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Abstract: The Series Elastic Actuator (SEA) has recently been developed by many research groups and
applied in various fields. As SEA is the combination of motor, spring, gear and load, various types and
configurations of mechanism have been developed as SEAs to satisfy many requirements necessary
for the applications. This paper provides a theoretical framework to categorize and compare these
various configurations of SEAs. The general structure and model of SEA is provided, and SEA
configurations are categorized into Force-sensing Series Elastic Actuator, Reaction Force-sensing
Series Elastic Actuator and Transmitted Force-sensing Series Elastic Actuator, based on the relative
location of the spring. Criteria such as Force sensitivity, Compliance and Transmissibility of SEA are
derived and compared using actual SEAs that have been developed previously.

Keywords: Variable Impedance Actuator (VIA); Series Elastic Actuator (SEA); FSEA; RFSEA; TFSEA;
compliant element; categorization; design criteria; performance; transmissibility

1. Introduction

Series Elastic Actuator (SEA), a type of Variable Impedance Actuator (VIA), is an actuator
which receives much attention as the next-generation actuator [1]. Since it was first introduced
in 1995, SEA has been currently recognized in the robotics field as an actuator system to implement a
high-performance torque control [2].

In contrast to the conventional actuation, which contains rigid gears that transmit the force/torque
to the load which is proportional to the motor torque, which is also proportional to the current flowing
through it. On the other hand, the torque transmitted to the end load by an SEA, is supposed to be
proportional to the deformation of the spring, which is a key component of an SEA. In other words,
the SEA changes the torque generation problem from the motor current decision problem to the spring
deformation decision problem, due to the presence of the spring. In addition to this force/torque
generation characteristic, SEA is well-known for its complicated mechanism, as it is a combination of
a motor, gears and a compliant component, the structure of which depends on the configuration of
each SEA.

Despite these difficulties, SEA has been applied to robotic applications in various fields to take
advantage of the high fidelity force control of SEA [3-12]. Lots of applications of SEA for quadruped
robots, biped robot, dual arm robots and wearable robots, have demonstrated that SEA is the promising
actuator system.

Even with these many successful developments of SEAs, there have been few trials to understand
and analyze SEA in a generalized framework, so that various types of SEAs should be assessed and
compared in terms of same standards.

Figure 1 shows various types of SEAs, that can be categorized in terms of the transmission type
and movement type.
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Figure 1. The SEAs which are categorized in terms of the types of transmission and the types of motion.
(a) Series Elastic Actuator [2], (b) University of Texas-Series Elastic Actuator [13], (c) compact Rotary
Series Elastic Actuator [14], (d) compact Planetary-geared Elastic Actuator [15], (e) Rotary Series Elastic
Actuator [16], (f) Cable Driven Series Elastic Actuator [17], (g) Bowden Cable Driven Series Elastic
Actuator [18] and (h) Series elastic actuator of MARIONET [19].

This categorization is rather a kinematic categorization than a dynamic categorization, which can
be utilized to represent and compare the output motions of SEA. Dynamic performance of SEA,
however, cannot be compared or categorized using this standard. This dynamic categorization of SEA
needs to provide some insights and criteria of dynamic characteristics of SEAs, which can be reflected
in the design of SEA mechanism and controllers.

As the result of this demand, in the article of [1], the Variable Impedance Actuator (VIA) including
the Variable Stiffness Actuator, which is the upper level concept of SEA, is categorized its structural
characteristics, and its advantages and disadvantages are identified based on the categorization.
Although this study mentioned SEA, one of the types of VIA, it did not discuss the classification of
SEA structures and assessments.

Another similar approach is proposed in [20], which categorizes SEA in terms of the design
methodology to generate variable impedance using two motors. Tagliamonte et al. [21] attempted
to numerically compare the performance of a double actuated VIA in terms of the metric of
“power/mass” or “power/volume” depending on the position of the spring. Lauria et al. [22]
discussed implementation methodology to incorporate differential gears in SEA. All these studies to
provide a framework to distinguish and assess the structure of SEA. Nevertheless, there has not been a
criteria that is fully based on the dynamic characteristics of SEA, and thus it can be utilized for the
analysis and design of SEA mechanism and controller.

This paper proposes a novel categorization of SEA in terms of the displacement of the spring
and the gear in SEA. SEA is classified into three types according to the relative position of the spring
with regard to the gear: Force-sensing Series Elastic Actuator (FSEA) which locates the spring after
the transmission gear, Reaction Force-sensing Series Elastic Actuator (RFSEA) which locates the
spring before the transmission gear and Transmitted Force-sensing Series Elastic Actuator (TFSEA)
which locates the spring inside the transmission gear. Such a structural difference may lead to a
practical challenge of determining the placement, attachment, and type of the encoder to measure
the deformation of the spring. However, the problems are hard to be generalized since it is highly
dependent on the type of application. Therefore, considering general aspects even excluding these
practical problems, the dynamic characteristics of all the SEA types are thoroughly derived and
validated through experiments in this paper. In order to represent all three types of SEA, a generalized
dynamic model of SEA is derived, which can give some insight of the design of SEA by providing a
common framework to inspect dynamic characteristics of various SEA structures.

The organization of this paper is illustrated in Figure 2. Section 2 introduces a new viewpoint of
the structure of SEAs and categorizes SEAs that have been proposed in previous studies into three
types based on the proposed viewpoint. In Section 3, the dynamics of three types of SEA, which are
Force-sensing Series Elastic Actuator, Reaction Force-sensing Series Elastic Actuator and Transmitted
Force-sensing Series Elastic Actuator are derived, and a generalized dynamic model is proposed.



Actuators 2017, 6, 26 3 of 26

In Section 4, three assessment criteria, which are defined as the required dynamic characteristic for
SEA are proposed, and three types of SEA are compared using the proposed criteria. Finally, Section 6
summarizes the contributions of this paper.
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Figure 2. Overview of organization of this paper.

2. Three Types of SEA Configurations

Paine et al. [13] categorizes SEA into Force-sensing SEA (FSEA) and Reaction Force-sensing SEA
(RFSEA) depending on the location of the spring; the spring is located after the reduction gear and
before the load in FSEA while the spring is located before the reduction gear in RESEA. In this section,
SEA configuration is categorized in terms of relative location of the spring.

