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ABSTRACT
Recently, considering the interaction with human is big issue in robotics area with expanding the area to
medical and service applications. The most important thing is a safety in human interaction and series elastic
actuator (SEA) has been received great expectation for that need. SEAs have advantages in terms of safety
which is having high back drivability for the inherent compliance even though it has high gear ratio while
conventional actuator system has low back drivability for high gear ratio. Furthermore SEAs can control the
force or torque easily with measuring the deformation of the elastic element (i.e. a spring) even though it has no
any force or torque sensor. However, many researchers have applied SEAs to their applications and controlled
the robot with assuming that the force which is measured by the spring is same with the external force by the
hook’s law. We can recognize that the assumption is wrong by considering exact dynamic model of SEAs. This
poor approach can decrease control performance of the applications. Especially, it make problem in terms of
safety in applications with human interaction. In this paper, exact dynamic model of Reaction Force sensing
Series Elastic Actuator (RFSEA) has derived using the Lagrangian mechanics with considering the load part and
dynamic characteristics that the force which is measure by the spring is not same with actual external force is
proved. Two methods for estimating the external force are introduced and several experiments are represented
for verifying the estimation performance using two methods.

Keywords: series elastic actuator, human interaction control, force estimation
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I. INTRODUCTION

1.1 Series elastic actuator
Electricc motor has been widly utilized in robotics area as an actuator but commonly used electric motor can
not generate high torque but high speed. Accordingly, reduction mechanism has been applied to conventional
electoric motor system to generate high torque. Meanwhile, as considering the interaction with the human,
compliance has been required for safety in many applications interacting human. However, there is dilemma that
the mor gear ratio is high, the more actuator has low backdrivability. When actuator has compliance, it can not
generate high torque since the low geari ratio. On ther other hand, to generate high torque, high gear ratio is
needed but actuator has no compliance wihch mean it is not proper in human interaction applications.
Series elastic actuator(SEA), novel actuator which has elastic element(i.e. a spring) in the drivetrains has
recieved great expectation for escaping the dilemma [1]. The inherent elastic element makes actuator compliant
despite with high gear ratio. The basic structure of SEA is represented in Fig. 1. Where, τm is a generated motor
torque, 𝐽𝐽𝑚𝑚 , 𝐽𝐽𝑙𝑙 are inertia of the motor rotor and load respectively, 𝐵𝐵𝑚𝑚 , 𝐵𝐵𝑙𝑙 are damping coefficient of the

motor and load respectively. The generated motor torque is transmitted to the load through the spring. The

spring has a role force sensor as well as making actuation compliant. Thus, the force/torque can be controlled by
controlling the spring deformation without any force/torque sensor.

Figure 1. The basic structure of SEA
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1.2 Previous researches of series elastic actuators
Many research groups have developed with respect to SEA and addressed how control performance can be
improved. The first SEA has invented by the Pratt and Williamson in 1995 [1]. It was linear type actuator using
ball screw. The author said that SEA turns the force control problem into a position control problem, greatly
improving force accuracy. It mean that SEA has an advantage in terms of force control. the force errors usually
caused by gearing are reduced by lowering interface stiffness because position is more easy to control accuratley
through a gear train than force.
Since the first SEA was introduced, many kinds of SEAs have been introduced in tems of mechanical design.
J.F.Veneman et al developed a SEA using Bowden cable for exoskeleton robot [2]. It used the Bowden cable
instead of conventional gear train. K.Kong et al developed a compact rotary series elastic actuator (cRSEA)
which are utilized worm gear to for compact design [3]. It has advantage in terms of mechanical compactness
but the gear ratio is changed as the worm gear friction. Haoyong Yu at al introduced a novel compliant actuator
which used two elastic elements (rotary spring, linear spring) for high variation force control [4]. The SEA has
complex dynamic model but it has high force control performance with high variation. Nicholas Paine at el
developed a novel compact design SEA named UT-SEA [5]. The spring is located between the motor and the
load part in conventional SEA. On the other hand, in UT-SEA the spring is located behind the motor part. The
author categorized SEA as the location of spring. Conventional configuration is named force sensing series
elastic actuator (FSEA) because the spring measure the force directly. The other configuration is named reaction
force sensing series elastic actuator (RFSEA) which has same configuration UT-SEA. The spring is located
behind the motor part. Thus, the spring measure reaction force. There are other design and application using
SEA [6]-[13].
Above the design of SEA, there are many researches with respect to control issue of SEA. As I mentioned,
SEA can control the force simply but many control methods are proposed for high performance force control.
The first SEA prototypes used PID force control combined with feedforward terms [1]. This scheme had its
main drawbacks in the limited robustness to friction and backlash. Later, an impedance controller was coupled
with an inner position loop [14]. Finally, a cascaded force control with fast inner motor velocity loop [15], [16]
was proposed, which is advantageous in terms of stability and performance [17].
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1.3 The force in series elastic actuator
Many researchers apply SEA to their application for an advantage in terms of force control. However, I address
that what force they control because the force measured by the spring can be varied even though there are no
external force. Many researcher assume the force measured by the spring is same with external force [18].
Therefore they use SEA for force control or impedance control applications [19]-[21]. The remedy can be drawn
by considering the exact dynamic model of SEA. In previous research, dynamic model of SEA is approximated
to one inertia system even though SEA is two inertia system because force control experiment was done with
fixed load condition. Dynamic model of SEA as one inertia system can bring wrong analysis of dynamic model,
poor design decision and controller because it cannot consider the known environments of the load part [23].
Thus, exact dynamic model is required to analyze the external force.
There were many researches with respect to estimating the external force in several robotics applications which
are usually for human centric application [24]-[27]. Above that, sensor-less methods were proposed because
there are some problems with using force/torque sensor, which has advantages in terms of cost. Sensor-less
force estimating is basically based on the dynamic model [28]. Exact physical parameters and dynamic model
determine the estimation performance in this methods. However, the more a robot has DOF, the more the
dynamic model of the robot is complex.
There is a method to estimate external force even though exact dynamic model is still unknown [29]. This
proposed method uses Time Delay Estimation (TDE) to estimate external force in 2 DOF SCARA robot. It
should be done experiment without external force and estimate all factors as a TDE parameter which are not
considered in simple dynamic model. Then, external force can be estimated by the unknown factors excepting
the given TDE parameter. It can said this method is based on the data. TDE is practical but it is required many
data which is time consuming.
Since the load inertia can make the poor dynamic analysis, the mechanical design which has very low load
inertia was proposed [30]. This haptic device called Series Viscoelastic Actuator (SVA) because the elastic
element has damping characteristics. If the load inertia is very low, the external force can be measured by spring
deformation because the spring force includes the external force as well as reaction force by the mechanical
impedance of the load part. The deformation of the elastic element is same with external force because the load
inertia can be neglected in SVA. However, it can be applied their application. Conventional application using
-3-

