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Abstract

In general, actuators are built to be as stiff as possible to increase the bandwidth. When
a robot works in a structured environment, its automation is easier than in a non-
structured environment in which case its modeling is quite difficult and presents a high
computational effort. To overcome this difficulty, series elastic actuator (SEA) has been
applied in compliant robotic grasping. Unlike rigid actuators, a SEA contains an elastic
element in series with the mechanical energy source. Such an elastic element gives SEAs
tolerance to impact loads, low mechanical output impedance, passive mechanical
energy storage, and increased peak power output. The spring has to be able to support
the loads, but it cannot be too stiff; otherwise, system impedance will be high. This
chapter describes a comparison between two types of SEA, an electric series elastic
actuator (ESEA) and a hydraulic series elastic actuator (HSEA), for four-legged dynamic
robot application. The parameters employed in the comparison are bandwidth, output
impedance, time response, power density, and dynamic range. The results indicate that
HSEA is a better actuator than ESEA for a weight carrying four-legged dynamic robot
because of its higher power density and dynamic ratio with desirable output impe-
dance, time response, and bandwidth.

Keywords: SEA, actuator, force control, dynamic robot, legged robot

1. Introduction

1.1. Force control

Over the years, the premise for constructing machines and actuators is “Stiffer is better” since
a stiffer actuator has larger bandwidth force control and accurate position control. On the other
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204 Recent Advances in Robotic Systems

hand, the force control is difficult since it develops high forces from small displacement and a
little position error can result in a large force error. For this reason, the sensor has to be very
precise with good resolution. Moreover, a stiffer actuator can lead to accidents with humans in
anon-structured environment.

The majority of standard robot actuation systems cannot create precise force on the robotic
joints due to friction, stick-slip, backlash and reflected inertia through the transmission,
cogging in motors, and pressure drop in hydraulic circuits, among others. However, even with
these nonlinearities and noises on force measurements, some robots are well aligned for a
position or trajectory control since the mass of the robot and actuators acts as a low-pass filter
for the force on position output (Robinson, 2000).

In some tasks, such as precise load positioning and human joints actuation, a good force control
is required. In this case, the force noise on the actuators will hinder the application of the
standard robot actuation. To achieve a good force-controlled system, some parameters have
to be measured which are force bandwidth, mechanical outputimpedance, dynamic range and
force density. All these parameters are related with each other and are further discussed in
Section 4.

Although standard robots and stiff actuators are not good in force control, the humans are.
Moreover, humans have no problems in contact hard surfaces and perform precise operations.
Based on this bioinspiration, Williamson (1995) began to sacrifice the bandwidth and the
stiffness for more stable force control. The method applied is to place an elastic element in
series with the power source which are, commonly, a DC motor with gear reduction or a
hydraulic cylinder (Figure 1).
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Figure 1. Series elastic actuator schematic (Williamson, 1995).

1.2. Series elastic actuators

Series elastic actuator (SEA) has been successfully applied in a number of applications for
almost 20 years (Pratt and Williamson, 1995). As widely reported by a number of researchers
(see Pratt and Williamson, 1995; Arumugom et al., 2009; Paluska and Herr, 2006; Paine et al.,
2013), SEA provides many benefits in force control of robots. Series elastic actuators have an
elasticelement attached with the mechanical energy source output. This configuration presents
advantages over rigid actuators such as low mechanical output impedance, tolerance to impact
loads, increased peak power output, and passive mechanical energy storage. These properties
enable the application of SEAs in legged actuation systems and human orthotics (Pestana et
al., 2010; Parietti et al., 2011).
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Figure 2. Electric SEA (1) DC motor with gearbox; (2) moving sub assembly, (3) ball nut plate, (4) ball screw, (5) guide
rod, (6) support plate, (7) load connection terminal, (8) moving rod, (9) and springs (10) motor angle and rods plate
(Pratt et al., 2002).

Figure 2 shows a linear electric driven SEA (Pratt et al., 2002). The DC motor with gearbox (1)
drives the ball screw (4) which moves the ball nut plate (3). Ball nut plate (3) then moves the
springs (9) against the moving sub-assembly (2) which is fixed to the moving rods (8), thus
causing the displacement of the load connection terminal (7) and then moves the load. The
guide rods (5) are fixed to the motor flange (10) and to the support plate (6) through plain
bearings for the ball screw and for the moving rods (8). They move together with the moving
sub-assembly (2) in which they are fixed. It follows that all the force exerted by the spindle
motor assembly on the load is directly supported by the springs, which are the elastic element
purposely inserted to lower the stiffness of the actuator load interface.

