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Abstract—In recent years, human-robot cooperation has 

enhanced productivity and achieved high payload, speed, and 

accuracy. Integrating typical industrial robots in human-robot 

cooperation is challenging because their arms may cause serious 

injuries to humans during a collision due to malfunction or errors 

due to robot operators. Therefore, counterbalance robot arms that 

are capable of counterbalancing the gravitational torques due to 

the robot mass have been developed to decrease the required 

capacity of the motors and speeds of these robots. In this research, 

we propose an advanced counterbalance mechanism using gear 

units and springs to improve the durability and reliability 

compared to the previously proposed wire-based counterbalance 

mechanism, which is difficult to apply to a commercialized 

product because it can easily be broken or stretched when an 

excessive force is applied for a long period. Moreover, our 

proposed method was extended to a multi-DOF system using a 

parallelogram mechanism based on a timing belt and pulleys to 

achieve multi-DOF robotic arms. A 2-DOF counterbalanced arm 

was designed to verify the effectiveness of the proposed mechanism. 

The simulations and experimental results showed that the 

proposed mechanism effectively reduced the gravitational torques 

of each joint of the multi-DOF arm. 

 
Index Terms — Cooperating Robots, Robot Safety, gravity 

compensation, Counterbalance mechanism. 

 

I. INTRODUCTION 

n recent years, with the increasing need for human-robot 

co-existence, various studies have been conducted to 

improve collision safety between humans and robots. The 

collaboration of high robotic performance (in terms of high 

payload, speed, and accuracy) with human intelligence (such as 

intuition or know-how) can improve the productivity in the 

industrial field; thus, more serviceable robots can interact with 

daily human activities in the near future [1-2]. 

Generally, the safety of a robot can be improved using active 

and passive methods. For active safety, collisions are predicted 

or measured using various sensors and the robot is controlled to 
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avoid collision [3-4]. Specialized designed safety mechanisms 

can achieve the passive safety of robots. These devices may 

improve collision safety by decreasing the stiffness of the robot 

or absorbing the collision force [5-7]. However, this approach 

is not feasible because the performance of active safety 

strategies is limited owing to the sensing speed or range, control 

bandwidth, or human errors. In addition, the stiffness of the 

robot arm cannot be reduced enough to observe the collision 

force because it can lead to an inaccurate positioning of the 

robot arm; therefore, the safety mechanism is difficult to apply 

to commercial robots. Moreover, despite such safety strategies, 

the robots are still susceptible to causing collision danger since 

they are usually constructed with high-capacity components 

such as actuators, drivers, and gear reducers. Thus, robots are 

still a potential danger to humans. 

To overcome the limitations of safety strategies, a 

counterbalance mechanism was suggested in a previous study 

[8-11]. The mechanism can minimize the capacity of the 

actuators or gear reducers to construct the robot arm by 

compensating the gravitational torque originating from the 

robot mass. Therefore, the robot requires relatively smaller 

torque delivered by relatively smaller capacity components. For 

industrial robots, a heavy counterweight is often used to balance 

the robot mass. However, this method cannot be used widely 

(in co-operation robot, service robot, etc.) because such a large 

and heavy external mass increases the total mass of robot which 

is closely related to inertial torque and battery power of mobile 

robots. To address these problems, several types of 

counterbalance mechanisms based on springs were developed 

in [8-12]. A multi-DOF counterbalance mechanism using a 

pseudo-parallelogram mechanism was suggested in [8], and a 

passive mechanical gravity compensator that is suitable for a 

variety of manipulator designs was developed using pulleys and 

tension springs in [9]. A 2-DOF counterbalance mechanism 

using gears, pulleys, and wires for low limb rehabilitation was 

developed and verified using computer simulations and actual 

equipment in [10], and a multi-DOF counterbalance robot arm 
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using a spring, wire, and double parallelogram mechanism was 

developed in [11].  

However, the application of previous counterbalance 

mechanisms to commercialized products is challenging because 

their durability and reliability are not guaranteed; these 

mechanisms include wires (or cables) for spring compression/ 

extension or constructing multi-DOF counterbalance 

mechanisms. Although wire based mechanisms have been 

widely used in robotic fields [18], they pose risks (safety, 

maintenance, etc..) and are vulnerable to breakage or stretching 

under excessive force for long duration. Therefore, they should 

be replaced by other durable and reliable mechanisms. To solve 

these problems, several types of non-wire based counterbalance 

mechanisms were suggested; however, mathematically, 

gravitational torque cannot be compensated completely in all 

postures. Therefore, complex optimization processes are 

required to minimize gravitational torque [12-14]. 