SEA should has large load inertia.
In this paper, the difference between the external force and spring force is analyzed and two methods to
estimate external force is introduced considering the dynamic model of SEA. RFSEA type SEA is constructed
for compact load design.
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II. DESIGN and CONSTRUCTION OF RFSEA

2.1 Drivetrain design
Whole structure of RFSEA is designed referencing the UT-SEA. The key point in drivetrain in RFSEA is a ball
screw and reduction ratio of the pulley because the lead of the ball screw and pulley pitch ratio determine the
maximum continuous force and speed. The maximum continuous force and speed can be determined by the
motor but commonly used electric motor cannot generate high torque but only high speed. The selection of the
reduction ratio is relative with the spring constant because the force measured by the spring deformation
determine the maximum force. For high force performance, the timing belt gear ratio and ball screw lead are
decided as 2.5, 2mm respectively.
The difference with conventional SEA using ball screw is driving the ball nut instead of ball screw. Driving the
ball nut has an advantage in terms of compactness because conventional SEA using ball screw has bulky load
design to support the output carriage. The ball nut is supported by dual angular contact bearings which allow the
ball nut to rotate within the housing while transmitting axial force from the ball nut to the housing.

2.2 Spring design
It is important to measure the spring deformation in SEA because the measurement performance can make
decision force control performance. Conventional SEA use the potential meter to measure spring deformation
but the potential meter has noise and the resolution is not precise. In [2], the author use the rotary encoder and
wire to measure the spring deformation. There is problem using wire. If the tension of wire is loose it is acted
backlash. So, I use the small timing belt instead of wire for low backlash and high tension and for high
resolution, spur gear is used to rotary encoder.
Spring stiffness for the RFSEA was chosen to maximize generate force. For a limited space, soft springs are able
to measure precise force than stiff springs but with considering the limited spring space, stiff springs can
measure higher force than soft springs. For compact design and high force generation, the spring stiffness is
determined as 70,000 N/m. Is is used double so, total spring constant is 140,000 N/m.

-5-

2.3 2 DOF stage using RFSEA

Figure 2. Whole structure of RFSEA
Figure 2 shows that the configuration of the designed RFSEA. Maxon EC-4pole 200W BLDC motor is
employed as the torque source, and the pulley and the timing belt are connected to the motor to transmit the
torque to the ball screw. As I mentioned in previous section, small timing belt is used to measure the spring
deformation with low backlash and friction. Rotary encoder has 13-bit resolution and the spur gear reduction
ratio is 4. Therefore force resolution is about 0.14N with 5.1mm pitch radius of timing pulley. The tension of
timing belt can be regulated by the idler.
For envisaged application, I designed and constructed 2 DOF stage using RFSEA. This stage is shown in
Figure 3.

Figure 3. 2 DOF stage using RFSEA; 3D CAD model (left), picture of 2 DOF stage (right)
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It has same structure with conventional XY stage excepting the RFSEA. For linear motion, LM guides are used
in the load part. The rotation motion of the load part should be fixed because RFSEA adapt the ball nut driving
method. If the rotation motion of the load part is not fixed, the load only rotate. The load cell is used for external
force estimation verification.
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III. DYNAMIC CHARACTERISTICS OF RFSEA

3.1 Dynamic analysis
3.1.1 Dynamic model of RFSEA
Prismatic type SEA using ball screw is difficult to obtain dynamic model for reflect inertia. To obtain exact
dynamic model of prismatic SEA, unlumped dynamic model was proposed [23]. This proposed unlumped
dynamic model has an advantage which can obtain exact physical parameter considering gear ratio but it is not
still consider the load part. This paper obtain the dynamic model of RFSEA considering the load part using
Lagrangian mechanics.
Reaction Force sensing Series Elastic Actuator (RFSEA) has been proposed in [5] primally. RFSEA has a
novel mechanical design which has a spring between the motor part and the ground part as shown in Fig. 4.
Due to the changed structure, the load part can be design compactly while the conventional SEA has complex
and huge load structure.

The notations which are 𝐽𝐽𝑚𝑚 , 𝑀𝑀𝑠𝑠 , 𝑀𝑀𝑙𝑙 , 𝐵𝐵𝑚𝑚 , 𝐵𝐵𝑠𝑠 and 𝐵𝐵𝑙𝑙 , mean the inertia, damping

coefficient of the motor, spring and load part respectively. 𝐾𝐾𝑠𝑠 is a spring constant and 𝜏𝜏𝑚𝑚 and 𝑑𝑑𝑙𝑙 are a motor

torque and external force as a system input. There are three output variables which are motor angle, spring
deformation and load position (𝜃𝜃𝑚𝑚 , 𝑥𝑥𝑠𝑠 , 𝑥𝑥𝑙𝑙 ) respectively. The relationship between spring deformation and
encoder angle is defined as follow, where 𝑥𝑥𝑠𝑠 is a spring deformation, 𝜃𝜃𝑠𝑠 is an encoder angle and r is a radius

of timing pulley.
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Figure 4. Configuration of RFSEA, which is composed the load part (red), the spring part (green), the motor
part (yellow) and the ground (blue)
𝑥𝑥𝑠𝑠 = 𝑟𝑟𝜃𝜃𝑠𝑠

(1)

In the motor part, the ball nut which is connected to the motor shaft through the timing belt and the pulley,
drives the ball screw. The stator part of the motor and the spring are rigidly combined, which is connected to the
ground via the spring. The kinematics of these components are given as follows.
−1
𝑥𝑥𝑙𝑙 = 𝑥𝑥𝑠𝑠 + 𝑁𝑁𝑚𝑚
𝜃𝜃𝑚𝑚

(2)

RFSEA consists of four parts which are the spring part, the load part, the ground and the motor part. It has 3
degree of freedom which are one rotational motion and two linear motions. The reason why we separate
rotational motion and linear motion is to derive the dynamics employing the Lagrangian mechanics. Since
RFSEA has three degrees of freedom, the kinetic energy consists of
potential energy of RFSEA is the energy stored in the spring