The SEA’s designs are made under various trade-offs, and the decision parameters often are
power output, volumetric size, weight, efficiency, Back-drivability, impact resistance, passive
energy storage, backlash, and torque ripple. Furthermore, iterations may be necessary on
components design of a SEA. Curran and Orin (2008), Hutter et al. (2009), Kong et al. (2009),
and Ragonesi et al. (2011) propose rotary designs based primarily on commercially available
off-the-shelf components. Lagoda et al. (2010) and Diftler et al. (2011) design a compact rotary
SEA using a harmonic drive and a high-stiffness planar spring. A compact actuator can be
achieved by placing linear springs coupled to rotary shafts between the motor and the chassis
ground as presented in Hutter et al. (2011) and Torres-Jara and Banks (2004). Furthermore, this
compact actuator employs springs with low stiffness. In order to reduce the torque require-
ment on the spring, Kong et al. (2012) and Taylor (2011) placed the spring within the reduction
phase. A promising design for SEA that is widely researched throughout the years is to apply
ball screws as the primary reduction mechanism followed by a cable drive which remotely
drives a revolute joint. This design takes advantage of the ball screw high efficiency even for
large speed reductions (85-90%), backdrivability, impact tolerance, and do not introduce
torque ripple (Edsinger-Gonzales and Weber, 2004; Gregorio et al., 1997; Pratt and Pratt,
1998). Paine et al. (2013) presented a good review of some recent progress in series elastic
actuators. In this chapter, we presented a different design of SEA. In order to avoid accidents
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risks and components contamination, the internal components were encapsulated in a unique
hollow tubular structure. This allows the substitute of the heavy structure of solid steel tubes
of the reference model (Pratt et al.,, 2002), permitting the applications in wearable robots,
exoskeletons and prostheses.

Regarding the control of series elastic actuators, as can be expected, the design of the controller
is closely related to the hardware employed. Therefore, a controller parameter such as the
output force can be estimated by measuring spring deflection (Kong et al., 2010), or by applying
strain gauges (Pratt and Williamson, 1995). Nevertheless, a PID approach for force control
suffers from stability issues if friction and backlash are too large. For this reason, an impedance
control is developed, which basically is an innermost control structure with position feedback
to treat the force control as a simple position or velocity control (Pratt et al., 2004; Lagoda et
al., 2010). In this chapter, such idea was adopted to develop the proposed SEA controller.

1.3. Series elastic actuator background

The first robot designed with SEA was the Spring Flamingo (Pratt and Pratt, 1998) which is a
planar bipedal walking robot. The SEAs drive six degrees of freedom mechanism which has
three degree of freedom in each leg representing hip, knee and ankle. Figure 3 shows the Spring
Flamingo, it can walk at 1.25m/s on flat terrain. Moreover, it can walk over uphill and downhill
terrains up to 15 degrees slope.

Figure 3. Spring Flamingo (Pratt and Pratt, 1998).

The extension of the work started with the Spring Flamingo is the M2 (Robinson et al., 1999)
which is a three-dimensional bipedal walking robot. For this reason, it has twelve degrees of
freedom, six on each leg. Regarding one leg, the M2 has three degrees of freedom on the hip,
two degrees of freedom on the ankle, and one degree of freedom on the knee. This configura-
tion provides three-dimensional movements with the same characteristics of the Spring
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Flamingo. The M2 project is far more complex than the Spring Flamingo, as can be seen in
Figure 4.

Figure 4. M2 (Robinson et al., 1999).

Another lower limb robot developed with SEA is the Corndog (Krupp, 2000) which is a planar
running robot with one fore and one aft leg. Therefore, it represents only the half of a dog and
employs electro-mechanical series elastic actuator (Figure 5).

Figure 5. The Corndog (Krupp, 2000).

Series elastic technology is also applied on upper limb robots. The COG robot is a humanoid
with upper torso and head (Brooks et al., 1999). It has 6 degrees of freedom on its arms which
are operated with SEAs. Moreover, COG has the ability to hammering and turning a crank
(Figure 6).
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Figure 6. COG humanoid robot (Brooks et al., 1999).

In addition to the application on dynamic robots, SEAs have been widely studied and applied
on rehabilitation and assistive technologies. Regarding assistive technologies for gait rehabil-
itation, a compact rotary SEA for knee joint assistive exoskeleton is developed (Kong et al.,
2010). Unlike the majority of SEAs with motor and gear reduction as the motor part, a worm
gear is used for motor reduction due to it compactness. However, it increases the friction of
the system, which makes it more difficult to control (Figure 7). A robust control algorithm
inspired by disturbance observer is implemented for the system control.

Figure 7. Proposed exoskeleton for knee assistance. (a) Rotary SEA module, (b) a thigh brace, (c) a calf brace, (d) a mo-
tor driver, (e) a DC motor, and (f) an controller (Kong et al., 2010).

Lagoda et al. (2010) designed a Series elastic actuated joint for robotic gait rehabilitation
training to be applied at LOPES (Lower Extremity Powered Exoskeleton) which helps an
impaired patient to training his/her gait with an assisted-as-need (AAN) approach which only
provides actuated torque as needed to help the patient to complete the gait cycle.