To address this, a concept model of the counterbalance 

mechanism based on gears and springs that can effectively, 

stably, and completely compensate for gravitational torque was 

suggested in the authors’ previous article [17]. In this study, it 

was expanded to a multi-DOF system using the parallelogram 

mechanism based on timing belts and pulleys to provide the 

counterbalancing torque required at each joint and support the 

robot mass for the arm configuration. Therefore, the robot could 

be constructed with much smaller actuators and gear reducers 

than those of usual robots because the gravitational torques on 

each joint, which are usually greater than other factors 

composing the operational torque of the robot arm, were 

effectively compensated for by the suggested counterbalance 

mechanism while maintaining the desired performance (e.g., 

payload). Thus, collision safety, especially for static collision 

such as jamming, is improved with the human-robot co-

existence or co-operation, since the forces applied on humans 

in dangerous situations, e.g., during collisions, are considerably 

reduced by using low-power actuators. (Note that dynamic 

collision primarily depends on the velocity and mass/inertia of 

a robot.) In addition, the energy consumption can be reduced; 

thus, reducing its operating costs. The practicality of the 

counterbalance mechanism was also improved by excluding a 

wire-driven mechanism from the design. In this study, 

prototype of 2-DOF counterbalance mechanism was designed 

& constructed, and feasibility was experimentally verified by 

measuring each joint torque of the arm with and without 

counterbalance mechanism. 

The remainder of this paper is organized as follows. The 

operating principle and the structure of the multi-DOF 

counterbalance mechanism based on gears and springs are 

presented in Section II. The verification of the proposed 

mechanism using a designed 2-DOF counterbalance arm is 

described in Section III. In Section IV, we describe the various 

experiments conducted to verify the proposed mechanism and 

present the experimental results. Finally, the conclusion and 

future prospects are presented in Section V. 

 

 

II. DESIGN OF MULTI-DOF COUNTERBALANCE MECHANISM 

BASED ON GEAR UNITS 

The equation of motion for a robot arm is  

 

)(),()( qgqqqCqqMT                    (1) 

 

where M(q)q̈, C(q, q)q̇, and g(q) are the inertial torque, the 

Coriolis and centrifugal effects, and the gravitational torques, 

respectively. The Coriolis and centrifugal effects are not 

significant unless the robot moves at a high speed. The inertial 

torque, which accelerates or decelerates the robot, is usually 

small, provided that the co-operating robot moves at reasonable 

speeds and accelerations. Some gravitational torques result 

from the payload mass, but most of the gravitational torques 

stem from the robot mass, which is much greater than the 

payload mass for most robots. It is, therefore, established that 

counterbalancing the gravitational torques can minimize the 

torque required to operate the robot arm [8-12]. Moreover, 

previous works have proven that static balancing of robots can 

be effectively used not only for static but also for moderately 

dynamic operation [15-16]. 

 
Fig. 1.  Gravitational torque of 1-DOF arm 

 

The gravitational torque Tg due to the mass of a simple 1-

DOF robot, shown in Fig. 1, is given by  

 

sincg mglT                                  (2) 

 

where m and l are the mass and length of the link, respectively, 

lc is the distance from the joint axis to the link center of mass, 

and  is the angular displacement of the link from the y-axis., 

This mechanism has limitations, as described in Section I. Thus, 

a durable and reliable mechanism should be used to generate a 

proper counterbalancing torque. 

Therefore, in this research, a counterbalance mechanism 

based on gear units and springs was designed as a solution to 

overcome the limitations of previous mechanisms, as shown in 

Fig. 2. 

 
Fig. 2.  Counterbalance mechanism based on spring and gear: (a) Concept 
model, and (b) detail view  
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A gear train with the proper gear ratio, compression springs, 

and rollers are used in the counterbalance mechanism to 

compensate for the gravitational torque of the robot. When the 

link is rotated, the spring is compressed by the spring block 

pushed by the roller fixed on gear 2, which is meshed with gear 

1. Thus, a counterbalancing torque can be generated from the 

spring force and the moment arm R, whose length is the distance 

between the rotation center O2 and the roller. 