1
2

1
2

1
1
2
𝑀𝑀𝑠𝑠 𝑥𝑥̇ 𝑠𝑠2 , 𝑀𝑀𝑙𝑙 𝑥𝑥̇ 𝑙𝑙2 , 𝐽𝐽𝑚𝑚 𝜃𝜃̇𝑚𝑚
as in (3). The
2

2

K s 𝑥𝑥𝑠𝑠2 as in (4). The kinematic constraint in (2)

can be included in the Lagrangian using the multiplier λ as in (5). The damping of the components is
considered as the source of the energy dissipation as in (6). Finally, the Lagrangian of RFSEA is given as (7).
1
1
1
2
𝑇𝑇 = 𝑀𝑀𝑠𝑠 𝑥𝑥̇ 𝑠𝑠2 + 𝑀𝑀𝑙𝑙 𝑥𝑥̇ 𝑙𝑙2 + 𝐽𝐽𝑚𝑚 𝜃𝜃̇𝑚𝑚
2
2
2
1
𝑉𝑉 = 𝐾𝐾𝑠𝑠 𝑥𝑥𝑠𝑠2
2
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(3)

(4)

−1
𝐶𝐶 = 𝑥𝑥𝑠𝑠 − 𝑥𝑥𝑙𝑙 + 𝑁𝑁𝑚𝑚
𝜃𝜃𝑚𝑚 = 0

(5)

ℒ = 𝑇𝑇 − 𝑉𝑉 + 𝜆𝜆𝜆𝜆

(7)

1
1
1
2
𝐷𝐷 = 𝐵𝐵𝑠𝑠 𝑥𝑥̇ 𝑠𝑠2 + 𝐵𝐵𝑙𝑙 𝑥𝑥̇ 𝑙𝑙2 + 𝐵𝐵𝑚𝑚 𝜃𝜃̇𝑚𝑚
2
2
2

(6)

The equations of motion of each degree of freedom is derived using the following equation.
𝑑𝑑 𝜕𝜕ℒ
𝜕𝜕ℒ 𝜕𝜕𝜕𝜕
� �−
+
= 𝐹𝐹𝑖𝑖
𝑑𝑑𝑑𝑑 𝜕𝜕𝑥𝑥̇ 𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖 𝜕𝜕𝑥𝑥̇ 𝑖𝑖

(8)

Taking into account that the energy sources to RFSEA are the torque source form the motor (stated as 𝜏𝜏𝑚𝑚 ) that
is applied to the motor dynamics and the exogenous force (stated as 𝑑𝑑𝑙𝑙 ) to the load that is provided to the load,

the force inputs are determined as 𝐹𝐹𝑠𝑠 = 0 , 𝐹𝐹𝑙𝑙 = 𝑑𝑑𝑙𝑙 and 𝐹𝐹𝑚𝑚 = 𝜏𝜏𝑚𝑚 . The dynamics of RFSEA derived form
these are as follows.

𝑀𝑀𝑠𝑠 𝑥𝑥̈ 𝑠𝑠 + 𝐾𝐾𝑠𝑠 𝑥𝑥𝑠𝑠 + 𝜆𝜆 + 𝐵𝐵𝑠𝑠 𝑥𝑥̇ 𝑠𝑠 = 0
𝑀𝑀𝑙𝑙 𝑥𝑥̈ 𝑙𝑙 − 𝜆𝜆 + 𝐵𝐵𝑙𝑙 𝑥𝑥̇ 𝑙𝑙 = 𝑑𝑑𝑙𝑙

−1
𝐽𝐽𝑚𝑚 𝜃𝜃̈𝑚𝑚 + 𝑁𝑁𝑚𝑚
𝜆𝜆 + 𝐵𝐵𝑚𝑚 𝜃𝜃̇𝑚𝑚 = 𝜏𝜏𝑚𝑚

(9)
(10)
(11)

λ in these equations describes the constraint force, and the final equations of motion is derived by removing λ
as follows.

𝑀𝑀𝑠𝑠 𝑥𝑥̈ 𝑠𝑠 + 𝐵𝐵𝑠𝑠 𝑥𝑥̇ 𝑠𝑠 + 𝐾𝐾𝑠𝑠 𝑥𝑥𝑠𝑠 + 𝑀𝑀𝑙𝑙 𝑥𝑥̈ 𝑙𝑙 + 𝐵𝐵𝑙𝑙 𝑥𝑥̇ 𝑙𝑙 = 𝑑𝑑𝑙𝑙

−1
𝐽𝐽𝑚𝑚 𝜃𝜃̈𝑚𝑚 + 𝐵𝐵𝑚𝑚 𝜃𝜃̇𝑚𝑚 + 𝑁𝑁𝑚𝑚
(𝑀𝑀𝑙𝑙 𝑥𝑥̈ 𝑙𝑙 + 𝐵𝐵𝑙𝑙 𝑥𝑥̇ 𝑙𝑙 − 𝑑𝑑𝑙𝑙 ) = 𝜏𝜏𝑚𝑚

(12)
(13)

Notice that the inertial force of the load, 𝑀𝑀𝑙𝑙 𝑥𝑥̈ 𝑙𝑙 + 𝐵𝐵𝑙𝑙 𝑥𝑥̇ 𝑙𝑙 interconnects the dynamics of the spring components

and the motor component, i.e., the motor torque is transmitted to the spring through the inertial force of the load.
This is the most significant difference between the conventional FSEA and the RFSEA; in the conventional
FSEA, the spring force works as the transmission from the motor torque to the load, which means the motor
torque affects the dynamics of the spring components directly. On the other hand, the inertial force of the load
works as the transmission in the RFSEA case.
Figure 5 shows the block diagram of the dynamics of RFSEA, which describes the transmission
characteristics. 𝑃𝑃𝑚𝑚 (𝑠𝑠) is the dynamics of the motor component, 𝑃𝑃𝑙𝑙 (𝑠𝑠) is the dynamics of the load component,

and 𝑃𝑃𝑠𝑠 (𝑠𝑠) is the dynamics of the spring component. Transfer function of RFSEA can be derived based on this
-10-