2.1. Categorization Based on Spring Location of SEA

In general, a rigid actuator system can be illustrated as Figure 3a: force/torque is generated from
a power source (a motor in this case) and is transmitted to the load through a transmission (a reduction
gear in this case) while being amplified. The transmission usually does not provide back-drivability,
which causes non-transparency in the rigid actuator system; the torque generated from the power
sources can be transmitted to the load with high efficiency, while the force coming from the load cannot
be transmitted to the power source side. In order to solve this problem, SEA have been proposed in
which a compliant component is incorporated to precisely measure/control the interaction force of the
load side.

The compliant component (usually spring) is incorporated in SEA to realize high fidelity
force control. The location of the spring, however, can differ (any place among the power source,
the transmission and the load) leading to various configurations of SEA. Figure 3b illustrates the
possible locations (1), (2), (3) and (4) of the spring in SEA. Since the SEA structure was firstly proposed
by Pratt in 1995, many types of SEA have adopted the configuration in which the spring is positioned
at (4). Recently, however, novel SEAs have been proposed to have different configurations by arranging



Actuators 2017, 6, 26 4 of 26

springs at various positions from (1) to (3). This paper categorizes SEA configuration into three types
based on the position of the spring as follows.

*  Reaction Force-sensing Series Elastic Actuator (RFSEA)—spring located at (1) or (2), before the
transmission

e  Transmitted Force-sensing Series Elastic Actuator (TFSEA)—spring located at (3), inside the
transmission

¢  Force-sensing Series Elastic Actuator (FSEA)—spring located at (4), after the transmission

Note that any type of transmission can be applied in these configuration, which means the
proposed categorization is general enough. SEA in [22], which also utilized the spring gear relationship.
However, the study proposed only the categorization without providing dynamic analysis of each
configuration. This paper starts from the categorization and extends it to dynamics analysis and novel
criteria. The detail of three SEA configurations, FSEA, RFSEA and TFSEA, are discussed in detail in
the subsections that follow.

1,7 Stator l mn
Rotor 3) Spring
- \
%: Load & i; & g’ Pt
g\_“ E\ (4) =Sy
Motor %, - MOtOF E,
=" ; Load
Transmission Reference: Transmission
(a) (b)

Figure 3. (a) Rigid Actuator; (b) Series Elastic Actuator.

2.2. Force-Sensing Series Elastic Actuator (FSEA)

FSEA, is a SEA which combines a motor, a reduction gear, a spring and a load in this order so
that the spring can directly measure the force from the load. This structure, which was proposed as
the structure of the initial SEA, has been adopted as the configuration of many SEA designs. In the
Figure 4, the detail of FSEA configuration is illustrated, where the motor stator is attached to ground
to provide absolute force to the transmission, and the amplified force by the transmission drives the
spring deformation to generate spring force/torque. In other words, the force/torque output of SEA is
the spring torque, which can be controlled by the motor torque. Notice that the external force from the
load side can directly affect the spring deformation too.

For the force measurement, the spring displacement should be measured. In the case of most
FSEA applications, the motor angle and the load side angle are measured using sensors such as
encoders, and the spring deformation is derived based on the two measurements. Then the force can
be calculated by multiplying the spring deformation and the stiffness coefficient.

According to [13], this structure can be easily implemented through an intuitive design method,
and the impact force can be low-pass filtered through the spring in the event of an external impact to
safely protect the transmission. However, the size of whole actuator (i.e., length of SEA) increases due
to the series structure.
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Figure 4. Configuration of Force-sensing Series Elastic Actuator (FSEA).

Figure 5a is the first SEA proposed in [2], the configuration of which has been adopted as a general
structure in most of the early SEAs. The SEA configuration proposed in [14] can also be categorized
into FSEA, where a worm gear was utilized as the transmission and a rotary spring is utilized as the

compliant element.

Load Spring Transmission Motor Motor Transmission Spring Load

(a) (b)

Figure 5. Example models of FSEA. (a) Series Elastic Actuator (SEA) and (b) compact Rotary Series
Elastic Actuator (cRSEA).

2.3. Reaction Force-Sensing Series Elastic Actuator (RFSEA)

RFSEA locates the spring before the transmission, which can be divided into two types as
illustrated as shown in Figure 6.

The spring can be placed between the ground and the motor stator. The motor generates a relative
torque between the stator and the rotor, and the motor torque is amplified by the transmission and
directly transferred to the load. In RFSEA in Figure 6a, the spring deformation is proportional to the
reaction force of the motor with respect to the ground. Position sensors can be implemented in the
motor and the spring.

Figure 6b describes another type of RFSEA, where the spring is placed between the motor rotor
and the transmission.In this case, spring deflection measures the direct motor torque and the reduced
external torque.

Both cases can be considered as RFSEA because the reaction force that occurs before transmission
can be measured during driving. The dynamic characteristics, however, of two types are different:
the inertia of the motor stator should be taken into account in Figure 6a, since it is not fixed as in
Figure 6b and generates inertial force/torque.
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Figure 6. Configurations of Reaction Force-sensing Series Elastic Actuator (RFSEA). (a) “motor reaction
force” sensing type and (b) “gear reaction force” sensing type.

The UT-SEA shown in Figure 7a was developed as the first RESEA in [13]. This mechanism used a
ballscrew to create a prismatic motion using a rotating motor, and the RFSEA structure of the Figure 6a
was realized by mounting a compression spring on the motor stator.

The another type of REFSEA which is called MARIONET (Moment arm Adjustment for Remote
Induction Of Net Effective Torque) was proposed in [19] as in Figure 7b, which utilized the wire driven
transmission with pulley. MARIONET has the structure as shown in Figure 6b, where the motor is
fixed to the base and the elastic element is inserted before the pulley of the end-link.

Spring Motor  Transmission Load Motor Spring  Transmission Load

(a) (b)

Figure 7. Example models of RFSEA. (a) University of Texas-Series Elastic Actuator (UT-SEA) and
(b) Series Elastic Actuator of MARIONET.

2.4. Transmitted Force-Sensing Series Elastic Actuator (TFSEA)

TFSEA is defined as SEA which places a spring inside the transmission. TFSEA also can be
divided into two types of implementations as described in Figure 8.

Figure 8a describes a TFSEA configuration in which the spring is located between the transmission
gears, so that it can measure the transmitting torque inside the gears.