The relationship between the torques generated on gears 1 

and 2 during rotation can be represented by 

 

21

1


n
                                        (3) 

 

where the gear ratio between gears 1 and 2 is n. When gear 2 is 

rotated by an angle 2 by the gear mesh, the spring is 

compressed to Rsin2 by the spring block pushed by the roller. 

Thus, the spring force Fs is applied to the roller, which can be 

expressed as follows: 

 

2sinkRFs                                     (4) 

 

where k is the spring stiffness. Therefore, the generated torques 

1 and 2 can be calculated as 

 

)2sin(
2

cossin

cos

2

2

22

2

22







kR

kR

RFs






                          (5) 

)2sin(
2

2

2

1 
n

kR
                             (6) 

 

When the generated torque on gear 1, 1, is represented as the 

counterbalancing torque Tc, the difference torque Td can be 

computed as 

 

    )()()( 111  cgd TTT                             (7) 

 

The gravitational torque Tg is canceled by the 

counterbalancing torque Tc to maintain the posture of the robot 

arm without any additional torque (Td = 0). Therefore, from (2), 

(6), and (7), the relationship between the length l, a, and b, and 

the spring constant k can be described by 
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Therefore, if the gear ratio n is set to 2 (1 = 22), the spring 

stiffness required to generate the appropriate counterbalancing 

torque can be selected based on the equation 

 
2/4 Rmglk                                (9) 

 

without the initial compression of the spring, unlike in previous 

counterbalance mechanisms based on wires and springs. (Note 

that minor compression is required in real world counterbalance 

mechanism design to maintain mechanical stability due to 

mechanical tolerance.) 

The proposed counterbalance mechanism based on two gears 

(with a 1:2 gear ratio) is operated as shown in Figs. 3(a–d), 

while the link rotates from 0° to 180°. At the initial position, the 

counterbalancing torque is not generated, as the spring is not 

compressed while the gravitational torque is applied at the joint. 

The maximum gravitational torque is applied at the joint when 

the link is placed at 90°, and the spring force Fs and moment 

arm Rcos1 produce the maximum counterbalancing torque. 

Finally, when the link is positioned at 180°, there is no 

gravitational torque or counterbalancing torque because the 

moment arm is zero, even though the spring is fully compressed. 

It is also applied when the link is rotated from 180° to 360°, as 

shown in Fig. 3(e) and (f). (Note that it may require design to 

absorb the impact force between idler and spring block because 

impacts and noise can occur while contact is shifted from one 

idler to other with spring block, e.g., if a link is rotated from Fig. 

3(b) to (f).) 

 

 

 
Fig. 3.  Operation of counterbalance mechanism at   equal (a) 0°, (b) 45°, (c) 

90°, (d) 180°, (e) 225° (-135°), and (f) 315° (-45°) 

 

Figure 4 shows the gravitational, counterbalancing, and 

difference torques as functions of the angular displacement 1 

of the link when lc = 500 mm, m = 10 kg, R2 = 50 mm, and 

gravitational acceleration is approximately 9.81 m/s2 as shown 

in Fig. 2. The required spring stiffness k = 78.48 N/mm can be 

calculated using Eq. (9). As shown in the simulation results, 

during the link rotation, a sinusoidal gravitational torque due to 

the mass of the link is applied to the joint, and it is completely 

compensated for by the counterbalancing torque generated from 
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the proposed counterbalance mechanism. Thus, no torque is 

generated to withstand the load owing to the weight of the link, 

but the link can maintain its posture. Therefore, with this 

counterbalance mechanism, the required torque and the 

capacity of the actuators used to construct the robot arm can be 

decreased significantly. 