block diagram where the inputs to RFSEA are the motor torque 𝜏𝜏𝑚𝑚 and the external force 𝑑𝑑𝑙𝑙 . The outputs of
RFSEA includes the motor angle 𝜃𝜃𝑚𝑚 , spring deformation 𝑥𝑥𝑠𝑠 , and the load position 𝑥𝑥𝑙𝑙 as discussed in the
previous subsection. Equation (14) shows the transfer functions between these inputs and outputs.
𝑃𝑃 (𝑃𝑃 + 𝑃𝑃𝑙𝑙 )
⎡ 𝑚𝑚 𝑠𝑠
⎢ 𝐷𝐷(𝑠𝑠)
𝜃𝜃𝑚𝑚
⎢ 𝑁𝑁 −1 𝑃𝑃 𝑃𝑃
� 𝑥𝑥𝑠𝑠 � = ⎢ − 𝑚𝑚 𝑚𝑚 𝑠𝑠
𝐷𝐷(𝑠𝑠)
𝑥𝑥𝑙𝑙
⎢ −1
⎢ 𝑁𝑁𝑚𝑚 𝑃𝑃𝑚𝑚 𝑃𝑃𝑙𝑙
⎣ 𝐷𝐷(𝑠𝑠)

−1
𝑁𝑁𝑚𝑚
𝑃𝑃𝑚𝑚 𝑃𝑃𝑙𝑙
⎤
𝐷𝐷(𝑠𝑠)
⎥
⎥ 𝜏𝜏𝑚𝑚
𝑃𝑃𝑠𝑠 𝑃𝑃𝑙𝑙
⎥ � 𝑑𝑑𝑙𝑙 �
𝐷𝐷(𝑠𝑠)
⎥
−2
𝑃𝑃𝑙𝑙 (𝑃𝑃𝑠𝑠 + 𝑁𝑁𝑚𝑚
𝑃𝑃𝑚𝑚 )⎥
𝐷𝐷(𝑠𝑠)
⎦

(14)

where the dynamics of all the parts and the denominator 𝐷𝐷(𝑠𝑠) are given as follows.
𝑃𝑃𝑚𝑚 (𝑠𝑠) =
𝑃𝑃𝑙𝑙 (𝑠𝑠) =
𝑃𝑃𝑠𝑠 (𝑠𝑠) =

1
𝐽𝐽𝑚𝑚 𝑠𝑠 2 + 𝐵𝐵𝑚𝑚 𝑠𝑠

1
𝑀𝑀𝑙𝑙 𝑠𝑠 2 + 𝐵𝐵𝑙𝑙 𝑠𝑠

1
𝑀𝑀𝑠𝑠 𝑠𝑠 2 + 𝐵𝐵𝑠𝑠 + 𝐾𝐾𝑠𝑠

−2
𝐷𝐷(𝑠𝑠) = 𝑁𝑁𝑚𝑚
𝑃𝑃𝑚𝑚 (𝑠𝑠) + 𝑃𝑃𝑙𝑙 (𝑠𝑠) + 𝑃𝑃𝑠𝑠 (𝑠𝑠)

(15)

(16)

(17)
(18)

Figure 5. Block diagram of RFSEA, where 𝑷𝑷𝒎𝒎 (𝒔𝒔), 𝑷𝑷𝒍𝒍 (𝒔𝒔), 𝑷𝑷𝒔𝒔 (𝒔𝒔) are dynamics of the motor part, the load part
and spring part. 𝑵𝑵𝒎𝒎 is a reduction ratio of ball screw and timing belt.
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3.1.2 Verification of dynamic model
In order to validate the derived dynamics of RFSEA, the frequency responses of RFSEA were investigated; the
frequency responses of RFSEA are measured using an FFT analyzer (ONO-SOKKI, CF-9400), and the
measurements are compared with the frequency responses that are derived from the dynamic model in (14). The
sweep sine signals were applied to RFSEA, and the motor velocity ˙m and the spring deformation 𝑥𝑥𝑠𝑠 were
measured using encoders. Figure 6, 7 and 8 show the measured frequency responses with respect to motor

velocity, spring deformation, load position respectively and the frequency responses calculated from the
dynamic model. The estimated parameter is represented in Table. 1.

Figure 6. Frequency response from the motor torque to motor velocity

Figure 7. Frequency response from the motor torque to spring deformation
-12-

Figure 8 Frequency response from the motor torque to load position

Table 1. Estimated parameters

parameter

Estimated value

Jm

0.64e-5 kgm2

Bm

0.6e-4 Nms/rad

Ml

27 kg

Bl

200 Ns/m

Ms

10 kg

𝐵𝐵𝑠𝑠

100 Ns/m

𝐾𝐾𝑠𝑠

141350 N/m

Nm

7854
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3.2 Difference between FSEA and RFSEA in dynamic model
3.2.1 Difference in terms of dynamics
In [5], the author has analyzed with respect to difference between FSEA and RFSEA in point of view force
sensing and control. However, It has analyzed in high output impedance which mean the load part is fixed. We
analysis the difference considering the load part. As we mentioned in before section, the difference between
FSEA and RFSEA is apparent spring location. Therefore, the dynamic model is not exactly same that the
dynamic model of FSEA is equal to RFSEA putting the spring parameters as 𝑀𝑀𝑠𝑠 = 𝐵𝐵𝑠𝑠 = 0. It can be shown in

the transfer function from motor torque to load position as follows.

−1
𝑥𝑥𝑙𝑙
𝑁𝑁𝑚𝑚
(𝑀𝑀𝑠𝑠 𝑠𝑠 2 + 𝐵𝐵𝑠𝑠 𝑠𝑠 + 𝐾𝐾𝑠𝑠 )
=
𝜏𝜏𝑚𝑚 𝛼𝛼1 𝑠𝑠 4 + 𝛼𝛼2 𝑠𝑠 3 + 𝛼𝛼3 𝑠𝑠 2 + 𝛼𝛼4 𝑠𝑠

where

(19)

−2
𝛼𝛼1 = 𝑁𝑁𝑚𝑚
𝑀𝑀𝑙𝑙 𝑀𝑀𝑠𝑠 + 𝐽𝐽𝑚𝑚 𝑀𝑀𝑠𝑠 + 𝐽𝐽𝑚𝑚 𝑀𝑀𝑙𝑙

(20)

−2 (𝑀𝑀
α3 = 𝑁𝑁𝑚𝑚
𝑙𝑙 𝐾𝐾𝑠𝑠 + 𝐵𝐵𝑠𝑠 𝐵𝐵𝑙𝑙 ) + 𝐽𝐽𝑚𝑚 𝐾𝐾𝑠𝑠 + 𝐵𝐵𝑚𝑚 𝐵𝐵𝑠𝑠 + 𝐵𝐵𝑚𝑚 𝐵𝐵𝑙𝑙

(22)