Figure 8b describes a TFSEA configuration, where a differential gear such as a planetary gear
and Harmonic Drive is utilized as the compliant component. The motor torque is transmitted to the
load, through the differential gear in this configuration. The spring is attached to the gear housing that
is connected to the differential gear, so that the torque transmitting the gear can be measured by the
spring. The position sensors can be attached to the motor and spring in this configuration. Notice that
the inertia of the gear housing should be taken into consideration in the case of Figure 8b.
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Figure 8. Configurations of Transmitted Force-sensing Series Elastic Actuator (TFSEA). (a) “internal
transmitted force of gear” Sensing type and (b) “external transmitted force of gear” Sensing type.

DEA (Differential Elastic Actuator) shown in Figure 9a can be categorized as TFSEA which
utilized a Harmonic Drive as a differential transmission [22]. A hollow motor is utilized to deliver
the torque to the wave generator of Harmonic Drive, and this torque is captured as the transmitting
torque by the spring connected between the flex spline and the ground.

cPEA (Compact Planetary-geared Elastic Actuator) is another TFSEA that employed a planetary
gear as the differential transmission [15]. The motor torque is transmitted from the sun gear to the
carrier that is connected to the load. The transmitting torque is measured by a spring that is connected
between the ring gear and the ground. In [15], the dynamics of cPEA was accurately obtained and
utilized in the model-based force control.

Motor Gear1 Spring Gear2 Load Load Gear Spring Motor

Ny

(a) (b)

Figure 9. Example models of TFSEA. (a) Differential Elastic Actuator (DEA) and (b) compact
Planetary-geared Elastic Actuator (cPEA).

3. Generalized Dynamic Model for SEA Configurations

The dynamics of the SEA needs to be derived for the design and analysis of the controller. As the
structure of SEA is composed of various components, the dynamics of each component is coupled
with each other in various ways, which makes the derivation of the SEA dynamics complicated.

The dynamics of SEA has been studied using several models. However, those studies are
inconsistent with each other, and thus fail to provide a comprehensive dynamic model and insights on
SEA dynamics in general. This also makes it difficult to make a reasonable dynamic characteristics
comparison among different configurations of SEA.

In order to address this issue, this paper investigates the dynamics of three types of SEA, and then
proposes a generalized dynamic model that can be applied to all the SEA configurations. The proposed
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generalized dynamic model can be utilized as a framework where various configurations of SEA can
be integrated and compared consistently.

The proposed generalized dynamic model of SEA is derived and validated through the
following process.

1.  The following three different SEAs are selected as representatives of the proposed three SEA
configurations, and dynamic model of each SEA is examined.

e  FSEA—Compact Rotary SEA (cRSEA) proposed in [14]
e  RFSEA—UT-SEA (RFSEA) proposed in [13]
e  TFSEA—Compact Planetary-geared Elastic Actuator (cPEA) proposed in [15]

2. A generalized dynamic model is proposed, and it is shown that all the SEAs with the different
SEA configurations can be modeled using the generalized dynamic model.

3. Transfer functions of SEA (from the motor torque to the load angle, from the motor torque to the
spring deformation and so on) are derived using the derived dynamic model.

4. The derived dynamic model is verified through the comparison with frequency response
function measurements.

3.1. Dynamic Model of cRSEA

SEA is basically a flexible system consisting of two masses, and [23] has thoroughly investigated
the dynamics of SEA using the two-mass dynamic model. The two-mass dynamic model can be
interpreted as the combination of three kinds of free-body dynamics as illustrated in Figure 10a.
The free-body dynamics of FSEA consists of:

1. The motor system dynamics Py(s), which is composed of the inertia ], and the damping
coefficient By, of the rotor of the motor including the worm gear inertia,

2. The load system dynamics P;(s), which contains the end-link of FSEA with load inertia J; and
damping coefficient B;,

3. The stiffness coefficient of the spring K;, which connects two systems (i.e., Py(s) and
Py(s)) relatively.

In this system, the angle of the motor is defined as 0,,, the angle of the load as 0; and the spring
deformation as 6s. The governing equation of each system can be expressed as follows.

]mgm + Bmém = Tm — NﬁlTout (1)
KOs = Tout (2)
]lenl + Blél = Tout + Text, 3)

where T, is the force generated by the motor from the ground, 1, is the force generated by the spring
deformation, and T,y is the external force applied from the environment to the load side of FSEA.
Each system can be expressed as Py, (s) = m, Ps(s) = K%; and P(s) = ]zszlﬁﬁs by Laplace
transformation the Equations (1)—(3), respectively. The three free-body dynamic systems are under
kinematic constraints via gear, the gear ratio which is given as N. The constraint condition is
expressed as:
0, = N~10,, — 6, (4)

Considering the constraint Equation (4), the block diagram of cRSEA can be described as
Figure 10b.

Notice that FSEA is a Multi-Input Multi-Output (MIMO) system, which has multi input forces
such as T, Text and multi output angles such as 6y, 6, 05 and To,+ as shown in Figure 10b. The dynamic
model, therefore, should be able express all these input and output features to describe its characteristics
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precisely. Figure 10b is the two-mass model to describe the dynamic characteristic of FSEA, and the
transfer functions from the force inputs to the angle outputs are summarized in Table 1.

O

Q
S T,
= : ext+
R o As)
Motor system
Tout
2k
7YV
. K
Spring system
0,
Q |—>
: )
= Ji
a b Ppu(s)
Load system

(a) (b)

Figure 10. Dynamic modelling of FSEA. (a) Free-body diagrams of FSEA and (b) block diagram
representation of FSEA dynamics.

Table 1. Transfer functions of FSEA.

Om (S) BS(S) 91(5) Taut(s)
Pu(s)[P(s)+K']  N71B,(s)K:! N1P,(s)Py(s) N-1P,(s)
Tin (5) D(s) D(s) D(s) D(s)
(s) N-1P,(s)P,(s) Pi(s)K;! Pi(5) [N 2P (s)+K; '] Pi(s)
Text (S D(s) D(s) D(s) D(s)
where D(s) = P;(s) + N72P,(s) + K51

3.2. Dynamic Model of RFSEA

The dynamic model of RFSEA has been analyzed based on three inertias in [24], can be interpreted
as three combinations of three free-body dynamics as illustrated in Figure 10a. The free-body dynamics
of RFSEA consists of:

1. The motor system dynamics Py(s), which is composed of the inertia ], and the damping
coefficient By, of the rotor of the motor including the timing pulley inertia,

2. Theload system dynamics P,(s), which contains the end-link and the ball screw of RFSEA with
load inertia J; and damping coefficient B;,

3. The spring system dynamics Ps(s), which has the stiffness coefficient K; of the spring connecting
the stator of the motor and the ground as well as the inertia of the stator J; and the damping
coefficient Bs.

