam follower for 2 DOF.
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FIGURE 4. Diagram of a Multi-DOF system.

rigid-body assembly with a revolute and prismatic joint,
as illustrated in Figure 5. The equation for the SR mechanism
is expressed as

y X2
tano = — = —
X1 y

Y= /X1 X2 @)

where y and x| are the input and output variables, respectively,
and x, is a predetermined fixed value used to adjust system
size.

C. CAM SERIES

Figure 6 shows the cam-follower mechanism used in the
multi-DOF manipulator. As the joint of the manipulator arm
rotated, the cam rotated at the same angle, owing to the
parallelogram. The cams were assembled in series and were
in contact with each other through the follower. This implied
that when one of the cams rotated, the overall displacement
of the system changed. To represent the summation in the
equation, we used cam-followers assembled in series.

D. POTENTIAL ENERGY OF A MULTI-DOF SYSTEM

Consider a multi-DOF manipulator, as shown in Figure 7. The
manipulator was equipped with single-spring gravity com-
pensation, as described above. The initial conditions were
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FIGURE 5. Square root (SR) mechanism: (a) Configuration 1;
(b) Configuration 2; (c) Overlay image of configurations 1 and 2.
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FIGURE 6. Cam series.

as follows: 6] = 900,92 = OO, o0 = 0°. The potential
energy equation for the n-DOF system can be expressed as
follows:

1

Vi = EkAx% +migh +mpg (D1 +Db)+ ...
+ mug (D1+...+Dp—1 + 1) ®)
1

Vo= SkAx (01,62 oo, 00 + migliS1

+mag (D1S1+ LS12) 4+ ...
+ mug (D1S1 + ..4+D,_1S12...i—14+1,S12...n)
)
where 7 is the number of DOF, Vj is the potential energy at

the initial conditions, and V5 is the potential energy for any
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FIGURE 7. Multi DOF manipulator with a single spring gravity
compensator system.

configuration. The equilibrium condition requires V; to be
equal to V>. For a system with a single spring and gravity
compensator, the equation is

1
EkAx(@l, 02, ...,00)?

1
= EkAxg +migh +mag (D1 +b) +---

+mg(D1+...+Dij—1 + 1))
— (m1ghS1+mog (D1S1 4+ 1S12) + ...
+ mgD1S1+...+Dj_1S12...i — 1+ S12...90))

1
EkAx(@l, 02, ...,00)?
=L —A1S1 —A2S12 — - —A,S12...i

Let’s L = %kAxo2 + migh + mgD1+Db) +--- +
mig (D1 +---Di—1 + 1)

Ap
=g (mnln + Zl " mmDn) :1 = DOF of system
m=n

Ax(01,602,...,0i0)

- \/ 2 (L -3 (i (3 e,,,))) (10)

where L and A,, are constant terms depending on the geometry
of the manipulator arm.

IV. ONE AND THREE DOF PROTOTYPES

A. ONE DOF PROTOTYPE

We developed a basic 1 DOF prototype of a gravity compen-
sator system to demonstrate its effectiveness. The prototype
is illustrated in Figure 8. To test this, we conducted a static
experiment and used a basic weight sensor to measure the
force required to move the linkage from zero to 90 °, as shown

64420

FIGURE 8. 1 DOF gravity compensator prototype.

TABLE 2. DOF experiment result.

Linkage Angle No Compensator With Compensator

Degrees Pulling Force (Grams) ~ Pulling Force (Grams)
0 70 0
45 55 0
90 0 0

in Figure 8. According to Table 2, the results showed a con-
siderable decrease in the force required to move the linkage.
It is worth noting that the sensor had a +5 gram error margin.

B. THREE DOF PROTOTYPE
We tested a one-degree-of-freedom prototype and then
designed a sturdy three-degree-of-freedom serial-link proto-
type, as shown in Figure 9. We aimed to create a prototype
with a weight and structure similar to that of an industrial
manipulator. To ensure the strength of the structure, we made
the linkages and structures mainly from 7075 aluminum,
whereas all joints were made from stainless steel. We man-
ufactured all critical parts, such as the cam and the square
root mechanism, with a tolerance of &+ 0.02 mm to minimize
the effect of manufacturer imperfections on the prototype.
Parts not directly involved in the mechanism were made with
a tolerance of plus or minus 0.05 mm. The manufacturer
controlled the quality of all the parts to ensure that they were
made within the design tolerance.