−2 (𝑀𝑀
α2 = 𝑁𝑁𝑚𝑚
𝑙𝑙 𝐵𝐵𝑠𝑠 + 𝑀𝑀𝑠𝑠 𝐵𝐵𝑙𝑙 ) + 𝐽𝐽𝑚𝑚 𝐵𝐵𝑠𝑠 + (𝑀𝑀𝑠𝑠 + 𝑀𝑀𝑙𝑙 )𝐵𝐵𝑚𝑚 ) + 𝐽𝐽𝑚𝑚 𝐵𝐵𝑙𝑙

(21)

−2
α4 = 𝑁𝑁𝑚𝑚
𝐵𝐵𝑙𝑙 𝐾𝐾𝑠𝑠 + 𝐵𝐵𝑚𝑚 𝐾𝐾𝑠𝑠

(23)

3.2.2 Control approach

RFSEA has 4 poles and 2 zeros in that transfer function. On the other hand, FSEA has only 4 poles without any
zero because the mass and damping coefficient of the spring dynamics is equal to zero as in Fig.9. It shows that
why the load position control is difficult directly in FSEA. On the other hand, RFSEA has possibility to control
the load position directly because it has two zeros in dynamic model from motor torque to load position. Simple
PD control can be applied for load position control but the control performance is not sufficient than
conventional rigid actuator.

-14-

Figure 9. Pole-zero map of two kinds of SEA
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IV. EXTERNAL FORCE ESTIMATION

Measuring the external force is important for impedance control. SEAs have well known advantages which is
the position based force measurement. The external force, however, is not same with the force measured by
spring deformation as we mentioned previous section. As see Fig.3, the external force acts on the load and the
spring measures the reaction force with respect to the load impedance as well as the external force. In this
section, we introduce and analysis two methods to estimation the external force in RFSEA.

4.1 Load force observer
From the block diagram of RFSEA (Figure 4), the external force can be derived as follows.
𝑑𝑑𝑙𝑙 = −𝑃𝑃𝑙𝑙−1 (𝑠𝑠)𝑥𝑥𝑙𝑙 − 𝑃𝑃𝑠𝑠−1 (𝑠𝑠)𝑥𝑥𝑠𝑠

𝑑𝑑̂l = −𝑄𝑄𝑙𝑙 (𝑠𝑠)𝑃𝑃𝑙𝑙−1 (𝑠𝑠)𝑥𝑥𝑙𝑙 − 𝑄𝑄𝑙𝑙 (𝑠𝑠)𝑃𝑃𝑠𝑠−1 (𝑠𝑠)𝑥𝑥𝑠𝑠
Q l (𝑠𝑠) =

𝑤𝑤𝑐𝑐2
𝑠𝑠 2 + 2𝑤𝑤𝑐𝑐 𝑠𝑠 + 𝑤𝑤𝑐𝑐2

(24)
(25)
(26)

Where Q-filter is a 2th order low-pass filter for causality and 𝜔𝜔𝑐𝑐 is a cut-off frequency.

The structure of load force observer can be represented as shown in Fig.10. This load force observer is simple

to realize but the acceleration and velocity of the load and spring deformation is required for precise force
estimation. In practical, the acceleration and velocity of the spring deformation can be neglected because the
stiffness is very high as 141351 N/m.

-16-

Figure 10. the structure of load force observer

4.2 State observer
The load force observer designed as in (25) requires second-order time-derivatives, which can lead to very
noisy observation result. Even though low-pass filters can reduce the noise level, it also deteriorates the
observation performance by limiting the bandwidth. To address this problem, a state observer can be designed
for force observation.
Since the dynamics of RFSEA is derived as in (12) and (13), a state space model can be built for the state
observer. Based on (12) and (13), the states to be observed is defined as
𝑇𝑇
𝑥𝑥 = �𝜃𝜃𝑚𝑚 𝑥𝑥𝑠𝑠 𝜃𝜃̇𝑚𝑚 𝑥𝑥̇ 𝑠𝑠 𝑑𝑑𝑙𝑙 �

(27)

Notice that the external force 𝑑𝑑𝑙𝑙 should be included as a state to be observed. The input to the system is the

motor torque, and the outputs are the motor angle and the spring deformation measurements the are represented
as
𝑢𝑢 = 𝜏𝜏𝑚𝑚 ,

y = [θ𝑚𝑚 𝑥𝑥𝑠𝑠 ]𝑇𝑇
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(28)

With these definitions, the state space model of RFSEA is given as follows.
𝑥𝑥̇ = 𝑨𝑨𝑥𝑥 + 𝑩𝑩𝑢𝑢

(29)

𝑦𝑦 = 𝑪𝑪𝑥𝑥 + 𝑫𝑫𝑢𝑢

0 0

1 0 0
𝑨𝑨 =
𝛼𝛼  0 a
1

0
a
5


𝐂𝐂 = �

where each element is given as

(30)

α

0

0
a2
a6

α
a3
a7

0
⎡0⎤
1⎢ ⎥
𝑩𝑩 = ⎢𝑏𝑏1 ⎥
𝛼𝛼 𝑏𝑏
⎢ 2⎥
⎣0⎦

1
0

0
1

0
0

0
𝐃𝐃 = � �
0

0
0 
a4 

a8 

(31)

(32)

0
0

0
�
0

(33)
(34)

𝑎𝑎1 = 𝐾𝐾𝑠𝑠 𝑀𝑀𝑙𝑙 𝑁𝑁𝑚𝑚

(35)

𝑎𝑎3 = −𝑁𝑁𝑚𝑚 (𝐵𝐵𝑙𝑙 𝑀𝑀𝑠𝑠 − 𝐵𝐵𝑠𝑠 𝑀𝑀𝑙𝑙 )

(37)

2
𝑎𝑎5 = −(𝐽𝐽𝑚𝑚 𝐾𝐾𝑠𝑠 𝑁𝑁𝑚𝑚
+ 𝐾𝐾𝑠𝑠 𝑀𝑀𝑙𝑙 )

(39)

2
2
𝑎𝑎7 = −(𝐵𝐵𝑠𝑠 𝑀𝑀𝑙𝑙 + 𝐽𝐽𝑚𝑚 𝑁𝑁𝑚𝑚
𝐵𝐵𝑙𝑙 + 𝐽𝐽𝑚𝑚 𝑁𝑁𝑚𝑚
𝐵𝐵𝑠𝑠 )