Note that the RFSEA configuration analyzed here is the motor reaction force sensing type one,
which has the spring inertia J; and damping Bs. Figure 11 shows the schematic of free-body dynamics of
RFSEA; it consists of three free bodies, the motor system, the load system and the spring system. Js and
B are the dynamic characteristics of the spring system which is represented as the blue colored section.
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: Spring system
: Load system
: Ground

: Motor system

Figure 11. The inertia J;;;, J; and Js of RFSEA [24].

In the same way as FSEA,the angle of the motor is defined as 8, the angle of the load as 8; and
the spring deformation as 65, and the governing equation of each system can be expressed as follows.

]mem + Bmém = Tm — NﬁlTout ®)
]sés + Bsés + K05 = N_lTout (6)
1101 + Bib = Tout + Text, 7)

where T, is the relative force generated by the motor between the rotor and the stator, 1, is the force
transmitted to the load from the spring and ., is the external force exerted on the end-link of RFSEA
(i-e., end of ball screw shaft).

Each free-body dynamics of RFSEA can be expressed as Py (s) = ﬁ, Ps(s) = m

and Pi(s) = m by Laplace transformation of the Equations (5)—(7), respectively. Taking into
consideration the gear ratio N of the ball-screw, the kinematic equation of 8,;, 6; and 65 can be obtained
as follows.

The three free-body dynamic Equations (5)—(7) and the kinematic Equation (8) of RFSEA can be
represented as the block diagram as in Figure 12b, which shows the dynamic model of RESEA.

Table 2 summarizes the transfer functions among the inputs and outputs of the RFSEA from the
dynamic model in Figure 12b.

Textt Ai(s) 6,

aSpring system
| [

J)
By ! Tm +y—

10RTONE

Load system

(a) (®)

Figure 12. Dynamic modelling of RFSEA. (a) free-body diagrams of RFSEA and (b) block diagram
representation of RFSEA dynamics.
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Table 2. Transfer functions of RFSEA.

em(s) 6S(s) 91(5) Tout(s)

Tn(s) Pu(s)[NPi(s)+Ps(s)]  Pu(s)P:(s) NP, (s)Pi(s) NPy (s)
" D(s) D(s) D(s) D(s)

Toxt (5) NP, (s)P(s) NP(s)P:(s)  Pi(s)[Pu(s)+Ps(s)] N2P(s)
ex D(s) D(s) D(s) D(s)

where D(s) = N2P;(s) + Py (s) + Ps(s).

3.3. Dynamic Model of TFSEA

Figure 13 illustrates the schematic of cPEA (compact Planetary geared Elastic Actuator), which is
a TFSEA with a differential gear. The dynamics of this complicated TFSEA has been discussed in [15],
and it also can be interpreted using the combination of three kinds of free-body dynamics.

Figure 14a illustrates the free-body dynamics of the TFSEA, which consists of:

1. The motor system dynamics Py(s), which is composed of the inertia J,; and the damping
coefficient By, of the rotor of the motor including the sun gear inertia of planetary gear unit,

2. The load system dynamics P;(s), which includes the carrier(to constraint planet gears) of the
planetary gear unit with the load inertia J; and the damping coefficient Bj,

3. The spring system dynamics Ps(s), which has the stiffness coefficient Ks which is also connected
the ring gear that demonstrates the inertia J; and the damping B;.

Notice that the other end of the spring is connected to the ground to which the stator of the motor
is also connected. J; and B; are attributed to the motion of the ring gear with regard to the ground.
Figure 13 describes the mechanical parts corresponding each dynamic system, where the spring system
is denoted as the blue colored body that is connected to the spring (the yellow part).

: Spring system
: Load system
: Ground

: Motor system

Figure 13. The inertia J,;;, J; and Js of cPEA [15].

In cPEA, the angle of the sun gear is defined as 6,,, the angle of the carrier is defined as 6; and the
ring gear angle (spring deformation) is defined as ;. The governing equation of each systems can be
expressed as follows.

]mem + Bmém = Tm — N_lTout )

.. . N-—-1
Js0s + Bsts + Ks0s = TTout (10)
]19.1 + Blél = Tout + Text, (11)

where T, is the force generated by the motor, 7, is the force transmitted to the load by the spring
connected to the ring gear, 7. is the external force applied to the carrier from outside environment.
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Three free—body dynamics of TFSEA can be expressed as Py (s) = %, Ps(s) = m

and Py(s) = IsZT from the Laplace transformation of Equations (9)-(11) respectively, and the systems
are constrained by a planetary gear system. When the gear ratio of planetary gear unit is given as N,
the kinematic constraint equation is expressed as:

(N —1)8s = 6,, — N§, (12)

The block diagram in Figure 14b shows the dynamic model of the TFSEA, combining three
free-body dynamics under the kinematic constraint. Table 3 summarizes the transfer functions related
to the TFSEA, which are calculated from the dynamic model in Figure 14b.

0
K

UNO.I

Spring system
b

Ji

punoin

By

Load system
(@) (b)

Figure 14. Dynamic modelling of cPEA. (a) free-body diagrams of cPEA and (b) block diagram
representation of cPEA dynamics.

Table 3. Transfer functions of cPEA.

om(s) 95(5) 91(5) Tgut(s)
T (s) () [N(N=1)P,(s)+(N=1)?Ps(s)]  (N—1)P,(s)P:(s) NP, (s)Pi(s) NP, (s)
" D(s) D(s) D(s) D(s)
NP, (s)Pi(s) N(N-1)Pi(s)Ps(s)  Pi(s)[Pu(s)+(N-1)?P.(s)]  N2P(s)
Text(s) D(s) D(s) D(s) D(s)

where D(s) = N2P;(s) + Py (s) + (N — 1)2Ps(s).

3.4. Validation of Derived Dynamic Models

In order to verify the dynamic models of all the SEA configurations discussed in Sections 3.1-3.3,
the dynamic characteristics of the SEAs are measured as the Frequency Response Functions (FRFs)
and compared with the derived dynamic model. In other words, the FRF of each SEA is measured
using the inputs and outputs of SEA, and it is compared with the calculated FRF based on the derived
dynamic model.

In Figures 15-17, (a) describes FRF from the motor torque to the motor speed (in RFSEA, position),
and (b) describes FRF from the motor torque to the spring deformation. The blue dotted-lines are
the FRF measurements from the experiments, and the red-solid lines are the FRFs obtained from the
dynamic models.

