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Abstract—Rehabilitation robots have direct physical 

interaction with human body. Ideally, actuators for rehabilitation 
robots should be compliant, force controllable, and back drivable 
due to safety and control considerations. Various designs of 
Series Elastic Actuators (SEA) have been developed for these 
applications. However, current SEA designs face a common 
performance limitation due to the compromise on the spring 
stiffness selection. This paper presents a novel compact compliant 
force control actuator design for portable rehabilitation robots to 
overcome the performance limitations in current SEAs.  Our 
design consists of a servomotor, a ball screw, a torsional spring 
between the motor and the ball screw, and a set of translational 
springs between the ball screw nut and the external load. The soft 
translational springs are used to handle the low force operation 
and reduce output impedance, stiction, and external shock load.  
The torsional spring, being in the high speed range, has high 
effective stiffness and improves the system bandwidth in large 
force operation when the translational springs are fully 
compressed. This design is also more compact due to the smaller 
size of the springs. We explain the construction and the working 
principle of our new design, followed by the dynamic modeling 
and analysis of the actuator. We also show the preliminary 
testing results of a prototype actuator designed for a lower limb 
exoskeleton for gait rehabilitation.   

Index Terms—Human robot interaction, compliant actuator, 
variable impedance, rehabilitation robotics 

I. INTRODUCTION  
In recent years, due to the rapidly aging populations in 

most developed nations, there is a strong need for service 
robots, assistive and rehabilitation robots in both domestic 
[1][2] and hospital settings [3] . In these applications, the 
robots have to have direct interaction with humans and safety 
is a critical concern.   This has driven the need of research on 
variable impedance, soft and compliant actuators for safe and 
human-friendly robotics applications [4]. Safe human-machine 
interaction requires light-weight actuators with intrinsic 
compliance and low output impedance. This is especially true 

for exoskeleton robots for neurorehabilitation where the 
control of the assistive force based on the needs of individual 
patient is important [5].  This requires actuators that can 
achieve force control, impedance control and back-drivability 
[6].  Many different compliant actuator designs have been 
proposed for human friendly robotic applications [7][8].  The 
most common compliant actuator design adopted is the Series 
Elastic Actuator (SEA) design developed by J. Pratt and 
Williamson [9][10]. By introducing an elastic element 
between the load and the geared motor, the inertia and non-
linear frictions of the motor and the transmission are 
decoupled from the load and external impacts and shocks are 
isolated from the gear transmission. Therefore, in human 
friendly robotics applications, SEAs are known to offer a 
range of advantages over stiff actuators, which include high 
force/torque controllability and fidelity, low output 
impedance, back-drivability, tolerance to shock and impacts.   

Many different SEAs have been developed for assistive 
and rehabilitation robots. In [11], J. Pratt et al used the linear 
SEA to design an assistive knee robot. To achieve more 
compact and direction integration with the exoskeleton joints, 
several rotary SEAs were developed [12] [13] [14].    

Although current SEAs have achieved reasonable 
performance, they still face a common fundamental limitation 
that is the fixed spring constant of the elastic element as 
discussed by Pratt et al in [10]. The performance of the SEAs 
largely depends on spring constant.  Soft spring produces high 
fidelity of force control, low output impedance, and reduces 
stiction, but also limits the force range and the force control 
bandwidth at high force range. On the other hand, stiff spring 
increases large force bandwidth, but reduces force fidelity.  In 
order to achieve the desired output force/torque, most current 
SEAs are designed with very stiff springs, leading to 
compromised force control performance, low intrinsic 
compliance and back-drivability, and bulky and heavy 
systems.  The novel design presented in this paper aims to 
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overcome the above limitations of the conventional SEAs 
while improve the performance. 

The novel design concept was first proposed in [15] and 
supported with simulation results. In this paper, we will 
introduce the prototype design and its force control 
performance supported with the experimental results. The rest 
of this paper is organized as follows: Section II presents the 
design and its working principle; section III presents the 
dynamic modeling and analysis, followed by basic 
experimental results of the force control performance of the 
actuator in section IV; Section V gives a brief introduction to a 
portable knee ankle robot for stroke rehabilitation based on this 
actuator design; and section VI provides a summary and the 
future work. 