We implemented timing belt parallelograms to transmit
joint displacements to the cam-shaped followers. The cam
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FIGURE 9. CAD model and the kinematic diagram of the 3 DOF Prototype.
(a) Top view. (b) Side view. (c) 3D view. (d) Kinematic diagram.

shapes were made of S45C tool-grade steel to resist wear.
All the cam-shaped followers were placed next to each other
on a linear slide. We added follower displacements, and
the total input displacement was fed into the SR mech-
anism. The output displacement from the SR mechanism
was connected to a linear spring. The spring generated a
gravity-compensating force through the SQ mechanism to
cam followers for cable parallelogram transmissions and

VOLUME 12, 2024

FIGURE 11. Close-up picture of the mechanism. (a) Cam series.
(b) Square root mechanism.

became anti-gravity torques for each joint. The complete
prototype is illustrated in Figure 10.

We arranged the cam series side by side and connected
them directly to the motors using spline shafts. This arrange-
ment allowed the cam series to move along with the motor
while rotating. The motors were installed for experimental
purposes. The manipulator could passively remain in any
configuration. Figure 11 shows a close-up picture of the Cam
series and the square-root mechanism, with (a) representing
the Cam series and (b) the square-root mechanism.

Referring to the diagram in Fig 9 and using equation (10),
we can write the equation for the gravity compensator of the
three DOF manipulator as follows Ax (61,62,63), shown at
the bottom of the next page:

Using equation 10 we can get the term below.

1
L= 5kAx% + migly + maog (D1 + I)

+ m3g (D1 + D> + [3)
Ay = mygly + magDy + m3gDy
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TABLE 3. Parameters of the prototype.

Linkage m l D
Number Kg mm mm
1 1.877 153.9 300
2 1.434 159.4 300
3 0.768 195.4 400
‘7 |/ ‘ , |/
' y |

FIGURE 12. With gravity compensation, the manipulator can hold its
position passively.

Ay = magly + m3gD;
Az = m3gl;

Thus,

2
Ax (01,62,03) = /% (L —AiS1 — A>S12 — A35123)
(1D

L, Ay, Ay, and A3 are constant terms that depend on the
geometry of the arm of the manipulator. S1 = sin (67), S12 =
sin(07 + 62) and S123 = sin(0; + 02 + 63). The weight
parameters for all three links were measured from the man-
ufactured parts before they were inputted into the equation.
The parameters of this prototype are listed in Table 3.

V. EXPERIMENT

The prototype had two modes of operation: passive
and active. In passive mode, no motors were con-
nected. With gravity compensation, the arm could easily
move and maintain its position throughout all ranges of
motion, as shown in Figure 12. You can watch a video
of the experiment by clicking on the following link:
https://www.youtube.com/watch?v=PED28ChCJXY.

(b)
FIGURE 13. Experiment setup: (a) Top view; (b) DAQ and controller setup.

Oe
|
0(t)
0
5 Time
o(t) ®Omax
Time
oft)
Og
Time
Oe
T1 T2 T3

FIGURE 14. Experiment velocity profile.

The objective of this section is to verify the effectiveness of
the single-spring gravity compensator on a manipulator arm
with multiple degrees of freedom. We aimed to measure the
torques required to move each linkage with and without the

Ax (61,02,03) =\/

64422

2(2kAx3 + migh + mag (D1 + L) + m3g (Dy + D2 + 13)
— (m1gl1S1 4+ mag (D1S1 4+ 1LS12) + mag (D1S1 + D»S12 + 135123)))
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FIGURE 15. Comparisons of actual torques with and without gravity
compensator. (a) Link 1; (b) Link 2; (c) Link 3.

gravity compensator. We decided to use the active mode of
the manipulator, in which all motors were connected and con-
trolled by the controllers. Two experiments were conducted
to test and evaluate the gravity compensator.
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FIGURE 16. Reachable workspace with (a) circle path and (b) square path.