Series elasticactuator is also employed on assistive technologies, a prosthetic knee is developed
and the stiffness adjustments are described to achieve the optimum values for peak power and
energy consumption for walking and running (Grimmer and Seyfarth, 2011). Results have
shown large reductions in peak power and energy requirements with the proper spring
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selection. Moreover, SEA can mimic the human knee behavior better than the passive ap-
proaches.

Au et al. (2007) proposed a prosthetic ankle comprised of SEA that matches size and weight
of the human ankle, comparing with the passive approaches, SEA ankle prosthesis enhances
the capability of mimicking the human gait (Figure 8).

N

Figure 8. Ankle-foot prosthesis (Au et al., 2007).

Another approach for human-friendly actuators for assistive robotic application is to add a
variable damping in the SEA design as shown in Figure 9. It can be achieved with magneto-
rheological fluids (MR fluids).
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Figure 9. Series elastic actuator with controlled damping (Iyer, 2012).

Although this configuration allows a human-friendly device that can be applied to design legs
with agile locomotion (Garcia et al., 2011), the investigation of such devices are beyond this
chapter analysis, but will be investigated in further works.

2. Electric series elastic actuator

2.1. Electric series elastic actuator design

Over the years, digital prototyping has been successfully applied in engineering and manu-
facturing allowing virtually explore a complete product before it’s built (Thurfjell et al., 2002;
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Soyguder and Alli, 2007, Wang, 2011). As reported by Johansson et al. (2004), the digital
prototyping has been important to the development of industrial robots, reducing the time of
robot programming phase. According to the authors, the robot task can be simulated in a
virtual model of the workcell when still only a digital prototype of the workpiece exists and
the risk of technical failure for a transition can be reduced. In this way, before manufacture of
the proposed serial elastic actuator, its digital prototyping is presented in this chapter.

2.1.1. First design

The characteristics desired for the actuator are enclosed internal components, to avoid
component contamination and accidents risks; size adequate for wearable robots, exoskeletons
and prostheses applications, emulating natural muscles; aesthetically suited to applications in
wearable robots, exoskeletons and prostheses; and smart enough for applications in unstruc-
tured environment.

Figure 10. First prototype showing internal actuator components: ball screw (1); ball nuts (2); movable arm (3); springs
(4, 5); motor & gearbox (6); base tube (7); bearing screw (8); O-ring (9); Allen screws (10); guide ring (11).

The first prototype design is shown in Figure 10. There are two ball nuts (2) bolted to plates
with a tab and grooved flanges for O-rings (9) installation. The flanges have a central hole and
are connected by means of an extender, which is a tube with external male thread at both ends.
The springs (4 and 5) slide around the extender and press on both sides a plate fixed to the
tube base (7) of the retractable arm (3).

2.1.2. The moving sub-assembly

Figure 11 shows the exploded view of the moving sub assembly, a set of pieces that behaved
as a single device after assembled. Two bolted flanges (4, 3) enclose the ball nut (1). Tubes (2)
are used to grip a flange on the nut (1). The flange (4) has threaded holes for Allen screws (5)
and flange (3), countersunk holes for these screws and thread. In the central bore of each flange
is a threaded guide tube (6), with the pre stressed springs. The circuit board (7) is fixed over
the flanges with the sensor for acquiring the deformation of the spring against the linear
encoder attached to the flanges (3) and (4).
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Figure 11. Exploded view of the final design action sub assembly components.

2.1.3. DC motor and gearbox

It was chosen based on the forces for actuator operation and for the spring assembly, according
to the planetary gearbox, and the ball screw torque force conversion. The DC motor is a 60
mm, brushless, 400 W; the gearbox is a planetary gearhead 62 mm diameter, 8-50 N.m torque
and the ball screw is a 10 mm diameter and 3 mm pitch rolled steel.

2.1.4. Final design

Figure 12 shows the actuator final design. The iterative digital prototyping design process
done resulted in a set of desirable characteristics for the actuator very similar to those originally
intended, which are 425 mm long when retracted, with 130 mm range with maximum diameter
of 60 mm. For the sake of wider range of operation, the model has interchangeability of springs.
The ball screw has 10 mm diameter and 3 mm pitch. Main model structure of carbon steel and
aluminum alloy tubes allows a final weight of 3.7 kg. The operating voltage of the ESEA is 48
V. These model’s properties allows a 450 N maximum load capacity and 13.4 cm/s continuous
speed.

Figure 12. Actuator final design with internal components.
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2.2. Dynamic model

The dynamic model of the actuator was constructed from the digital prototype data to run a
simulation in order to verify its dynamic behavior, bandwidth and validate the project settings,
as presented in Figure 13.
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Figure 13. Actuator’s mechanical model.
Referring to Figure 13, the actuator dynamic model equations are described as follows:

di,

La
dt

+R i, +K,@=V, D

In Eq. (1), L, is the armature inductance, i, is the armature current, R, is the armature resistance,
K, is the back Electromotive Force (back-EMF) constant, w is the angular velocity, and V, is the
armature voltage.