Good matches between the measurements and the models in Figures 15-17 show that all three
models can accurately capture the dynamic characteristics of all the SEA configurations.
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Figure 15. Frequency Response Functions of cRSEA [25]. (a) FRFs from motor torque to motor velocity

and (b) FRFs from motor torque to spring deformation.
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Figure 16. Frequency Response Functions of RFSEA [24]. (a) FRFs from motor torque to motor position

and (b) FRFs from motor torque to spring deformation.
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Figure 17. Frequency Response Functions of cPEA [15]. (a) FRFs from motor torque to motor velocity
and (b) FRFs from motor torque to spring deformation.

3.5. Generalized Dynamic Model of SEA as Dynamics Framework

The investigation of the dynamics of all the SEA configurations has revealed that SEA has common
structural characteristic; it consists of three dynamic system, i.e., the motor system, the load system and
the spring system, and the transmissions combines the systems with any kind of kinematic constraint.
A generalized block diagram that can express these features in general is described in the Figure 18.
A further look at Figures 10b, 12b and 14b and comparison among them provide a comprehensive
understanding of the general dynamic model of SEAs; the dynamic behavior of SEA consists of Py, (s),
Py(s) and Ps(s), and the coupling among them by the transmissions can be specified depending on the
relative positions of the transmission and the spring.

In the generalized dynamic model Figure 18, generic gear ratio description alpha and beta are
adopted, and general spring dynamics description Ps(s) is also adopted. Each &, 8 and P;!(s) for the
case of cRSEA, RFSEA and cPEA is summarized in Table 4. Notice that any types of SEA configuration
(even other more complicated configuration than cRSEA, RFSEA and cPEA) can be described by the
proper combinations of «, f and Ps(s). In other words, «, § and Ps(s) can characterize the dynamic
behavior of SEAs, and thus should be designed with care to achieve any desired dynamic feature.

Transfer functions calculated from the generalized dynamic model can be utilized as mathematical
tools to assess the dynamic behaviors of SEA in numerical ways. Table 5 is the transfer functions of the
generalized dynamic model.

Teaty Fi(s)

+
Tout

-
m P,.(s)

Figure 18. Block diagram platform of generalized dynamic model of SEA.
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Table 4. Generalized parameters of cRSEA, RFSEA and cPEA.

cRSEA RFSEA cPEA
o 1 N %
B N1 1 .
1

(s) K Jos2 + Bss + K5 Jss% + Bss + K

Table 5. Transfer functions of generalized platform of SEA.

Bm(s) 05 (s) 91(5) Tout(s)
T (S) D (s)[aPy(s)+Ps(s)] BPu(s)Ps(s) apPy(s)Py(s) apPy(s)
m D(s) D(s) D(s) D(s)
(s) BPy (5)Pi(s) aP($)P(s)  PS)[FPu(s)+P()]  a?P(s)
Text (5 D) D) D(s) D)

whereD(s) = a?P;(s) + B2Pu(s) + Ps(s).

4. Assessment Criteria and Comparison of SEAs

Several studies to consider had sought to evaluate the performance of the compliant actuator.
Tagliamonte et al. [21] attempted to numerically compare the performance of a double actuated VIA
with the concept of “power/mass” or “power/volume” depending on the position of the spring.
Robinson et al. [26] proposed a criteria of the Large Rorque Bandwidth (LTB) that can evaluate
the performance under the large force command by using simple model of force-controlled SEA.
In a similar study, Maximum Torque Transmissibility (MTT), which is the criterion for defining the
maximum force generation performance from the viewpoint of velocity limitation, is presented by
using the dynamics of FSEA under force control [27].

In this section, three criteria to represent the characteristics and performance of SEA are proposed
using the proposed generalized dynamic model. The three SEA configurations are compared based
on the proposed assessment criteria. An actuator system as an ideal force source is supposed to
deliver accurate force to the load while it can react to any type of external forces sensitively and safely.
This defines the requirements for SEA as: (1) the generation of accurate and efficient forces, and (2) the
sensitive and safe response to external forces. One of the advantages of SEA, energy storing, is an
important factor that should be considered as a criterion. However, by considering the governing
equation of the spring potential energy, the energy storing characteristic depends on the behavior of
the spring itself, not on the structural differences of SEA. Therefore, energy storage is not considered
in this paper which mainly deals with the performance differences caused by the relative placement
among the spring, the gearbox and the motor.

Three criteria are proposed to assess the ability of SEAs to meet these requirements.

¢  Force sensitivity—SEA should respond sensitively to external forces.
e  Compliance—For the safety, it is necessary to react compliantly against the external force.
¢  Transmissibility—Torque transmission efficiency should be high.

Note that the meaning of the three criteria proposed in this paper is defined as the unique feature
of SEA and is different from the physical meaning of words.

Section 4.1 discusses each criterion in detail, and Sections 4.2—4.4 examine and compare three
types of SEA in terms of the proposed assessment criteria.

4.1. SEA Assessment Criteria

Using the generalized dynamic model proposed in Section 3, the required dynamic behaviors of
SEA are defined in the forms of transfer functions, which can be evaluated in terms of magnitudes and
phases in the frequency domain.
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4.1.1. Force Sensitivity

Force sensitivity is the ability of SEA to accurately measure and control the force interacting with
the external environment. SEA is basically an actuator system that measures the deformation of a
spring and generates force based on it, when an external force is applied. Therefore, force sensitivity as
an assessment criteria can be defined as how much the spring can be deformed with respect to external
force. In other words, SEA with higher force sensitivity generates larger spring deformation when the
same amount of external force is applied. Force sensitivity is related to the encoder resolution problem
in practice; SEA with higher sensitivity can have higher force measurement resolution.

To quantify this force measurement and response characteristic, the force sensitivity S(s) is defined
as the transfer function from external force to spring deformation given as

Bs(s)

S(s) = Ta(s) (13)

4.1.2. Compliance

In order to ensure safe interaction with the environments and to protect the transmission against
the impacts, reaction force (i.e., mechanical impedance) of SEA against external force should be small.
SEA is considered to present better safety than rigid actuators thanks to its compliant component.
However, this characteristic needs to be assessed in a more quantitative way. Compliance C(s) can
be defined as the transfer function from the external force to the velocity of the end link which can
quantify the flexibility of SEA against the external force.

c(s) = ) (14)

where wj(s) = s6,(s).