(41)

2
2
𝑎𝑎2 = −(𝑀𝑀𝑙𝑙 𝑀𝑀𝑠𝑠 + 𝐵𝐵𝑚𝑚 𝑀𝑀𝑙𝑙 𝑁𝑁𝑚𝑚
+ 𝐵𝐵𝑚𝑚 𝑀𝑀𝑠𝑠 𝑁𝑁𝑚𝑚
)

(36)

𝑎𝑎4 = −(𝑁𝑁𝑚𝑚 (2𝑀𝑀𝑙𝑙 + 𝑀𝑀𝑠𝑠 ))

(38)

𝑎𝑎6 = −𝐽𝐽𝑚𝑚 𝑁𝑁𝑚𝑚 𝐵𝐵𝑙𝑙 + 𝐵𝐵𝑚𝑚 𝑀𝑀𝑙𝑙 𝑁𝑁𝑚𝑚

(40)

2
𝑎𝑎8 = 𝐽𝐽𝑚𝑚 𝑁𝑁𝑚𝑚
+ 2𝑀𝑀𝑙𝑙

(42)

2
𝑏𝑏1 = 𝑁𝑁𝑚𝑚
(𝑀𝑀𝑙𝑙 + 𝑀𝑀𝑠𝑠 )

(43)

𝑏𝑏1 = −(𝑀𝑀𝑙𝑙 𝑁𝑁𝑚𝑚 )

(44)

2
2
𝛼𝛼 = 𝑀𝑀𝑙𝑙 𝑀𝑀𝑠𝑠 + 𝐽𝐽𝑚𝑚 𝑀𝑀𝑙𝑙 𝑁𝑁𝑚𝑚
+ 𝐽𝐽𝑚𝑚 𝑀𝑀𝑠𝑠 𝑁𝑁𝑚𝑚

(45)

The external force (𝑑𝑑𝑙𝑙 ) is included in state. Then, the Luenburger-type observer is applied to estimation the
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external force as follows.
𝑥𝑥�̇ = 𝐴𝐴𝑥𝑥� + 𝐵𝐵𝐵𝐵 + 𝐿𝐿(𝑦𝑦 − 𝑦𝑦�)

(46)

Where L is an observer gain which is designed by Kalman filter as obtaining the covariance matrices of the
estimated state (x� ) and output (y). Q and R mean the covariance matrices of x� and y respectively. The

covariance matrices are shown in follows

1 0
0 e −12

0
Q = 0

0 0
0 0

0

0

0

0

−7

e
0

17
R = �𝑒𝑒
0

0

0
−2

e
0
0 �
𝑒𝑒 −5

0
0 
0

0
e 20 

(47)

(48)

4.3 Comparison with state observer and load force observer in simulation
Load force observer is easy to realize and it has just one tuning factor which is a cut-off frequency of the Qfilter. On the other hand, state observer is more complex than load force observer because state observer has 7
tuning factors which are the elements of covariance matrix. However, the estimation results are same although
the methods are different neglecting non-linear effects such as friction, noise and quantization error. We simulate
estimating the external force in two cases; only external force is applied on the load in one case and motor is
driven with external force in the other case. The external force is sinusoidal signal with 1Hz, 50N amplitude and
motor is driven with 8Hz, 2A sinusoidal signal. The cut-off frequency of Q-filter is 50Hz. The simulation result
is represented in Fig.11 and Fig.12.
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Figure 11. Simulation result of external force estimation without motor driving

Figure 12. Simulation result of external force estimation with motor driving
-20-

As see Fig.11, the spring force is almost same with actual external force without motor driving because the
load moves very slowly. In other words, the reaction force by the load impedance is low and measured force by
the spring is almost same with the external force. On the other hand, the spring force is different with actual
external force but load force observer and state observer estimate the actual external force. It is due to the load
moves with high velocity as shown in Fig.12. Although spring force is always not same with actual external
force in every cases, load force observer and state observer can estimate the actual external force. There are no
difference with load force observer and state observer because it is valid theoretically without considering the
non-linear factors. However, there are many effects of the non-linearity and quantization error always exist in
practical cases. Simulation result considering the quantization error is represented in Fig.13 and Fig.14.

Figure 13. Simulation result of external force estimation without motor driving considering quantization error
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Figure 14. Simulation result of external force estimation with motor driving considering quantization error

The quantization errors are set as 3.141592654e−4rad, 9.970875121e−6m to motor angle and spring
deformation respectively considering the encoder resolution. The load force observer has more estimation error
than state observer since the load force observer uses derivative calculation as shown in Fig.13 and Fig.14. It is
well known problem in using derivative calculation with quantization error. On the other hand, the state
observer has much better performance than the load force observer because the state observer uses integral
calculation.
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V. EXPERIMENTS AND RESULTS

5.1 Simple case with/without motor driving
Let me address the performance of the external force estimation in several cases; 1. Acting on the external
force to the load part without motor driving, 2. Same case with the first with motor driving, 3. Zero impedance
control with different external force. Zero impedance control is realized using Disturbance Observer (DOB) as
in [18]. The motor is driven in same condition with the simulation as in Sec.III-C. The external force is
measured by the load cell represented in Fig.3. The experimental results are represented in Fig.15-18. As see the
Fig.15, the spring force and external for almost same in case 1 because the load is moved slowly as we
mentioned in Sec.III (see the Fig.11). On the other hand, the spring force is not same with the external force as
see Fig.16. The spring force is different with the external force as shown in Fig.12. It is due to the load velocity
and acceleration are high. Although the spring force is different with the external force, load force observer and
state observer estimate the external force well.

Figure 15. Force estimation performance in case1; acting on the external force without motor driving
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Figure 16. Force estimation performance in case2; acting on the external force with motor driving

5.2 Difference of the forces in zero force control
Zero force control (zero impedance control) is usually used to evaluate force control performance of SEA. I
use the disturbance observer (DOB) and PD compensator which is same scheme with [18]. Arbitrary human
force is acted on the load part as the external force. Two cases of external force is acted on; one is slow and the
other is fast. The experiment results are shown in Fig.17 and Fig.18.