 

 
Fig. 4.  Simulation results of a 1-DOF counterbalance mechanism based on gear 

unit and spring with given conditions 

 

As mentioned in previous research, the counterbalance 

mechanism for a multi-DOF arm cannot be designed by merely 

placing a single-DOF counterbalance mechanism at each joint, 

because the torques required for each joint depend on the 

configuration of the other joint [11]. In this research, the 

proposed counterbalance mechanism was expanded to multi-

DOFs for serial arms via a parallelogram mechanism using a 

timing belt and pulleys as an alternative solution to cables in 

previous studies. Moreover, in contrast to the previous 

counterbalance mechanism, the counterbalance mechanism for 

joint 2 in the proposed mechanism was placed on the base frame 

to reduce the weight of the rotational link and minimize the 

gravitational torque applied to joint 1. To this end, the timing 

pulley 2 fixed on link 2 was connected to the timing pulley 1, 

which was fixed on gear 2-1; thus, the rotation of link 2 could 

be delivered to the base frame. Therefore, the gravitational 

torque could be compensated by counterbalance mechanism 2 

based on the angular displacement of joint 2, J1+J2, as shown 

in Fig. 5. It was noted that the counterbalance mechanisms for 

joints 1 and 2 were opposite to each other but on the same axis, 

as shown in Fig. 5. 

 

 
 
Fig. 5.  Multi-DOF counterbalance mechanism based on parallelogram 
mechanism 

 

The expected gravitational torques on each joint of the 2-

DOF serial arm is given by 
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where the subscripts denote the number of joints. Each 

counterbalancing torque is applied to each joint as follows: 
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where Tdn is the difference torque of the nth joint required to 

maintain its posture [11]. Therefore, each counterbalance 

mechanism that can be designed to Td1 & Td2 is 0, for completely 

counterbalancing of the 2-DOF arm. Each spring stiffness, kn, 

can be selected using Eq. (12). Figure 6 shows the operations of 

the designed 2-DOF counterbalance mechanism (CBM) based 

on the rotation of links 1 and 2. 

 

𝑘1 = 4(𝑚1g𝑙𝑐1 + 𝑚2g𝑙𝑙)/𝑅1
2              (12) 

𝑘2 = 4𝑚2g𝑙𝑐2/𝑅2
2                          

 

 

 
Fig. 6.  Operation of 2 DOF counterbalance mechanism according to the 

rotation of links 

III. DESIGN OF 2-DOF COUNTERBALANCE ARM 

A 2-DOF (pitch – pitch joint) counterbalance arm was 

constructed to verify the performance of the proposed 

counterbalance mechanism, as shown in Fig. 7. Each design 

parameter was calculated using Eq. (12) to generate an 

appropriate counterbalancing torque for each joint in any of the 
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configurations of the 2-DOF serial arm.  

 

 
Fig. 7.  Prototype design of a 2 DOF counterbalance arm with suggested 

counterbalance mechanism based on gear units and springs. 

 

To construct CBM 1, we installed gear 1-1 on link 1 and 

connected it to gear 1-2 with a 1:2 gear ratio, as shown in Fig. 

8. Rollers were placed on gear 1-2 with R1 = 50 mm to push the 

spring block to compress the springs for generating the 

counterbalancing torque acting on joint 1. In this design, two 

springs were used for the required stiffness k1 = 90.710 N/m, 

and linear guide units and spring shafts were used to prevent the 

spring block from buckling the springs during compression. 

 

 
Fig. 8.  Counterbalance mechanism for joint 1  

 

As shown in Fig. 9, timing pulley 2 was installed on link 2 

and connected to timing pulley 1 fixed on gear 2-1 using the 

timing belt to deliver the rotation of link 2 to CBM 2 placed on 

the base frame. Tension adjusters were applied on link 1 to 

maintain an appropriate tension of the timing belt. Gear 2-1 was 

also connected to gear 2-2 with a 1:2 gear ratio. Similar to the 

design of CBM 1, we placed rollers on gear 2-2 with R2 = 46 

mm and applied two springs for the required spring stiffness k2 

= 41.725 Nm for CBM 2. To evaluate the design of 

counterbalance mechanism with above parameters k1, k2, R1, R2 

and others as shown in Fig. 7, several simulations were 

conducted in quasi-static condition. 

 

 
Fig. 9.  Counterbalance mechanism for joint 2 

 

The simulation results in Fig. 10 show that the gravitational 

torques applied on joints 1 and 2 were compensated with the 

designed counterbalance mechanism when joint 1 or joint 2 was 

rotated. Therefore, the torque required on each joint to maintain 

the arm’s postures in any configuration was nearly 0 Nm; thus, 

the required capacity of the actuators can be considerably 

decreased to operate the serial arm. It was noted that a small 

difference between the gravitational and counterbalance 

torques resulted from the difference between the required 

calculated spring stiffness and the values of the selected 

commercial spring.  

