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Abstract: This paper reviews the development of 
actuators for human machine interaction at the 
Mechanical Systems Control Laboratory at the 
University of California, Berkeley.  Such actuators 
need to generate large toques to be able to assist human, 
but at the same time the actuation unit must be compact, 
light weight and back drivable.  Two types of actuators 
reviewed in the paper have been designed to meet these 
challenges. 

 

1. Introduction 
Human and machine interact often via actuators. Such is 

the case of human assistive robots, i.e., systems that assist 

human motions with actuation capabilities. They have been 

intensively developed in recent years based on mechatronic 

and robotic technologies. To effectively assist human motions, 

such systems are required to generate large torques (e.g., over 

30Nm is required to fully support the knee joint during 

normal walking). While generating such large torques, high 

precision is also required for natural assistance. Moreover, the 

assistive robots should be compact and light to minimize 

discomforts caused by the robot hardware, which imposes a 

constraint on the selection of actuators. To fulfill these 

requirements (i.e., back-drivability, large torque generation 

capability, and precision), high-speed/low-torque electric 

motors equipped with gear reducers have been often utilized. 

However, not only do the gear reducers amplify the motor 

torque by reducing the rotor speed, but they also increase the 

mechanical impedance of the system significantly making the 

actuator not easily back drivable. In addition, nonlinearities 

inherent in the gear reducers (e.g., friction and backlash) 

make the precise torque control a challenge.  

To overcome such drawbacks of the geared motors while 

taking advantage of their superior controllability and high 

power-mass density, series elastic actuators have been 

devised. The series elastic actuators are actuator modules that 

consist of an electric motor and a spring. The spring placed 

between the actuator and the human joint plays the role of a 

torque sensor as well as an energy buffer, which allows the 

precise control of generated torque. Since the spring is able to 

immediately store the impact forces exerted from the human 

joint, compliance can also be easily guaranteed depending on 

the control algorithm.  

While the series elastic actuators contribute to the back- 

drivability, precision, and compactness of actuators for 

human-machine interaction, cable-driven actuation systems 

provide a solution to remove the weight of actuator systems 

from the human body. By connecting the end-effector and the 

actuators by cables in flexible tubes, the humans are allowed 

to freely move in a certain range while being assisted. 

However, it is a challenge to account for the variable friction 

in the flexible tube and the inertia and friction of the actuator 

in the design of control algorithms. 

In this paper, series elastic actuators and cable driven 

actuators developed in the Mechanical Systems Control 

Laboratory will be reviewed briefly.  Details are in the 

papers in cited at the end of this paper. 

 

 

Fig. 1 Rotary Series Elastic Actuator 

 

2. Series Elastic Actuators  
Fig. 1 shows the first generation of series elastic actuators 

developed at UC Berkeley [1-4]. A spring is placed between 

the human joint and the geared motor. The spring deflection 

is measured by two encoders installed at bode sides of the 

spring. Since the dynamic characteristics of the actuator are 

complicated and time-varying due to interactions with 

humans, a robust motion control algorithm shown in Fig. 2 

that utilizes a disturbance observer is applied to accurately 

control the torque output and to guarantee the back- 

drivability of the actuator system. In Fig. 3, the performance 

of the developed actuator module is shown. Note that the 

actuator module does not resist human motions [see Fig. 3(a)], 

i.e., back-drivability is guaranteed. Also, the desired torque is 

precisely generated as shown in Fig. 3(b).  

The second generation of series elastic actuators is shown 

in Fig. 4 [5]. Since a soft spring is placed in the chain of gears, 

the compactness of the actuator module and the precision of 

the torque output can be improved, while maintaining the 

back-drivability. Moreover, all the peripherals such as a 

motor driver and a microcontroller are embedded in the 

actuator module, which contributes to the mobility of the 

human assistive system. 
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Fig. 2 Motion Control Algorithm of the Rotary Series 

Elastic Actuator 

 

  

(a) Back-drivability test 

 

(b) Linearity test 

Fig. 3 Performance of Rotary Series Elastic Actuator 

Compact Rotary Series 
Elastic Actuator Module  

Fig. 4 Compact Rotary Series Elastic Actuator 

3. Cable-Driven Actuation Systems 
Cable-driven actuation systems have also been developed 

in the Mechanical Systems Control Laboratory at UC 

Berkeley as an alternative actuation method for human- 

machine interactions [6-7]. In this case, actuators are 

removed from the human body, and the assistive force is 

transmitted to the human through cables. As shown in Fig. 5, 

the proposed system consists of two series elastic actuators, 

flexible tubes that guide cables, and a set of a pulley and a 

spring at the end-effector. Each series elastic actuator enables 

precise force mode control of the cable tension. The flexible 

tubes enable humans to freely move while being assisted by 

motor power transmitted by the cables.  

To realize the force mode control of the proposed 

cable-driven system, it is a challenge to account for the 

variable friction in the flexible tubes, as well as the friction 

and inertia of the actuator (i.e., the geared motor). For the 

control of the cable-driven actuation system, a hierarchical 

control strategy has been adopted, which includes a 

disturbance observer and a sensor-fusion method. The 

performance of the cable-driven actuation system has been 

successfully verified by experiments. For example, the 

resistive torque [Fig. 6(b)] induced by the human motions 

[Fig. 6(a)] is minimal, which guarantees back-drivability. 

Also, the desired torque is precisely generated and 

transmitted through cables as shown in Fig. 7. The proposed 

method is appropriate for rehabilitation systems for the 

shoulder or wrist, because it does not constrain the location of 

human joints due to the flexibility of cables.  
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Fig. 5 Cable-Driven Actuation System 
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(a) Human joint angle and pulley angle 
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(b) Resistive torque 

Fig. 6 Back-drivability of Cable-Driven Actuation System 
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Fig. 7 Torque Generation Performance of Cable-Driven 

Actuation System 

4. Concluding Remark 

The paper gave a brief review of two actuators for 
human machine interactions. The design challenges 
were 1) sufficient amount of torques, 2) being compact 
and light weight, and 3) back drivability. These 
challenges were met by mecharonic approach, i.e. 
synergistic utilization of hardware and software 
designs. 
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