Figure 17. Force estimation performance with slow external force
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Figure 18. Force estimation performance with fast external force
The load force observer and state observer can estimate the external force in both cases. However, the spring
force is different with the force which is measured by load cell. It shows the same result that spring force is
effected by the reaction force of the load impedance.
When the slow external force is acted on the load, the difference between actual external force and spring force
is same with the value times damping coefficient (200Ns/m) and load velocity. As see the Fig.17, load cell is
about 12N and the spring force is about 5N at 1000ms. At that time, the load velocity is peak as about -0.03m/s.
The load impedance force (about 6N) is same with the difference of the forces (7N) neglecting the non-linear
factor such as friction and modeling error.
In fast external force case, the difference between the external force and spring force is higher than slow
external case. It is due to the high load velocity and acceleration as see Fig.18. The difference is highest at about
350ms. The difference is little same with the reaction force which is generated by the load impedance as slow
external force case. The external force is about 45N at 350ms and the spring force is about 20N at the same time.
Unlikely with slow external force case, the difference is highest at 350ms even though the load velocity is about
zero m/s. However, the load acceleration is highest at the same time as -1.04467 m/s 2. Thus, the difference is

little same with load inertia times load acceleration as -23N neglecting the modeling error and non-linear factors.
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VI. DISCUSSION AND CONCLUSION
In this paper, exact dynamic model which consider the load part was derived using Lagrangian mechanics and
verified by the frequency response functions. Then, the dynamic characteristics that the external force is
different with the spring force were verified with simulation and several experiments. SEA which is used in
experiments was RFSEA which has the spring in different location unlikely conventional SEA. RFSEA has the
different dynamic characteristics with conventional SEA (FSEA) because the spring is located between the
motor part and the ground. The difference between RFSEA and FSEA in terms of dynamic characteristics is the
dynamics of the spring part that: FSEA is not consider the inertia and damping of the spring part on the other
hand, RFSEA should consider the inertia and damping of the spring part. By the difference, dynamic model
from the motor torque to load position is analyzed in terms of control. The load position of FSEA cannot be
controlled by feedback controller because the dynamic model has only 4 poles. On the other hand, RFSEA has
the possibility which can control the load position by the feedback controller such as PID controller because it
has 4 poles as well as 2 zeros.
Two methods estimating the external force are introduced by given dynamic model; one is the load force
observer and the other is state observer based on Kalman filter. Load force observer can estimate the external
force with subtracting the reaction force which is generated by load impedance at the spring force. As this
method is based on the differential calculation the estimation error can be increased with large quantization error.
Q-filter (2nd order law pass filter) is used for differential calculation. The more the cut-off frequency is low, the
more estimation error can be decreased but there is some delay in estimating.
State observer used the Kalman filter to obtain optimal observer gain. It is verified that state observer has low
estimation error even though quantization error still exist while the load force observer has high estimation error
by the simulation and experiments. However, it has a disadvantage that obtaining proper covariance matrices Q
and R is very time consuming task due to 7 tuning factors. Introduced two methods can estimate actual external
force even though the load dynamically moves and the difference between the spring force and actual external
force is same with impedance of the load which is affected by velocity and acceleration in simulation and
experiments.
Proposed dynamic model and the methods which estimate the external force can be applied many applications
which should consider the human interaction such as exoskeleton robot, haptic device and humanoid robot. For
-26-

example human intention can be detected by estimating the human force as the external force in exoskeleton
robot and the robot can assist the human motion using the information. In haptic device and humanoid robot,
impedance control can be applied using the external force information which has been called admittance control.

-27-

References

[1] G. A. Pratt and M. M. Williamson, “Series elastic actuators,” in Intelli- gent Robots and Systems
95.’Human Robot Interaction and Cooperative Robots’, Proceedings. 1995 IEEE/RSJ International
Conference on, vol. 1, pp. 399–406, IEEE, 1995..
[2] J. F. Veneman, R. Ekkelenkamp, R. Kruidhof, V. D. Helm, and H. van der Kooij, “A series elastic- and
bowden-cable-based actuation system for use as torque actuator in exoskeleton-type robots,” Int. J. Robot.
Res., vol. 25, no. 3, pp. 261–281, Mar. 2006.
[3] K. Kong, J. Bae, and M. Tomizuka, “A compact rotary series elastic actuator for human assistive systems,”
Mechatronics, IEEE/ASME Transactions on, vol. 17, no. 2, pp. 288–297, 2012.
[4] H. Yu, S. Huang, G. Chen, and N. Thakor, “Control design of a novel compliant actuator for rehabilitation
robots,” Mechatronics, vol. 23, no. 8, pp. 1072–1083, 2013.
[5] N. Paine, S. Oh, and L. Sentis, “Design and control considerations for high-performance series elastic
actuators,” Mechatronics, IEEE/ASME Transactions on, vol. 19, no. 3, pp. 1080–1091, 2014.
[6] D. W. Robinson, J. E. Pratt, D. J. Paluska, and G. A. Pratt, “Series elastic actuator development for a
biomimetic walking robot,” in Ad- vanced Intelligent Mechatronics, 1999. Proceedings. 1999 IEEE/ASME
International Conference on, pp. 561–568, IEEE, 1999.
[7]

H. Vallery, J. Veneman, E. van Asseldonk, R. Ekkelenkamp,M. Buss, and H. van Der Kooij, “Compliant
actuation of rehabilitation robots,” IEEE Robot. Autom. Mag., vol. 15, no. 3, pp. 60–69, 2008.

[8] D. Accoto, G. Carpino, F. Sergi, N. L. Tagliamonte, L. Zollo, and E. Guglielmelli, “Design and
characterization of a novel high-power series elastic actuator for a lower limb robotic orthosis,”
International Journal of Advanced Robotic Systems, vol. 10, 2013.
[9] B. Lee, V. Orekhov, D. Lahr, and D. Hong, “Design and measurement error analysis of a low-friction,
lightweight linear series elastic actuator,” in ASME 2013 International Design Engineering Technical
Confences and Computers and Information in Engineering Conference, pp. V06BT07A022–
-28-