‘]Téin +_(jT62n ::k}éz (2)

Referring to Eq. (2), ] is the total inertia of the actuator, C;is the total viscous friction coefficient,
0, is the angular displacement velocity of the motor axis, 6 is the motor angular acceleration,

and k, is the motor torque proportional constant.

The SEA’s total inertia referred in Eq. (2) is the summation of all inertia effects presented by
each component as depicted in Eq. (3).

2
J, = l:Jm +J, 4 n, 4 (;—pj m} 3)

T

where ], is the rotor inertia, J, is the gear inertia, n is the gear ratio, J, is the ball screw inertia,
p is the ball screw pitch, m is the action device sub assembly mass.

A similar approach is applied to evaluate the total viscous friction coefficient presented in Eq.
(2). The summation of all the friction effects results in the total viscous friction coefficient (Eq.

(4))
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2
np
C, = |:Cm + Cg + n2Cb + C(%j :I (4)

Referring to Eq. (4), C,, is the rotor viscous friction coefficient, C, is the gear reduction viscous
friction coefficient, C, is the ball screw viscous friction coefficient, C is the action sub assembly
viscous friction coefficient.

In Egs. (5) and (6), Newton’s second law is applied on the movable arm and action sub assembly
systems to evaluate the action sub assembly and movable arm displacement in order to
estimate the spring deflection.

mi, + Cyx, = m(ﬂj 0m +C, (QJ ém =f ®)
27 27
M, +Cx,+K,x,=f (6)

where fis the force between action sub assembly and the movable arm, M is the movable arm
sub assembly mass, C; is the load interface viscous friction coefficient, and K; is the load

interface elastic constant. The term (%) is the linear displacement of the movable arm reflected

. . np \2 . . . . I .
to motor axis rotation, and (%) is the inertia and viscous friction components of the action

device reflected to motor axis.

Once the actuator dynamic model equations are described, the closed loop PID transfer
function block diagram in the frequency domain can be made, as shown in Figure 14.

Figure 14. Actuator’s closed loop transfer function block diagram.

2.3. Results and discussion

Once the actuator dynamic model has been described, the parameter values had to be estab-
lished. The parameters were obtained by the digital prototype design and data sheets of some
components, i.e. motor and ball screw (Table 1).
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Spring constant is the most important parameter in the system. To define the spring constant,
we set the minimum impedance level and a maximum bandwidth with respect to the previous
selected components of the system. Iteration was made to choose the best value with upper
and lower bounds.

After knowing all the actuator’s parameters, the PID controller could be designed. The
controller was tuned by applying the pole placement and phase margin method (Tang et al.,
2010). The same PID control tuning strategy is applied in the controller of the linear serial
elastic hydraulic actuator (Leal Junior et al., 2015). For this reason, applying the same tuning
method in the electric SEA helps on further responses comparison between the hydraulic and

the electric SEA.

Parameter Value Units
Armature inductance (La) 8.2E-04 (H)
Armature resistance (Ra) 1.03 (Q)
Total inertia (JT) 9.51E-05 (kg m?)
Mass (M) 1.261 (kg)
Total viscous friction (CT) 4.594E-05 (Ns/m)
Arm and load stiffness (KH) 3.336E+06 (N/m)
back-EMF constant (Kb) 1.469E-01 (Vs/rad)
Load stiffness (KL) 3.303 +06 (N/m)
Load damping (CL) 8.08 (Ns/m)
Spring stiffness (K) 3.27E+04 (N/m)
Spring viscous friction (C) 8.000E-01 (Ns/m)
Torque proportional constant (KT) 1.470E-01 (Nm/A)
Gear ratio (n) 0.001 (1)

Ball screw pitch (p) 0.003 (m)

Table 1. Parameters value of the entire ESEA system.

Desired pair of poles is estimated by representing time domain specification, e.g. percent
overshoot, settling time. However, in some cases the dominant poles lose its dominant position
in the result of the closed loop system. To overcome this problem, a phase margin is employed
to guarantee the closed loop system robustness.

Assuming a pair of poles as

P> =-aztjp (7)
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The process G(s) is given and the controller has its conventional configuration with all positive
gains as follows.

C(S)=Kp+£+de 8)
s

Substituting one of the poles into the characteristic equation of the closed loop equation which
is the transfer function denominator of the process G(s).

1+ G(p)C(p)=0 )
Moreover, the definition of phase margin gives:
G(jw,)C(jo,)=—e" (10)

Substituting and splitting the complex values and the real ones of Egs. (9) and (10) gives two
real functions of (Egs. (11) and (12)).