In the first experiment, we tested the prototype by com-
manding the motors to move all the linkages, covering a
range of motions from 0 to 90 and back to O °. In the sec-
ond experiment, we controlled the manipulator to follow the
circular and square paths. Each experiment consisted of two
rounds of repeated motion. The first round was performed
without a gravity compensator, whereas the second round was
performed with a gravity compensator.

A. EXPERIMENTAL SETUP

We used smart servomotors to control the movement of
the linkages in our experimental setup. Each smart motor
was connected to a planetary gearbox and spline shaft that
extended from the cam series. To measure the torque at each
joint, we used a biaxial strain gauge mounted on the shaft
between the motor and the linkage. We calibrated the strain
gauge using the ATI Gamma Force/Torque Sensor. Further-
more, a rotary encoder was installed at each joint to measure
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FIGURE 17. Circular trajectory: Actual trajectories with and without
gravity compensator.

the joint angle. We gathered data from the strain gauge using
the N.I. DAQ 9184. Sensoray 826 was responsible for motor
control and data acquisition. Figure 13 shows actual images
of the experimental setup.

B. EXPERIMENTAL RESULTS

1) RANGE OF MOTION EXPERIMENT

We conducted an experiment by moving all linkages from
0'to 90°, and then continuously brought them back to 0.
Figure 14 shows the velocity profiles for each linkage.

The experimental results are shown in Figure 15. The
graphs show the driven torques versus the joint angles. The
dashed and solid lines represent the torques with and without
a gravity compensator, respectively. We could observe that
the gravity compensator reduced the torques required for
all the links. For linkage 1, the gravity compensator could
reduce the motor torque by up to 77%, whereas the effects
were smaller for links are smaller for links 2 and 3. This
was because the gravity compensator exerted a force through
all cam shapes using the same spring, resulting in a similar
friction torque on each connecting linkage.

2) TRAJECTORY EXPERIMENT
In Figure 16, two paths were planned for the circular and
square trajectories. The shaded area in the image represents
a reachable workspace of the manipulator. To perform the
trajectory paths, we started from the home position, moved to
the starting position, completed the trajectory path, and then
returned to the home position. We conducted experiments on
both paths and found that the results were similar. In this
description, we only discuss the results for the circular path.
Figure 17 shows an overlay of the actual trajectories with and
without gravity compensation. The trajectories were fairly
close to each other.

Graphs (a), (b), and (c) in Figure 18 show the driven torques
versus the joint angle for each link. The plots compare the
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FIGURE 18. Comparisons of actual torques with and without gravity
compensator. (a) Link 1; (b) Link 2; (c) Link 3.

actual driving torques with and without the gravity compen-
sator. It was evident that the gravity compensator reduced the
torques required for all the links.

Based on the obtained results, it was found that the
average torques of links 1 to 3 were 5.10 Nm, 1.94 Nm,
and 1.12 Nm without the gravity compensator. However,
when the gravity compensator was used, the average torques
decreased significantly to 1.12 Nm, 0.74 Nm, and 0.59 Nm,
respectively.

Figure 19 shows the total power and energy utilized to
operate the manipulator with and without the gravity compen-
sator. The energy consumption was 29.05 J when the gravity
compensator was not used, whereas implementing gravity
compensation resulted in a significant decrease in energy
consumption, with a total energy usage of 9.35 J.
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FIGURE 19. Comparisons of actual power (a) and energy (b) with and
without gravity compensator.

VI. CONCLUSION AND FUTURE WORK
We developed an innovative gravity compensation system
that can be utilized for multi-DOF manipulator systems with
only one linear spring. To test its effectiveness, we con-
structed a sturdy three-DOF manipulator testbed and con-
ducted experiments. The results were impressive, as the
gravity compensator significantly reduced the torques, power,
and energy consumption required for the entire system.
On average, the torques were reduced by up to 78%, while
the total energy consumption was reduced by up to 68%. This
passive gravity compensator not only made manipulators
safer by requiring less power but also served as an excellent
option for power-efficient robotic manipulator designs.
However, our experiments revealed some primary errors
arising from mechanical friction, spline shaft stiffness, and
tolerance of the compression spring. The friction in this sys-
tem had a similar effect on all connecting joints. This could
be improved by providing more rigid mechanisms and struc-
tures. Additionally, we are planning to introduce an adjustable
mechanism to compensate for the payload of the manipulator.
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