 

II. WORKING PRINCIPLE OF THE ACTUATOR DESIGN 
Fig. 1 illustrates the composition of the novel actuator. It 

consists of a servomotor with a rotary encoder, one torsional 
spring assembly with another rotary encoder, a pair of spur 
gear with appropriate gear ratio to transmit the motion to the 
ball screw which converts the rotary motion of the shaft to 
linear motion of the nut, a set of linear springs attached to the 
ball screw nut to transmit the force to a carriage which has an 
force output pin to transmit the force to the load (prospective 
robot link), and a linear position sensor installed in the 
carriage to measure the displacement of the linear spring.  The 
two rotary encoders measure the angular deflection of the 
torsional spring. 
      In this design, the stiffness of the linear spring is chosen to 
be small so that the actuator can be truly compliant and 
provide high force control fidelity. The torsion spring is 
physically small, but it has high effective stiffness as it is 
located in the high speed range as illustrated in the next 
section. Due to the difference in spring constant, when the 
actuator is working in the low force range, the force control is 
based on the linear spring and the torsional spring behaves like 
a rigid link. However, when the actuator is working in the high 
force range, the soft linear is fully compressed and the force 
control is based on the torsional spring.  Therefore, we can 
achieve a much smaller physical size of the overall actuator 
compared to existing SEA designs and make it ideal for 
wearable exoskeleton application. 

Ball screw shaft 

DC Motor 

Torsional spring 

Force output pin 

Compressive spring 

Connection joint 

Encoder 

Motor encoder

 
 

Fig.1. Principle of the actuator design (CAD model) 

     
                         

Fig.2. A prototype of the novel compliant actuator 
 
     Fig.2 shows actuator prototype built based on this design 
for an exoskeleton system for lower limb rehabilitation for 
stroke patients as briefly described in section V. The actuator 
is designed to be able to provide up to 60Nm assistive torque 
at the lower limb joints.  A Maxon DC brushless motor (EC 4-
pole 120 Watt 36V) is used for the design due to its 
lightweight (0.175kg) and low moment of inertia. The ball 
screw selected from Eichenberger Gewinde AG has a pitch of 
2mm/rev and can output over 1000N force. The linear springs 
have spring constant of 24 N/mm and a working stroke of 10 
mm. They can provide an output force of 240 N before fully 
compressed.  They are used to operate in the range of about 
25% of the full force. The torsional spring has a spring 
constant of 0.606 Nm/rad and a deflection range of 72 degrees.  
The incremental rotary encoder has a resolution of 1024 
lines/rev.  The total mass of the actuator is 0.84kg.  

The force resolution at low force depends on the stiffness 
of the linear spring, the position sensor, and the A/D convertor 
in the data acquisition system. For a 12 bit A/D convertor and 
a linear potentiometer of 25 mm, the force resolution is given 
as δF= 2N/mm*25mm/212=0.146N. This is a very fine 
resolution for human machine interaction at low force range. 
The force resolution at high force range depends on the spring 
constant of the torsional spring, the resolution of the rotary 
encoders, and the pitch of the ball screw. At the rotational 
torque level, this can be given as δτ=0.606 
(2π/1024)=0.003716Nm. Converting to linear output force, 
this will be δF=0.003716(2π/0.002)=11.68Ν. This can be 
further improved if a quadrature reading of the encoder is 
implemented and a softer torsional spring is used.   

III. DYNAMIC MODELING AND ANALYSIS 
In order to analyze the actuator performance at the output 

end, which produces linear output force, the actuator is 
modeled as a system consists of translational elements by 
converting the rotary elements to equivalent translational 
elements. The actuator model for the equivalent translational 
motion is shown in Fig.3 (a). In this model, F1 is motor input 
force, m1 is equivalent  mass of the motor plus the torsional 
spring coupler and the encoder as derived in (1)  where J1 
refers to moment of inertia of the motor and the torsional 
spring coupler and the encoder,  p is the pitch of the ball 
screw, m2 is equivalent mass of the ball screw and the gears as 



derived in (2)  where J2 refers to moment of inertia for the ball 
screw and the gears, k1 is considered as the equivalent 
translational spring constant of the torsional spring kt as 
derived in (3), k2 is spring constant of the translational spring, 
b1 and b2 are the viscous damping  for motor and ball screw 
respectively, and  Fo is output force.   

                          m1= J1 (2π/p)2                                         (1) 
                        m2= J2 (2π/p)2                                        (2) 

                         k1= kt (2π/p)2                                           (3) 

 
(a) 

 

 (b) 

 
(c) 

Fig.3. Modeling of the series elastic actuator in translational motion. (a) The 
general case. (b) Model for low force range. (c) Model for high force range. 