_ — P az _ﬂz —D az + ﬂz _ejcom
’pl(c")_laeL;(pl)}+ 20 Im[G(pl)}+ 2a R{G(jw)} ()

B a)_Z _e«itpm - 602 _ pl B _ejso,,,
fZ(“’)‘zaR{GUwJ 2aﬁlm{G<pl>} m{G(ij (12)

The positive values of the intersection between f,(w) and f,(w) are the first approximation for
integral gain (K;). This first value was applied on Egs. (13) and (14) to evaluate the proportional
and derivative gains. Proportional and derivative gains are obtained by substituting the well-
known PID controller equation C(s), presented in Eq. (8), in Egs. (9) and (10).

K - 220( 2[K,.—Re{ —P :|_a2_ﬂ2 Im{ —D iD (13)
"o+ p G(p) 2o G(p)

K =" Q[Ki—Re{_—pl}—ZIm{_—plD (14)
a +p Gp)] B |Gp)

The final integral gain is the maximum value between Egs. (15) and (16).
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K, = Re|:__pl} _glm|:__p1} (15)
Gp)] B [Gp)

KM:(R{ B }“z_ﬂz Im[ B D (16)
’ G(p) 2af G(p)

To achieve a robust control with large bandwidth it was set an overshoot about 10% and a

settling time of 0.02 s. Phase margin was set 60°. Table 2 shows the integral, proportional and
derivative gains of the ESEA’s controller.

Parameter Value
Proportional gain (Kp) 2915
Integral gain (Ki) 4.129
Derivative gain (Kd) 0.007

Table 2. Controller parameters.

Figure 15 shows the Bode diagram of the system, there is a good frequency band of 40 Hz,
compatible with the Paine’s results (Paine et al., 2013). On the other hand, the phase angle is
quite high at 40 Hz, greater than 90°. Yet it is possible to apply the actuator in several systems
where force control is necessary, as in some robot arms in industrial plants. Resonance
frequency is greater than 200 Hz. This implies that the effects due to vibrations are efficiently
filtered into the frequency band of the actuator.

Ky riaim i

Ty =

Figure 15. Bode diagram of the system.
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Figure 16 shows the time response for a constant input force. The electric SEA shows an 8%
overshoot and it settling time is 0.03 s which is very fast. While hydraulic SEA of reference
work (Leal Junior et al., 2015) has an overshoot about 12% and a settling time of 0.07 s. Although
hydraulic SEA has larger overshoot and settling time than electric SEA of this section, these
two parameters are compatible with the reference works results (Paine et al., 2013; Robinson,
2000). Therefore, even in the Hydraulic SEA case the settling time is tolerated which is
discussed in Section 4.

2.4. Final remarks

This section presented the digital prototyping of a linear electric SEA for exoskeletons,
wearable robots and mechatronic devices. It was used as a digital prototyping environment
for design and assembly of actuators parts, generation of section views images in perspective
and exploded views, and all fabrication drawings of the actuator parts. The prototypeis driven
by a Maxon EC 60 @60 mm, brushless 400W DC motor, with a Planetary Gearhead GP 62 A
(Maxon Motor Catalogue) and an R Series 10mm diameter rolled steel ball screw (NSK
Catalogue).

This section also presented the actuator’s performance, evaluated under a PID impedance
controller. Figure 15 shows the frequency response of the magnitude and phase of Fl/Fd.
Figure 16 shows the step response of unit force input. The step response can also be tuned to
final displacement or to contact force. Some improvements to the actuator itself will be needed
for the next steps of the project, aiming at the fabrication, assembly and testing of the actuator.

Future works are the construction of a real aluminum alloy based prototype and testing its
performance in a real time environment to evaluate the actuator’s performance under force,
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Figure 16. Time response for a IN step input force.
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position, velocity and mixed controllers. It is also important to verify the effect of spring
stiffness and gear ratio in load bandwidth. Another further investigation is the development
of tuning strategies between the spring stiffness —actuator bandwidth and elastic energy store
relationship. Since these effects were neglected in this section, actuator’s backslash and viscous
friction have to be analyzed in future works.

A broad comparison between the electric serial elastic actuator and the hydraulic SEA has to
be made to define which one is the best for a compliant robot application.

3. Hydraulic series elastic actuator

3.1. Hydraulic series elastic actuator design

3.1.1. Methodology

A basic model of a series elastic hydraulic actuator has the serial element, i.e. a rod with the
spring’s arrangement and a hydraulic circuit which basically comprises of the hydraulic
cylinder and the servo valve. The actuator may be understood as a combination of two parts.
The first one is the serial elastic element presented. The other one is the hydraulic circuit which
has some construction alternatives as well.

Once the hydraulic circuit and serial elastic element of the actuator are defined, the next step
is to select the hydraulic components and design the spring based on the application. This is
done by defining a condition for this system which, in this case, is the actuator output force to
be up to 5000 N. To achieve this output force, the springs are selected based on consolidate
knowledge presented by mechanical engineering design bibliography. Moreover, the rod had
to be able to support the load without buckling. A special attention must be given to the
actuator’s springs because they affect system’s impedance and bandwidth. After setting these
two parameters, iteration could be necessary to evaluate the desirable spring constant.