4.1.3. Transmissibility

SEA also has a function of a transmission that converts the torque generated by the motor to
the restoring torque of the spring. Transmissibility can be defined as the dynamic characteristic to
express how the motor force is transmitted to the load side through the spring deformation. The high
transmissibility represents the high efficiency of the SEA.

Transmissibility T(s) is defined as the transfer function from the motor torque to the output force
of the SEA to quantify the characteristics of the force generation efficiency.

Tout (5 )

T(s) = 2 (15)
In the following subsections, the dynamic behaviors of three kinds of SEA are compared using the
proposed assessment criteria. The values of the criteria for each SEA are calculated using MATLAB.
The mechanical parameters of all the SEA to be compared are given in Table 6. Note that the simulation
parameters used in this paper are set as one example to compare the three types of SEA in fair condition.
From the assumption of this paper, especially with the same spring stiffness, the output stiffness of the

three types of SEA can vary depending on the position of the reduction ratio.
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Table 6. Simulation parameters of SEA criteria.

Parameter Value
Jm 0.000004 kg-m?
Js 0.00045 kg-m?
T 0.00065 kg-m?
B 0.000029 Nm-s/rad
Bs 0.02 Nm-s/rad
B, 0.0001 Nm-s/rad
K 4.8 Nm/rad
N 10

4.2. Force Sensitivity

Force sensitivity Spspa(s), Srrsea(s) and Strspa(s) can be calculated based on Equation (13)
as follows.

Pi(s)K;!
Pi(s) + N=2P,(s) + K !
(Jis* + Bs) 'K !
(J;s2 + Bjs) =1 + N=2(J,;s2 + Bys)~1 + K; !
_ (Jms + B)N? 16)
(]l]mN2)53 + [(Bl]m + Bm]l)NZ}SZ + UZKS + (]mKs + Ble)Nz]s + Ks(Bl + BmNZ)’

Srsea(s) =

_ NP (s)Ps(s)
Srrse(s) = N2P(s) + Pu(s) + Ps(s)

_ N(Jis* + Bys) ' (Jss* + Bss + Ks) !
~ N2(J;s2 4+ Bys) "1 4 (Js? + Bys) 1 + (Jss2 + Bss + Ks) 1
_ (JuN)s + (BuN)
a B(s)

where B(s) = Um]sN2 + 11 (Js + ]m)]sg + [BM(]SNZ +J1) + BS(]mN2 +Ji) + Bi(Js + ]m)]sz
+ [JiKs + (JuKs + BuBs)N? + B;(Bs + Bu)]s + Ks(B; 4+ BuN?), (17)

S (S) _ N( 1>PI( ) (S)
rrsea N2Py(s) + Pu(s) + (N = 1)2Ps(s)
N(N 1)(Jis* + Bys) " (Jss* + Bss + Ks) ™!
Jis2 4+ Bis) "1 + (Jms® + Bpus) 1 + (N — 1)2(Jss2 + Bss + K;) 1

-
s)
(s)
where w(s) = N(N —1)(Jus + Bu),
B(s) = [JsUr + JuJsN?) + Jin(N = 1)?] &°

+ [BiJs + BuJy 4 (BuJs + BaJu)N? - (BJ + BuJ)) (N = 1% &

+ [ BiBs + JiKs + (BuuBs + JuKs)N? + BiByu(N = 1)?] s

+ Ks(B; 4+ B N?). (18)

2
—~

TI;
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The frequency responses of force sensitivity of all the SEAs are calculated and shown in Figure 19.
The sensitivity of SEAs can be evaluated and compared on Figure 19.

The higher the force sensitivity magnitude is the larger the spring deformation occurs, even with
the same amount of external force. The FSEA has the highest magnitude of force sensitivity in Figure 19
as the external force is directly transmitted to the spring without going through the transmission gear
in the case of FSEA.

It can be also concluded from the result that encoders with high resolutions are needed to
guarantee the force sensitivity in the case of RFSEA.

on

Magnitude (dB)

= = = TFSEA

02 107! 107 10 102 10

Frequency (Hz)

Figure 19. Frequency Response Functions (FRFs) of Force sensitivity.

4.3. Compliance

Compliance Crspa(s), Crrspa(s) and Crpspa(s) can be calculated based on Equation (14)
as follows.

sPi(s) [N72Py(s) + K1
Pi(s) + N72Py(s) + K
_ s(J1s% + Bys) U N“2(Jyus? + Bs) 1 + K 1]
© (Jis2+ Bis) " 4 N=2(Jus? + Bys) L + K5 !
N?(Jus? + Bs) + Ks
(]l]mN2)53 + [(BiJm + Bm]l)N2]52 + [JiKs 4 (JmKs + Ble)NZ]S + Ks(B; + BmNz) ’

Crsea(s) =

(19)

C (s) = sP/(s) [Pm(s) + Ps(s)]
RESEA N2D,(s) + Py (s) + Ps(s)
~s(82 4 Bis) " (Jms? + Buws) "' + (Jss® + Bss + Ks) ]
"~ N2(J;s2+ Bis) L+ (Jws? + Bus) 1+ (Js52 + Bss + Ks) 1
(]s + ]m)sz + (Bs + Bm)s + K;
B(s)
where  B(s) = [JmJsN> + J;(Js + Jm)]s® + [Bu(JsN* + Ji) + Bs(JuN* + J1) + By (Js + Jum)]s*
+ [JiKs 4+ (JuKs + BuBs)N? + B;(Bs + Bu)]s + Ks(B; + B N?), (20)
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C ~ sDPi(s) [Pun(s) + (N = 1)2PS(S)}
TrsEA(S) = N2D,(s) + Pu(s) + (N — 1)2P5(s)
_ 5(]152 + BZS)_l [(]msz + Bms)_l + (N — 1)2(]552 + Bss + KS)_l]
B NZ(]ISZ + Bls)_1 + (]m52 + Bms)_l + (N — 1)2(]552 + Bss + Ks)_1
a(s)
~ Bls)
where  a(s) = [Js + Jm(N —1)?]s? + [Bs + Bu(N — 1)%]s + K,

B(s) = [JsUr + JuJsN?) + Jin(N = 1)?] &°
+ {Bl]s + Bs]l + (Bm]s + Bs]m)NZ + (Bl]m + Bm]l)(N - 1)2} 52

+ [BIBS + JiKs + Ble(N - 1)2 + (BmBs + ImKs)NZ} 5
+ Ks(B; + B,y N?). (21)
Compliance of each SEA against the external force are calculated and shown in the Figure 20,

and the compliance of each SEA can be evaluated and compared in the frequency domain using

Figure 20.
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Figure 20. Frequency Response Functions (FRFs) of Compliance.

