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Abstract - Most existing mechanical gravity compensators
have been developed for revolute joints that are found in
majority of articulated robot arms. However, robots such as
patient transport robots use prismatic joints, which need to
handle a heavy payload. In this study, a high-capacity linear
gravity compensator (LGC), which comprises pure mechanical
components, such as coil springs, a rack-pinion gear, a cam, and
a wire, is proposed to compensate for the payload applied to a
prismatic joint. The LGC is designed to generate a constant
compensation force regardless of the payload position. The
device can be manufactured at a low cost and has a significantly
long lifespan because it uses coil springs to serve as an elastic
body. Experiments demonstrate that the robot with the LGC
can handle a load of 100 kg more than the robot using the same
motors without it.

I. INTRODUCTION

Most articulated robot arms comprise revolute joints, and
motor torque is mostly used to support their own body weight.
As the weight and payload of a robot increase, the torque
required for the robot operation also increases, thus requiring a
high-capacity motor and speed reducer. Several
gravity-compensation techniques have been proposed to
compensate for the gravitational torque applied to robot joints.
Among such devices, counterweights, coil springs, and gas
springs are typically used for gravity compensation [1-4], and
research on the design of more compact and -efficient
gravity-compensation devices is currently underway [5-8].

However, these studies on gravity compensation have
focused only on revolute joints, which makes their application
to robots with prismatic joints perpendicular to the ground
challenging. Because several service robots with prismatic
joints, such as PR-2 and SASUKE [9, 10], have been developed
recently, the demand for such linear gravity compensators
(LGCs) is increasing.

LGCs are expected to generate a constant compensation force
regardless of the load position because prismatic joints
perpendicular to the ground are subject to constant gravity
unlike revolute joints. A constant load spring produces a
constant restoring force regardless of the spring tension
length [11]. This spring has the advantage of generating a
considerably large restoring force in comparison with its
volume; however, it is not suitable for robots that need to be
driven for a long time because its life is shorter than 10,000
cycles. Another device that provides a constant force in the
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linear direction is a spring balancer with a power spring [12].
However, the spring balancer has a large volume and weight
in comparison with its payload, and its lifetime is not long
owing to the nature of the power spring, rendering the spring
balancer unsuitable for robotic applications. A device suitable
for prismatic joints was studied in [13] using the difference in
spring forces between two springs. However, this device is
bulky in comparison with the compensation force generated
because the elastic forces of the two springs cannot be used to
their full potential to support the weight and are lost in the
process of canceling each other's spring forces.

To overcome this problem, a high-capacity LGC is developed
in this study; it consists of coil springs, a rack-and-pinion, a cam,
and a wire. The proposed LGC is designed to compensate for
the gravity in the vertical direction by generating a constant
compensation force regardless of the payload position. The use
of coil springs instead of constant load springs or power springs
results in the significantly long lifetime of the LGC (more than
1 million cycles) and enables the LGC to generate a high
compensation force of approximately 1,000 N. Owing to these
characteristics, the LGC can be mounted inside a robot with a
prismatic joint perpendicular to the ground, enabling the
realization of a large payload with a low-capacity motor.

The rest of this paper is organized as follows. Section II
presents the principle of operation and the design of the
proposed LGC. In section III, the gravity compensation
performance of the robot is investigated through experiments.
Finally, conclusions are drawn in section [V.

II. LINEAR GRAVITY COMPENSATOR

A. Principle of LGC

Prismatic joints perpendicular to the ground are subjected
to a constant magnitude of gravity, and the spring force of a
coil spring increases in proportion to the compression, as
illustrated in Fig. 1 (a). Therefore, for the gravity
compensation of prismatic joints, a device is needed to
convert the spring force into a constant compensation force
regardless of linear displacement, as depicted in Fig. 1 (b).
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Figure 1. (a) Spring force of coil spring, and (b) constant gravitational force
for prismatic joint.
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The LGC proposed in this study is composed of a spring,
cam-shaped wire guide, and rack-and-pinion, as depicted in
Fig. 2(a). The wire guide and pinion are connected coaxially.
The wire is fixed at one end of the wire guide, and then wound
and released along the wire guide. As depicted in Fig. 2(b),
the wire guide and pinion rotate by an angle d when the load
on the wire moves in the direction of gravity. The rack gear
compresses the spring as it is moved by the rotation of the
pinion, and produces a spring force.
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Figure 2. (a) Schematic of LGC, and (b) spring compression as a function of
load position