After the selection of the rod and the spring, it is possible to use the force caused by the spring
under allowable extension-compression limits as the force output of the hydraulic cylinder.
This force and the maximum speed of 0.5 m/s, as defined by Robinson and Pratt (2000), led to
the selection of the correct cylinder by a commercial data sheet; otherwise it would be possible
to manufacture a custom cylinder. After the parts design, they are assembled in Siemens Solid
Edge (Siemens PLM Software, Germany) digital prototyping environment which allows
obtaining inertial properties of the assembly.

3.1.2. Digital prototyping design

The design was done by the methodology mentioned on the previous section. Following these
steps, the actuator achieved a good volume-output force ratio for the available components
combination. Also all the internal components had been enclosed to avoid accidents, compo-
nents contamination and make the actuator suitable to human interaction (Bento Filho et al.,
2014).
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Figure 17 shows the prototype of the actuator. There is a hydraulic cylinder (1) that moves
forward and dislocates the movable rod (2) fixed in it with a screwed connection. The model
has two low friction sliding cylinders (6) and (8) fixed on the base tube (3) and one guide (7)
fixed on the movable rod (2). There are two springs (4) and (5) fixed between the low friction
sliding cylinders (6) and (8). A connection guide (10) is used to connect the hydraulic cylinder
rod (1) to the base tube (3). The load terminal (9) is also connected directly on the base tube
(3). The encapsulation tube (12) is the last part of the assembly. It is connected on the hydraulic
cylinder (1) and base tube (3). A guide bolt (11) was applied to make the connection between
the base tube (3) and the encapsulation tube (12), but without interfere on the base tube’s (3)
linear movement.

Figure 17. Actuator’s components: (1) hydraulic cylinder; (2) movable rod; (3) base tube; (4) and (5) springs; (6), (7) and
(8) low friction sliding cylinders; (9) load terminal; (10) connection guide; (11) guide bolt; (12) encapsulation tube.

There are four low friction sliding cylinders (6), (7), (8), and (10) in this actuator model. The
application of the four sliding cylinders is to give to the system the necessary stability. Without
these components, the movable rod (2) would oscillate creating additional forces on the springs
instead of only an axial force. Moreover, the load terminal is connected with the base tube only.

The springs are responsible to the hydraulic SEA stiffness reduction. However, this component
has to be carefully assembled since it will stretch and compress depending on the movement
of the actuator and the load attached to it. Choosing the spring is always challenging, because
it has to be a balance between a large bandwidth requiring a high stiffness and impedance that
needs a low spring constant. Therefore, after choosing all system characteristics and compo-
nents, a minimum acceptable point must be defined between the largest force bandwidth and
the minimum tolerance impedance level. After setting these two bounds, iteration is required
to estimate the spring constant.
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The movement of the actuator can be analyzed in three different cases:
Case 1: Movement without load

This is the simplest case, because it is a free movement. The hydraulic cylinder moves forward
or backward and the movable rod and all the others components attached to it such as base
tube, guides and load terminal follow the movement of the hydraulic cylinder. In this case,
there is only a little deflection in the springs due to system’s inertia.

Case 2: Movement with load

When a load is attached in the load terminal, the movement of the actuator depends on the
springs. For a forward movement, the spring (5) deflects and spring (4) stretches due to springs
preload. These deflections and stretching depends on the load mass. The actuator moves
forward only when the spring’s deformation resulting force equals the applied load. This
system characteristic can reduce the frequency range and makes a limit of bandwidth of the
system, which is the major drawback of a series elastic actuator.

For the backward movement the same characteristics can be observed, but the spring (4)
deflects and spring (5) stretches.

Case 3: Contact of the load terminal with the load

When the actuator reaches an obstacle or the load during its free movement, the springs deform
and the value of the resulting force makes the actuator continues its forward movement or
stop.

The prototype shows outstanding characteristics of output force and compactness. The
actuator has 200 mm length when retracted with 100 mm of range. The maximum diameter is
26 mm. Moreover, with 100 bar of working pressure, this SEA produces output force up to 4.9
kN which is a great power to weight ratio since the estimated weight of the actuator is 1.5 kg.
In order to ease the manufacturing, model structure material chosen is the carbon steel.
Actuator’s parameters are measured for modeling and control purposes. Important parame-
ters are the deflection of the springs and the displacement of the movable rod, which are due
the movement of the hydraulic cylinder.

A linear potentiometer was chosen to evaluate the movable rod’s displacement. Since the
potentiometer did not have the resolution to evaluate the deflection of the springs, an optical
sensor used on a printer was chosen to evaluate this deflection. This sensor has a scaled tape
with black lines, with distance between the lines known, which does not allow light beam
passage. The tape movement produces pulses, which are proportional to spring deflection.