Compliance of the three SEAs shows a similar response in the lower frequency range in Figure 20.
Resonant and anti-resonant characteristics appear in certain frequencies determined by the spring
constant. The resonance in the compliance function represents that the SEA becomes compliant at
a certain frequency generating high motions of the end-link. On the other hand, the motions of the
end-link becomes impeded at the anti resonance.

The resonant frequency and anti-resonant frequency can be calculated from the compliance
definition of Equations (19)-(21) by simplifying the functions with zero damping values.

N (s + Jn)s? + Ks
Crsea(s) UnJsN2 4+ J;(Js + Jn)]s3 + Ks(J; + JuN2)s (22)
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C ( ) (]S+]Wl)s +KS
RESEA U JsNZ+ J1(Js =+ Ju)]$% + Ks (J; + JmN2)s

s + Jm(N 1) Js? 4+ K
Us(i + JmJsN?) 4 JiJm (N — 1)?]s3 4 Ks(J; + JiuN?)s

The resonant frequencies and anti-resonant frequencies obtained from Equations (22)—(24) are
given in Table 7. From the Equations (22)—(24), the resonance frequency w; and the anti-resonance

(23)

(24)

Crrsga(s) =

frequency w, are calculated and shown in Table 7. Note that the anti-resonant frequency of Compliance
depends only on the characteristics of the motor system and the spring system, regardless of the types
of SEA. RFSEA has the highest anti-resonant frequency, which is not affected by the reduction gear.

Table 7. Resonance and anti-resonance frequency of compliance.

FSEA RFSEA TFSEA

Ks Ks Ks
“Wa V TuN? \/ Tt T N-1)2J,

Ks(]IJF]mNZ) ]mN +]l Ks(]l+]mN2)
]1],,,N2 ]m]:N +]l ]:+]m ]I]s+]m]sN2+]I]m(N71)2

4.4. Transmissibility

Transmissibility Trspa(s), Tresea(s) and Trpspa(s) can be calculated based on Equation (15)
as follows.

N=1P,(s)
Pi(s) + N=2Py(s) + Ki'!
“1(Jus? + Bys) ™!
(152 + Bys) ™1 + N72(Jus? + Bps) ! + Kt
o Ks(]ls + BZ)N
~ (JiJuN?)s® + [(BiJm + BuJi)N?]s? + [JiKs + (JuKs + BiBu)N?]s 4 Ks(B; + BuN?)’

Trsea(s) =

(25)

NP, (s
Tresea(s) = {ap 7+ Pm((s)) +Pi(s)
B N(Jus? + Bys) !
~ N2(J;s2 +B;s) L + (Jjus? + Bys) 1 + (Jss2 + Bss + K;) !
_ (]l]sN)S3 + [(BlIs + Bs]l)N]Sz ("’)[(BIBS + IIKS)N]S + (B|KsN)
B(s
where B(s) = Um]sNz + Ji(Js + ]m)]SS + [Bm(]sNz + i)+ BS(]mN2 +Ji) + Bi(Js + ]m)]sz
+ [JiKs + (JuKs + BBs)N? + B;(Bs + By)]s + Ks(B; 4+ BuN?), (26)
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NP, (s
Tresea(s) = N2P,(s) + Pr(s) +( ()N —1)2P,(s)
N(Jus? + Bys) ™!
N2(J;s2 + B;s) ™1 + (Jms? + Bms) 1+ (N — 1)2(Jss2 + Bss + Kg) 1
a(s)
~ B(s)
where (s) = (J1JsN)s® + [(Bi]s + BsJ))N]s* + [(BiBs + J1Ks)N]s + (BiK;N),

B(S) = [Js U1+ TuJsN?) + Jin(N = 1)?] &°
o+ [BiJs + Befi + (Bus + Beu)N? + (Bl + BuJ))(N = 17 52
+ [BIBS 4 JiKs + BBy (N — 1) + (B, Bs +]mKS)N2} s
+ Ks(B; + B N?). (27)

The FRF results of Transmissibility of all the SEAs are shown in Figure 21.

FSEA

Magnitude (dB)

= = = TFSEA

107 1072 107! 107 10" 107 103

Frequency (Hz)

Figure 21. Frequency Response Functions (FRFs) of Transmissibility.

The most significant difference among the three FRFs is the magnitude level in the high frequency
range. Magnitudes of RFSEA and TFSEA are maintained constantly even in the high frequency
range,while the magnitude of FSEA decreases in the high frequency range, which represents the high
frequency motor torque cannot be delivered to the load in FSEA. Since Transmissibility is related to
the torque transmission efficiency of SEA, it can be said that RFESEA and TFSEA are superior to FSEA
in terms of efficiency. The comparison of the numerators of Equations (25)—(27) reveals that the high
transmissibility of RFSEA and TFSEA is attributed to the inertial part /s in the spring system. This is
an interesting point which suggests that the different mechanical configuration of SEA can improve
the torque transmission efficiency. This point also verifies that the proposed assessment criteria can
reveal dynamic characteristics that could not be revealed previously.
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5. Discussion

5.1. Discussion 1: Dynamic Behavior of High Gear Ratio

Since the proposed criteria are defined based on the physical model of each SEA, they can
analytically solve how the force sensitivity, compliance, and transmissibility are affected when the
mechanical parameters in the model change. For example, the effect of gear ratio on each criterion can
be analyzed by how the performance of each SEA changes due to the change of gear ratio N. Table 8
shows how all the criteria converges with extreme cases when N is limited to infinity.

Table 8. Resonance frequency and DC gain of SEA criteria with high gear ratio.

Force Sensitivity

FSEA RFSEA TFSEA

K & Ks
wn(N — e0) Vi VI IE3E

1 0

K.

DC(N — o)

Compliance

FSEA RFSEA TFSEA

wa(N =) 0 e m 0
K K Ks
wn(N =) JT0 T
DC(N — ) 0 0 0
Transmissibility

FSEA RFSEA TFSEA

wN=w) J& & RS
0 0 0

DC(N — o)

Three characteristic features of the FRF in each criterion: DC gain, resonant frequency and
anti-resonant frequency are compared in Table 8.