The spring force Fi of the coil spring is proportional to the
compression length, and the spring is further compressed by
the motion of the rack gear in addition to the initial
compression as follows:

Fy = k(s +5) (1)

where k is the spring constant, so is the initial compression
length of the spring, and s is the additional compression
length caused by the movement of the rack gear. The travel
distance of the rack gear is proportional to the rotation angle
of the pinion with a radius of 7, as follows:

s=r0 )

The compensation torque z generated when a spring force Fi
is applied to the pinion through the rack gear can be expressed

by
T, =For=kr(r0+sy) 3)

The wire is released by the rotation of the wire guide coupled

with the pinion, and the compensation force F. applied to the

wire is given by

FC:T_Czkr(r9+so) 4)
R R

where R is the radius of the wire guide. For complete gravity
compensation, the compensation force F. should be equal to
the gravity mg due to the load as follows:

F.=mg (5)
Substitution of Eq. (5) into (4) yields

mg  mg

R= 0 (6)

Therefore, if R is designed to be proportional to &, then the
constant compensation force equal to the load can be obtained
regardless of the payload position.

The operating distance / of the LGC is the total length of
the wire winding, which is equal to the cam circumference of
the wire guide, and is calculated as

- 2”Rd49:2kr7[

(rm+sg) 7

Therefore, for the load mg and the operating distance / to be
compensated, the LGC can be implemented by adjusting the
design variables k, r, and so of the gravity compensation
mechanism and the cam shape R(6) of the wire guide to
satisfy Eq. (6) and (7).

B. Design Parameters of LGC

The wire guide is a cam structure in which the radius R
linearly increases in proportion with the rotation angle 0.
Unlike in the circular structure, the tangential line and the
cam radius are not perpendicular to each other, and thus the
radius of the wire guide does not perfectly match the moment
arm. When the wire is pulled and the cam is rotated by 6, as
depicted in Fig. 3, the actual contact P of the wire and cam
does not lie on the horizontal line, and the line OP and the
horizontal line OA are at an angle of a. The length of OP can
be obtained from Eq. (6) as follows:

— I 2
op="50 B g (8)
mg

mg
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Figure 3. Geometry of cam rotated by 6
Considering R’ = OP cosa, the following relation is obtained.

2

krs kr

R' ==Y cosa +—(0+a)cosa )
mg mg

Since the wire extends in the tangential direction

perpendicular to the cam, the value of R’ is at its maximum at
the point at which dR'/da = 0 as follows:

krsy . k? o .
—ﬂsma+—cosa—L(6’+a)s1na=0 (10)
mg mg mg
This equation can be simplified to
o sina +r(6+a)sina —rcosa =0 (11)
Assuming that « is sufficiently small, substituting
sina ~ a, cosa ~ 1 into Eq. (11) yields
ra2+(s0+r9)a—r=0 (12)
Thus, « is given by
o= Oy (B9 (13)
2r 2 2r 2

Therefore, « approaches zero as so/2r increases. To
approximately quantify the aforementioned analysis, the error
e defined below is computed in the case where so is two, four,
and six times the value of  for the range of 0<6 <27,

R'-R
e =
R

(14)

x100(%0)

As illustrated in Fig. 4, the larger so is in comparison with 7,
the smaller the error is between the moment arm and the cam
radius of the compensation torque. When so = 4r, the error is
found to be less than approximately 3%, implying that if the
initial compression length of the spring is more than four
times the pinion radius, the LGC can generate a uniform
compensation force with more than 97% accuracy.
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Figure 4. Moment arm error according to ratio of soto »

C. Fabrication of LGC

The actual LGC is designed based on the analysis detailed in
the previous section, as illustrated in Fig. 5(a). The LGC is
compactly designed to be mounted inside the robot while
simultaneously targeting a compensation force of 1,000 N (mg)
and an operating distance of 400 mm (/). The LGC is equipped
with a 190 x 20 mm wire guide on a 450 x 200 x 80 mm main
body and has a mass of 10 kg. The rack-and-pinion is placed
between the two springs to prevent the moment due to the
restoring force of the springs from being pulled to one side. The
wire guides are made with ¢ 190 mm disks on both sides of the
cam to prevent the wires from escaping. The design variables
are chosen as k= 15.6 N/ mm, sp = 100 mm, and » = 22.5 mm.
The radius R of the cam is depicted in Fig. 5 (b). The
compensation force expected by the design variables is
approximately 1003 N. Figure 6 illustrates the rotation of the
wire guide and the compression of the spring as the wire is
pulled.
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Figure 5. Design of proposed LGC: (a) total assembly, and (b) dimensions of
the wire guide.
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Figure 6. Operation of the wire guide: (a) initial state, (b) partially
compressed state, and (c) fully compressed state.