TABLE 1: PARAMETERS OF THE ACTUATOR PROTOTYPE  

Values of the hardware parameters for 
rotational motion 

Values of the hardware  
parameters for equivalent 

translational  motion 
J1=5.517 x10-6  kg.m2 m1= J1 (2π/p)2 =54.4 Kg 
J2 =7.406 x 10-6  kg.m2 m2= J2 (2π/p)2 =73 Kg 
Torsional spring kt =0.606 Nm/rad k1= kt (2π/p)2 =5.98 x 106 N/m 
Linear spring k2 = 24x103  N/m k2= 24x103  N/m 
Pitch of the ball screw (p) =2 x 10-3 m p=2 x 10-3 m 
Rotary encoder resolution=1024 /rev Force resolution 11.68N  
Linear potentiometer 25 mm Force resolution 0.146N 
Total weight of actuator 0.84Kg 
 

The physical parameters of the actuator prototype are 
listed in table 1, where both the original number and the 
equivalent translational values are given for the dynamic 
modeling and analysis purpose. We can see that the spring 
constant k1 derived from the torsion spring is 250 times that of 
k2, meaning the torsional spring can be considered to be a rigid 
link when the output force is low and the actuator behaves like 
a normal SEA with the linear spring only. The model of the 
actuator can be simplified as shown in Fig.3 (b). When the 

output force reaches a level when the linear spring is fully 
compressed, the actuator will behave like a SEA with only the 
torsional spring as shown the model in Fig.3 (c).  Because of 
the simplified model, we can design the actuator controllers 
following the same methods for the normal SEAs as proposed 
in [10]. 

To justify this simplification, we analyze the system at 
low force before the simplification.  Equation (4) gives the 
open transfer function of the system at low force range without 
simplification. From the root locus of the open loop system as 
shown in Fig. 4, we can see that two sets of open loop poles 
are far away and the system dynamics should be dominated by 
the slower poles, which are contributed by the linear spring 
and the mass in the system as indicated in Fig. 3 (b). Fig. 5 is a 
step response of a closed loop system designed with a 
bandwidth with 15 Hz based on a PD controller. This further 
indicates that system is stable at low force range and it can be 
approximated with the simplified model for analysis and 
control design. 

 

( )
( )

2 2 1 1 2
4 3 2

1 1 2 2 1 2 1 1 1 2 2 1 1 1 1 2 2 1 1 2

1 2 1 2 2 1 2 1

( )
( ) ( )m m m

m m

F s k b s k k
F s m m s s m b m b m b m b s m k m k m k b b b b b b

s k b k b k b b k k k

+=
⎡ ⎤+ + + + + + + + + +
⎢ ⎥
+ + + + +⎢ ⎥⎣ ⎦  

(4) 

 
Fig.4. Root locus of the actuator model in Fig.5 (a) 

 
Fig. 5.  Step response of the closed loop system designed for the actuator 

model in Fig. 3 (a) 



Therefore, this actuator has different impedance at 
different force ranges. The actuator control system needs to 
switch between the controllers with different control designs 
for the two force ranges. Fig. 6 shows the controller structure 
used for the system.  With this design, the actuator can be truly 
compliant and back-drivable at low force range. At low force, 
a controller can be designed to achieve a relatively high closed 
bandwidth without saturating the motor and amplifier, yet 
achieve high force fidelity. A 15 Hz bandwidth is achieved for 
our prototype actuator, which is more than sufficient for gait 
rehabilitation application. In high force range, very low gain 
controller can be used to achieve the required bandwidth.  

 

Fig. 6. Control system of the actuator 

IV. EXPERIMENTAL RESULTS ON FORCE CONTROL 
In this section, we will show the force tracking 

performance of the actuator with the output pins locked. The 
experimental system consists of the actuator mounted on the 
testing jig, a real-time controller, a motor driver, and a host 
PC. The motor driver is Elmo Harmonica 5/60 which can 
provide a maximum power output 200W and a continuous 
output current of 5A. The controller is the National 
Instruments (NI) CompactRIO 9074 embedded control and 
data acquisition system. We use NI 9215 (Analog Input 
module), NI 9263 (Analog Output module), and NI 9516 
(Encoder module) for the data acquisition. The entire control 
system has two modules: monitoring (signal generator and 
program monitoring) and FPGA (control algorithm). The 
sampling period for our test is 50μsec. 