The assembly of the sensors was shown in Figure 18. The linear potentiometer (3) was
connected directly on the hydraulic cylinder rod (2) and the hydraulic cylinder bore (1). The
optical sensor has a circuit board (7) with a sensor (9). This circuit board was connected on the
sliding cylinder (6) by a bolt connection. The optical tape (8) was connected on the sliding
cylinders (4) and (5) by a bolt connection and positioned on the optical sensor (9).
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Figure 18. Sensors assembly: (1) hydraulic cylinder bore; (2) hydraulic cylinder rod; (3) linear potentiometer; (4), (5)
and (6) guides; (7) circuit board; (8) optical sensor tape; (9) optical sensor.

3.2. Dynamic model

The system consists of a servo-hydraulic system with a serial elastic element. The overall
system has two degrees of freedom. One degree is the hydraulic cylinder displacement and
the other is the serial elastic element displacement. This displacement and the spring deflection
were used to define the output force of the system and to control it. Figure 19 illustrates the
mechanical model of this system discussed above.

X X
Servo valve | Hydraulic ' Action sub, - A ) 'Movable | " .
Cylinder Assembly| | am | E.
Kp, Kvp, t Kc, Kv | Ka, CL A m M =
c G

Figure 19. Actuator’s mechanical model.

Although most of the servo-hydraulic system is nonlinear, each component of this model has
been linearized (Qian et al., 2014). The linearization occurs at an operating point and also can
be made at multiple operating points. The controller is tuned based on the linearized model.
Although an actuator does not work at a fixed operation point, the controller based on a
linearized system has good response even when it is off the operation point.

221



222

Recent Advances in Robotic Systems

The servo valve’s pilot stage is assumed to be of first order. Since high order dynamics in the
valve are more than an order of magnitude above the frequency range of 40 Hz which is the
frequency of interest (Robinson and Pratt, 2000), the higher order dynamics can be neglected.
Eq. (17) represents the servo valve pilot stage equation as seen in Qian et al. (2014).

o) K,
=2 P K xK.xK
vi(s) zs+1 7 Cr (17)

where K, is the flow gain of the pilot-stage servo valve and 7 pilot-stage’s equivalent time
constant, v; valve control signal transmitted from the hydraulic system internal proportional
controller, K, represents inner loop proportional gain, K. is the valve pressure gain which
relates flow from the pilot stage with spool position. The coefficient K, is the flow gain of the
servo valve and Q, is the supply flow. Rearranging the flow terms and applying the well-
known cylinder force equation gives Eq. (18) (Qian et al., 2014).

N
F(s) BVs+C,
= (18)
0,(s) 1+LXA2XX1(S)S
BVs+C,

This 3 is the fluid bulk modulus, V'is the fluid volume, A is the cross sectional area, X,(s) is the
action sub-assembly displacement.

The serial elastic element has to be modeled by Newton’s second law (Eq. (19)). The properties
of the movable rod and the springs are considered on the stiffness, damping and mass terms.
The load characteristics are also considered in the actuator’s dynamic model (Eq. (20)).

X,(s)(ms”> +Cs + K) = F(s) (19)

where X(s) is the action sub-assembly displacement, m is the action sub-assembly mass, C is
the damping coefficient, K is the stiffness coefficient and F is the output force.

X,(s)(Ms®> +C,s+K,) = F(s) (20)

Referring to Eq. (20), M is the movable arm mass, C; and K; are the load interface viscous
friction coefficient and load interface elastic constant respectively. X,(s) is the movable arm
displacement. The simplified closed loop transfer function block diagram for the dynamic
model is presented in Figure 20. Each subsystem presented in the figure has a transfer function
according the equation discussed on this topic. The actuator was modeled to have a natural
velocity feedback (Qian et al., 2014). The leakage of the servo valve stages was neglected. The
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assumptions made in this model are constant fluid properties, servo valves are not saturated,
supply pressure is much greater than theload pressure, friction force can be modeled as viscous
damping, main stage spool opening is proportional to pilot stage flow (Qian et al., 2014)
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Figure 20 shows the hydraulic SEA block diagram.
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Figure 20. Closed loop transfer function block diagram.

3.3. Results and discussion

Once the actuator dynamic model is described, the parameter values had to be established.
The parameters were obtained by the digital prototype and data sheets of some components
i.e. servo valve and hydraulic actuator. Table 3 summarizes the HSEA parameters applied on

dynamic model.