III. VERIFICATION

The LGC is fabricated as depicted in Fig. 7(a). The parts of
the main body are made of aluminum alloy, and the
rack-and-pinion is heat-treated and polished. The wire wound
on the cam is a stainless steel wire of 3.18 mm in diameter that
can withstand a tensile force of 9,000 N; it has a safety factor of
nine for a maximum load of 1,000 N.
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Figure 7.

Manufactured LGC: (a)
non-compressed spring and LM (linear motion) guide, (c)
rack-pinion and wire, and (d) wire cam.
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To verify the performance of the LGC, it is mounted on a
lifting robot with prismatic joints, as depicted in Fig. 8. The
wire extending through the cam of the LGC is wound around

the pulley mounted on the top of the robot, and installed at the
bottom of the robot’s operating part. The lifting robot is a device
that can lift a payload of 60 kg by driving a ball screw using a
200 W motor. In this study, an experiment is performed to lift a
payload of 160 kg using the developed LGC. Additionally, to
verify the uniformity of the LGC compensation force, the
tensile force is measured by mounting a tensile load cell
between the wire and the robot’s operating part, as depicted in
Fig. 9.

Wire pulley
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Figure 8. LGC installed on the lifting robot: (a) full view of the robot, (b)
LGC installed on the backside, and (c) wire wound on the pulley.
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Figure 9. (a) Load cell and (b) experimental setup with load cell

Figure 10 depicts a graph of the three- phase motor current
when a lifting robot lifts a 60 kg payload up and down by 400
mm without the assistance of the LGC. Figure 11 illustrates the
graphs of three- phase current of the motor when lifting a 160
kg payload up and down, which is much larger than the original
payload, by 400 mm with the LGC mounted on the robot. The
comparison of Fig. 10(b) and Fig. 11(b) indicates that the motor
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currents in the two cases are almost identical, which implies that
the loads applied to the motor are almost equal. This
demonstrates that the compensation force generated by the
LGC has the effect of a considerable payload increase of 100
kg.
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Figure 10. Lifting 60 kg payload up and down without LGC: (a) 60 kg load
mounted on the robot, and (b) motor current during the task.
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Figure 11. Lifting 160 kg payload up and down without LGC: (a) 160 kg
load mounted on the robot, and (b) motor current during the task

The compensation force generated by the LGC can be
obtained from the load cell data, as shown in Fig. 12. As shown
in the graph, the LGC uniformly generates the target
compensation force of 1,000 N with a maximum error of 4%.
When lifting the payload up and down, some noise and an error
of 30 to 40 N occurs in comparison with the stationary state,
which is caused by frictional force generated from the LM
guide and the wire guide of the gravity compensator. On the
other hand, the compensation force is uniformly maintained at
960 N at rest. Therefore, the theoretical considerations in
Sections 2 and 3 are valid.
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Figure 12. Compensation force of LGC measured by the load cell

IV. CONCLUSION

In this study, we developed a high-capacity LGC
comprising only mechanical elements, such as springs, a
rack-and-pinion, a cam, and a wire. The proposed LGC was
designed to generate a constant compensation force
regardless of the payload position and guarantee a long
service life by using durable coil springs. The actual LGC
was fabricated and mounted on a lifting robot, and a series of
experiments were conducted to investigate the performance
of the gravity compensation and the uniformity of the
compensation force. The following conclusions were drawn
from the experimental results.

1) The compensation force generated by the LGC was
uniformly maintained at 1,000 N throughout the travel
range of the load, and the error was within 4%.

2) By installing the LGC in the lifting robot with a payload of
60 kg, the robot could lift a payload of 160 kg without a
significant change in the motor torque, thus verifying the
payload increase effect of 100 kg.
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