V06BT07A022, American Society of Mechanical Engineers, 2013.
[10] Tsagarakis, Nikolaos G., et al. "A compact soft actuator unit for small scale human friendly
robots." Robotics and Automation, 2009. ICRA'09. IEEE International Conference on. IEEE, 2009.
[11] Sergi, Fabrizio, et al. "Design and characterization of a compact rotary series elastic actuator for knee
assistance during overground walking." 2012 4th IEEE RAS & EMBS International Conference on
Biomedical Robotics and Biomechatronics (BioRob). IEEE, 2012.
[12] Tsagarakis, Nikos G., et al. "Compliant humanoid coman: Optimal joint stiffness tuning for modal
frequency control." Robotics and Automation (ICRA), 2013 IEEE International Conference on. IEEE, 2013.
[13] Gillespie, R. Brent, et al. "Series elasticity for free free-space motion for free." 2014 IEEE Haptics
Symposium (HAPTICS). IEEE, 2014.
[14] G. A. Pratt, P.Willisson, C. Bolton, and A. Hofman, “Late motor processing in low-impedance robots:
Impedance control of series-elastic actuators,” in Proc. Amer. Control Conf., 2004, vol. 4, pp. 3245–3251.
[15] G. Wyeth, “Control issues for velocity sourced series elastic actuators,” in Proc. Australasian Conf. Robot.
Autom., 2006, pp. 1–6.
[16] J. W. Sensinger and R. F. ff. Weir, “Improvements to series elastic actuators,” in Proc. Mechatron.
Embedded Syst. Appl., Proc. 2nd IEEE/ASME Int. Conf., 2006, pp. 1–7.
[17] H. Vallery, R. Ekkelenkamp, H. van der Kooij, and M. Buss, “Passive and accurate torque control of series
elastic actuators,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst. IROS, 2007, pp. 3534–3538.
[18] S. Oh and K. Kong, “High precision robust force control of a series elastic actuator,” IEEE/ASME
Transactions on Mechatronics, vol. PP, no. 99, pp. 1–1, 2016.
[19] Mehling, Joshua S., and Marcia K. O'Malley. "A model matching framework for the synthesis of series
elastic actuator impedance control." Control and Automation (MED), 2014 22nd Mediterranean
Conference of. IEEE, 2014.
[20] Zhao, Ye, Nicholas Paine, and Luis Sentis. "Feedback parameter selection for impedance control of series
elastic actuators." 2014 IEEE-RAS International Conference on Humanoid Robots. IEEE, 2014.
[21] Mehling, Joshua S., James Holley, and Marcia K. O'Malley. "Leveraging disturbance observer based
-29-

torque control for improved impedance rendering with series elastic actuators." Intelligent Robots and
Systems (IROS), 2015 IEEE/RSJ International Conference on. IEEE, 2015.
[22] Tagliamonte, Nevio Luigi, and Dino Accoto. "Passivity constraints for the impedance control of series
elastic actuators." Proceedings of the Institution of Mechanical Engineers, Part I: Journal of Systems and
Control Engineering228.3 (2014): 138-153.
[23] V. L. Orekhov, C. S. Knabe, M. A. Hopkins, and D. W. Hong, “An unlumped model for linear series elastic
actuators with ball screw drives,” in Intelligent Robots and Systems (IROS), 2015 IEEE/RSJ International
Conference on, pp. 2224–2230, IEEE, 2015.
[24] C. Mitsantisuk, M. Nandayapa, K. Ohishi, and S. Katsura, “Parameter estimation of flexible robot using
multi-encoder based on disturbance observer,” in IECON 2012-38th Annual Conference on IEEE
Industrial Electronics Society, pp. 4424–4429, IEEE, 2012.
[25] Naerum, Edvard, Ole Jakob Elle, and Blake Hannaford. "The effect of interaction force estimation on
performance in bilateral teleoperation." IEEE transactions on haptics 5.2 (2012): 160-171.
[26] Shimono, Tomoyuki, Seiichiro Katsura, and Kouhei Ohnishi. "Abstraction and reproduction of force
sensation from real environment by bilateral control." IEEE Transactions on Industrial Electronics 54.2
(2007): 907-918.
[27] Murakami, Toshiyuki, Fangming Yu, and Kouhei Ohnishi. "Torque sensorless control in multidegree-offreedom manipulator." IEEE Transactions on Industrial Electronics 40.2 (1993): 259-265.
[28] S. Oh, K. Kong, and Y. Hori, “Design and analysis of force-sensorless power-assist control,” IEEE
Transactions on Industrial Electronics, vol. 61, no. 2, pp. 985–993, 2014.
[29] J. W. Jeong, P. H. Chang, and K. B. Park, “Sensorless and modeless estimation of external force using time
delay estimation: application to impedance control,” Journal of mechanical science and technology, vol. 25,
no. 8, pp. 2051–2059, 2011.
[30] Parietti, Federico, et al. "Series viscoelastic actuators can match human force perception." IEEE/ASME
Transactions on Mechatronics 16.5 (2011): 853-860.

요약문
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사람과의 상호작용 제어를 위한 반력 측정 직렬 탄성 구동기의
외력 추정

최근, 로봇분야가 산업용뿐만 아니라 의료용, 서비스용으로 확대됨에 따라 사람과의 상호작
용을 고려하는 것이 큰 이슈가 되고 있다. 사람과의 상호작용에서 가장 중요하게 고려해야
할 점은 안전이다. 이러한 요구에 따라 직렬 탄성 구동기가 큰 기대를 받고 있다. 직렬 탄성
구동기는 자체적으로 가진 유연함으로 인해 높은 감속비를 가짐에도 불구하고 역 구동성이
커서 안전성이 높다는 이점이 있다. 또한 스프링의 변위를 측정하여 구동기가 말단이 발생시
키는 힘을 추정할 수 있기 때문에 힘 센서가 없어도 힘 제어가 가능한 장점이 있다. 탄성 구
동기를 적용한 기존의 로봇 시스템들은 스프링의 변위를 외력으로 가정하여 제어를 하고 있
지만 정확한 동역학 모델을 분석해보면 직렬 탄성 구동기에서 스프링 변위는 외력과 같지 않
다. 이러한 잘못된 접근 방법은 어플리케이션의 제어성능을 떨어뜨리며 특히 사람과의 상호
작용을 고려한 로봇에서 안정성에 문제를 일으킨다. 이 논문에서는 라그랑지안 동역학을 이
용하여 직렬 탄성 구동기의 동역학 모델을 구하고 그 모델을 기반으로 하여 외력이 스프링의
힘이 같지 않다는 특징을 밝혔다. 그리고 정확한 외력을 추정하기 위한 두 가지 방법을 소개
하고 이를 적용한 실험결과들을 제시하여 외력 추정 성능을 평가하였다.
핵심어 : 직렬 탄성 구동기, 상호 작용 제어, 힘 추정
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