Comparing the Force sensitivity of the three SEAs, the FSEA and TFSEA have a finite DC gain
value when the reduction ratio increases, while the RFSEA has a lower limit on the force measurement
performance, since the sensitivity is 0 when the reduction ratio is high enough. In other words, it is
hard to cause a deflection of the spring of the RFSEA with high gear ratio.

On the other hand, RFSEA benefits from the resonant frequency of the three criteria. When the
value of N increases, the resonant frequency is dependent only on Js, and it is constant regardless of
the change of inertia J;. Also considering the relation [; > Js; of in most cases, it can be seen that the
resonant frequency of RFSEA can be higher than the other SEAs.

Comparing the DC gains of the three Compliances of SEAs, all kinds of SEAs have higher
impedance as the reduction ratio becomes larger. In addition, the DC gains of the transmissibility are
also close to zero as the reduction ratio increases, so that the transmission efficiency becomes inferior.

In summary, the higher gear ratio can generate higher static force in the SEA structure, however,
the dynamic performances such as force transmission, force measurement, and safety decreases.

5.2. Discussion 2: Selection Methodologies of SEA Topology in Practical Point of View

5.2.1. Low Cost SEA

One of the most important reasons using SEA is that it can measure force based on spring
deformation and an encoder is a commonly used tool to measure spring deformation. Since the
resolution of the encoder leads to the resolution of the force measurement, it is advantageous to use a
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high resolution encoder for the SEA force measurement accurately. The high-resolution encoders have
a high price, however, it is pointless to not use expensive force sensors, which is an advantage of SEA.

Based on the results shown in Figure 19, even when the same spring is used, the force sensitivity
is advantageous in terms of force measurement because the force sensitivity is higher than that of the
other structures using the FSEA structure. Therefore, it is better to use the structure of FSEA than
RFSEA and TFSEA structures for users who use low-resolution encoder to lower the price of SEA.

Note that this discussion suggests that the force sensitivity of the SEA can be changed by selecting
one of the structures that this paper categorized even if the encoder is already chosen with consideration
of price criterion.

5.2.2. Tunable Compliant Response

Due to the mechanical properties of the compliant component/spring, the mechanical impedance
of the SEA is low when an external force is applied to the actuator. Therefore, SEA has a feature to
protect the robot body in case of a quadruped robot or a walking robot in which an external shock is
continuously applied at a certain frequency.

The proposed ‘Compliance’ is a criterion that can express the property in the frequency domain.
As shown in Figure 20, compliant responses from the external force are high or low depending on
the structure of SEA at a certain frequency. More specifically, it can be seen as the point at which
compliance magnitude is high (the frequency at which the SEA softens) and the point at which it
appears low magnitude (the frequency at which the SEA stiffen). These two specific frequencies are
calculated as the resonant frequency and anti-resonant frequency of the "Compliance’ function listed
in Table 7.

In the case of the FSEA, when the anti-resonant frequency is determined by the parameters of
the spring and the motor, the resonant frequency is determined according to the load size (inertia
of the robot body). On the other hand, in case of RESEA or TFSEA, it is possible to design resonant
frequency and anti-resonant frequency by changing the tunable J; value. Therefore, when RFSEA or
TFSEA structure rather than FSEA, it is possible to protect robot from external impact by using specific
frequency range that can be interpreted as Compliance.

5.2.3. High Performance Force Source

SEA as a force source, is subject to limitations in the force control bandwidth due to the drop in
force transfer performance beyond certain frequencies due to the use of springs. In order to overcome
this problem, a spring with a high stiffness can be used, which requires a high resolution encoder,
resulting in a trade-off from a design point of view.

Apart from the resolution problem of the encoder, SEA itself can overcome this by its structural
characteristics. As a result of "Transmissibility’ shown in Figure 21, while FSEA has low force transfer
characteristics at certain frequencies, RFSEA and TFSEA have better force transfer at high frequencies.
Therefore, in applications that consider the efficiency of force transmissibility at high frequencies, the
RFSEA or TFSEA structure should be selected.

5.3. Discussion 3: Relation with Force Control

A force control performance of SEA depends on the natural open-loop bandwidth of SEA which
is related with the spring stiffness [23,28]. According to this aspect, several studies have focused on a
design of spring itself to increase the control bandwidth with high stiffness [29]. The proposed general
configuration of SEA can be exploited also from this perspective; the gear ratio distribution between «
and B in the proposed configuration of Figure 3 can be used as design criteria to increase the open-loop
bandwidth of an SEA.
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The open-loop characteristic of SEA Psg 4 pc(s), which is usually utilized for the force control is
given by
0s(s)
P. = 2
seA.FC(S) on(5) (28)
o Jis%> + B;s

Ne g2k, {(f5+ )+ (5 +Bu) s} + (s + Bus) (Jis* + Bis)

where N, the total gear ratio (N, = aB~!) is utilized instead of a and 8. To analyze the effect of
the gear ratio distribution («/ ) on the open-loop characteristic, N, is assumed to be fixed, and « is
considered to be variable.

With this consideration, (28) reveals that the gear ratio distribution between « and B also affects
the open-loop characteristic in a similar way to the stiffness K;, as it appears only with K in the
denominator.

In order to exhibit the influence of the gear ratio distribution on the natural bandwidth of SEA,
the open-loop frequency response plot is shown in Figure 22. In this plot, N, is fixed as 10 and the
other parameters are used as Table 6. From the results, it can be seen that the resonance frequency
increases as « increases. In conclusion, it is shown that the gear ratio distribution changes the natural
frequency bandwidth, which will also affects the force control performance.
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Figure 22. Frequency responses of open-loop dynamics for SEA force control.

6. Conclusions

This paper has the following contributions.

¢  Based on a spring placement, SEA is categorized as Force-sensing Series Elastic Actuator (FSEA),
Reaction Force-sensing Series Elastic Actuator (RFSEA) and Transmitted Force-sensing Series
Elastic Actuator (TFSEA).

¢  From the existing SEAs, three different models are chosen with each one falling into one of the
above categorizations.

e The dynamics models of the selected SEAs are derived using free-body dynamics and
kinematic constraints.

*  The frequency response function of each SEA is experimentally measured, and its dynamic model
accuracy is verified.
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* A generalized dynamic model of SEA which can represent all kinds of SEAs according to
the position of the gear ratio and existence of spring system inertia is derived from the
generalized framework.

e Three criteria are proposed for comparing performances of SEA using the generalized model
of SEA.

e The characteristics of three SEAs are compared based on the proposed criteria.
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