 

 

 
Fig. 10.  Simulation results: gravitational torques, counterbalancing torque, and 

difference torque during rotation of (a) joint 1 and (b) joint 2. 

IV. EXPERIMENTS 

For the performance verification of the proposed 

counterbalance mechanism, an experimental setup with design 

parameters from Section III was constructed to measure the 

torque required to operate the 2 DOF serial arm, as shown in 

Fig. 11. It was noted that the springs that were much similar to 

the calculated value were selected among the commercial 

springs based on the required compressional length to prevent 

plastic deformation during the operations; therefore, small 

differences between the gravitational and counterbalancing 

torques were observed (CBM 1:45.1 N/m x 2ea and CBM 

2:20.1 Nm x 2ea). 
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Fig. 11. Experimental setup to verify designed counterbalance mechanism for 

(a) joint 1 and (b) joint 2 of a serial arm. 

 

Because there were no actuators in the constructed serial arm, 

an external rotating device was constructed to operate the arm 

and measure the torque applied on each joint during the rotation 

of the arm. The motor (capacity: 100 W, nominal torque: 0.2 

Nm) and gear reducer (gear head type: 1:156, harmonic gear: 

1:100) were selected to have sufficient torque to rotate the arm 

with and without the counterbalance mechanism, and a torque 

sensor (sensing range: 120 Nm, resolution: 1/80 Nm) was used 

as shown in Fig. 11(a). Link 1 of the serial arm was directly 

rotated by an external rotating device, which was installed on 

the base frame. In contrast, since gear 2-1, which is part of CBM 

2, was connected to joint 2 with timing pulleys and belt, link 2 

could be operated using an external rotating device installed on 

the base frame, as shown in Fig. 11(b). Link 2 was fixed with 

link 1, while link 1 was rotated. Subsequently, link 1 was fixed 

at 90° while joint 2 was rotated. Joint torques were measured 

by a torque sensor during each link and rotated from 0° to 180°. 

Note that each link was rotated gradually (< 2°/s) to minimize 

the dynamic effects such as acceleration or deceleration torques 

in this experiments. 

 

 

 
Fig. 12. Experimental result: measured torque of serial arm with and without 

counterbalance mechanism during rotation of (a) joint 1 and (b) joint 2. 

 

As shown in the experimental results in Fig. 12, the 

maximum torques applied to joints 1 and 2 were 82.5 Nm and 

20.1 Nm, respectively, while joints 1 and 2 of the serial arm 

rotated from 0° to 180°, without the counterbalance mechanism. 

However, with the developed counterbalance mechanism, the 

rotational torques of joints 1 and 2 significantly decreased to -

6.08 ~ 1.93 Nm and 0 ~ 1.32 Nm, respectively. Moreover, the 

proposed mechanism generated an appropriate 

counterbalancing torque for each joint in the configuration. This 

means that only a small torque was required to operate the serial 

arm; therefore, the required capacity of the actuators and gear 

reducers could be minimized in constructing the robot arm. 

Small differences in the torques occurred, which might have 

been due to mechanical friction or difference between the 

calculated design parameters and the values of the selected 

commercial parts.  

 

 
Fig. 13. Demonstration of static balancing of 2 DOF counterbalance arm and 

operation of counterbalance mechanism for joint 1 and joint 2. 

 

Finally, the constructed counterbalance arm was operated 

manually to verify the performance of the proposed multi-DOF 

counterbalance mechanism. As shown in Fig. 13, 

counterbalance arm could maintain its posture in any 

configuration with combination of two counterbalance 

mechanism on each joint.  

V. CONCLUSION 

In this study, a counterbalance mechanism based on gear 

units and springs was proposed and extended to a multi-DOF 

system using a parallelogram mechanism based on the timing 

belt and pulleys. Moreover, a 2-DOF counterbalance arm was 

developed to verify the performance of the proposed 

mechanism. The following conclusions can be drawn from the 

results: 

(1) The proposed counterbalance mechanism could 

compensate for the gravitational torques required to operate the 

robot arm and minimized the capacity of the actuators and gear 

reducers to improve collision safety between humans and 

robots. 

(2) The proposed multi-DOF counterbalance mechanism was 

designed using gear units, springs, timing belts, and pulleys 
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without wires; advanced durability and reliability are expected 

for its applications in commercialized products in the real world. 
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