 
     Low force control.  According to our design, the low force 
is generated by the linear spring and its range is from 0 to 
240N. Fig. 7 shows the force tracking performance of 
sinusoidal signal at 2 Hz. The tracking error is less than 1 %, 
indicating very high force fidelity. 

 
(a) Force output signal versus input signal 

 
(b) Force output error 

 Fig. 7.  Low force tracking performance at 2 Hz.  
 

     Fig. 8 shows the tracking performance of a 15 Hz 
sinusoidal signal. It can be seen that the output tracks input 
without obvious phase lag and the error is around 10%. This 
indicates that the closed loop system can achieve at least a 15 
Hz bandwidth.  It should be noted that at low force control, the 
both the torsional spring and the linear spring are there and the 
actuator performs perfectly without any oscillation. This 
proves that the two-spring system will achieve stable control 
without oscillation.   
 

 
(a) Force output signal versus input signal 

 
(b) Force output error 

 Fig. 8.  Low force tracking performance at 15 Hz.  
 

     Ramp input control. In a practical application, the desired 
force profile can vary between the low force and high force 
range.  The controller has to be able to sense the correct force 



level and switch to the other controller without any stability 
issue. We use a ramp input signal from 0 to 280 N for this test.  
 

 
 

Fig. 9. Force Control Performance with Ramp Input 
 

Fig.9 shows the ramp input control results. It can be seen 
that the controller senses and switches at the crossover point 
without causing any problems. It can also be noted that a low 
force range the signal is very smooth, but at high force range, 
the measured signal zigzags. This is because the force 
resolution at high force range is 11.68N with the current 
encoder and torsional spring stiffness used in the design. We 
will implement quadrature encoder reading and using a softer 
torsional spring in the next stage of testing and the force 
resolution will be increased by several times. 

 
High force control. The high force control is based on the 

measurement of the deflection of the torsional spring. In order 
to test the force tracking performance at high force range, we 
first increase the force level above 300N and superimpose a 
sinusoidal component to it.  

Fig. 11 shows the force tracking of a 15 Hz signal. We 
can see that the output tracks the input well. However, due to 
coarse force resolution, the output signal has an error of about 
15N, which is about 5% of the amplitude. This performance is 
acceptable considering the high force and high frequency. We 
believe the performance can be further improved once force 
resolution at high force range is improved. 

 

 
(a) Force output signal versus input signal 

 
(b) Force output error 

Fig. 11. High force tracking performance at 15 Hz 
 

V. APPLICATION TO A PORTABLE REHABILITATION ROBOT  
Lower limb robotic device for gait rehabilitation has 

attracted strong interest in the research community in recent 
years [11][16][17][18][19].  However, due to inefficient 
actuator design, most of are quite bulky and can’t be really 
portable. The ankle-foot orthosis to assist drop foot developed 
by Blaya and Herr at MIT [16] weighs 6.8lbs for just the ankle 
joint. The knee assistive device developed by Tibion [18] also 
weighs more than 4.5kg for just the knee joint. The lightweight 
knee-ankle-foot orthosis (KAFO) was recently developed at 
University of Michigan [20]. However, due to the design with 
pneumatic actuators, it needs to be tethered to a stationary 
compressor and it can’t be portable.  

We are developing a home-based wearable knee ankle 
robot for gait rehabilitation based on the novel actuator design 
presented in this paper. Fig. 12 shows the concept design of the 
robot. The modular system consists of an ankle foot module 
and a knee module. Each module is driven with the same 
compact compliant force controllable actuator. The structure of 
the system is made of light weight carbon fiber composite 
material. The overall weight for the mechanical module is less 
than 4Kg. Fig. 13 shows the prototype of the robot under 
development.   
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Fig.12. Concept design of the knee ankle robot 



 

 
 

Fig.2. Prototype of the knee ankle robot 
 

VI.  CONCLUSION AND FUTURE WORK 
This paper presented a novel compact compliant design that 

overcomes the fundamental limitations of current series elastic 
actuator designs. By introducing one extra torsional spring at 
the high speed range to handle the high force operation, a truly 
compliant actuator with excellent force control fidelity and 
high bandwidth is achieved. The preliminary experimental 
results from the prototype actuator validated the design concept 
and demonstrated excellent force tracking performance at both 
low and high force range.  We also presented how this actuator 
has been implemented in a wearable exoskeleton for gait 
rehabilitation. In the next stage of our research, we will 
continue to characterize the performance of the actuator and 
test the actuator with various control designs for the control of 
the exoskeleton. 
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