Parameter Value Units
Area (A) 491E-04 (m?)
Stiffness (K1) 7.5E+07 (N/m)
Damping (C1) 18.4 (Ns/m)
Mass (M) 15 (Kg)
Bulk modulus (B) 1.23E+09 (Pa)
Leakage coefficient (Cl) 2E-06 (m3s/kPa)
Fluid volume (Vt) 2.60E-05 m?
Load stiffness (KL) 3.30E+09 (N/m)
Load damping (CL) 8.08 (Ns/m)
Inner loop gain (Kp) 8.40E+02 (s™
Valve pressure gain (Kc) 4.00E+06 (m3s/m)
Valve flow gain (Kv) 6.24E-05 (m3s/m)
Servo valve time constant (t) 0.0015 (s)

Table 3. HSEA parameters.
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Spring constant is the most important parameter in the system. To define the spring constant,
the minimum impedance level and a maximum bandwidth were set with respect to the
previously selected components of the hydraulic system. Iteration was made to choose the best
value with upper and lower bounds.

After knowing all the actuator’s parameters, the PID controller could be designed. The
controller was tuned by applying the pole placement and phase margin method presented in
Section 2. A PID controller is able to produce good responses. This controller is widely applied
on industrial robots and processes due to its robustness and simple implementation.

To achieve a robust control with large bandwidth, an overshoot of about 10% and a settling
time of 0.02 s were set. Phase margin was set to 60°. Table 4 shows the controller parameters
for the system’s characteristics aforementioned.

Parameter Value
Proportional gain (Kp) 54.9946
Integral gain (Ki) 4412.1219
Derivative gain (Kd) 0.0575

Table 4. Controller parameters.

The bode diagram of the system (Figure 21) shows an excellent frequency band of about 100
Hz which was greater than all references works presented (Bento Filho et al., 2014; Paine et al.,
2013; Robinson and Pratt, 2000). The phase angle for this frequency band was around 45°. The
resonance frequency of the system was 1100 Hz which is far enough to the system’s operation
frequency. This implies that the effects due to vibrations are efficiently filtered into the
frequency band of the actuator.

Figure 21. Bode diagram of the system.

To show the system’s response, a Unit step input was applied. Figure 22 shows the system’s
response where it could be seen that the settling time is around 0.02 s which was a very fast
convergence to this system. The maximum overshoot was a little higher than 10% which was
an acceptable value.
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Figure 22. Time response of the system.

3.4. Final remarks

This section presented a digital prototyping of a linear series elastic hydraulic actuator for
compliant robots. It was used in digital prototyping environment for design and assembly of
actuators parts, generation of images of section views in perspective and exploded views, and
all fabrication drawings of the parts of the actuator. The model obtained was very compact
with a high output force which is desirable for all applications. A dynamic model with a PID
controller was also presented which described the linear characteristics of the actuator. The
system showed good time and frequency responses. The results obtained help the develop-
ment of robots and manipulators for non-structured environments with another level of
compactness and force capacity.

Future work is the construction of the actuator and investigation of benefits and limitations of
this actuator on a compliant robot with human interaction.

4. Comparison between series elastic actuators

4.1. Comparison parameters

As mentioned in Section 1, the analysis of an actuator comprises the investigation of force
bandwidth, mechanical output impedance, dynamic range, force density and the time
response for the system without load. Each of these parameters has its own importance for the
system and its own method to be determined. Robinson (2000) first introduced the comparison
methodology adopted in this chapter. In these analyses, the load stiffness and viscous damping
presented for ESEA and HSEA presented in Tables 1 and 3 respectively is not considered on
the following analyses. Therefore, it is expected that the systems responses have deviations
between the ones presented in Sections 2 and 3.
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4.1.1. Force bandwidth

The force bandwidth of an actuator is how quickly it can generate the desired forces. In order
to be able to perform the desired task, the bandwidth must be sufficiently high to transmit the
forces through the machine structure. To control a human joint, only a few Hertz of bandwidth
is necessary. Moreover, the bandwidth needed for a four-legged dynamic robot for weight
carrying is small too. Reference authors estimate that only 20 Hz is more than necessary for
the given application. The bandwidth analysis is divided in the closed loop force bandwidth
and the large force bandwidth. Closed loop bandwidth is evaluated with a step input of a small
force in the actuator closed loop model (Figure 23). The large force bandwidth is obtained with
an oscillation of the full steady-state output force of the actuator as an input on the closed loop
model. HSEA has 4.9 kN of output force and ESEA has only 450 N. Due to this difference
between the actuators capabilities, only the closed loop bandwidth is compared in this chapter.
Referring to Figure 23, X, is the motor displacement, F, is the desired force, F, is the output
force, k, is the spring stiffness, K and V, are model characteristics.
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Figure 23. Simplified block diagram for closed loop bandwidth evaluation (Robinson, 2000).

4.1.2. Mechanical output impedance

The mechanical output impedance is defined as the minimum force needed to move a certain
load. An actuator with low impedance can be considered a pure force source since its internal
dynamics are negligible. Low impedance actuators can also be referred as back-drivable
(Robinson, 2000). The analysis of the output impedance is made by applying to each actuator
model the case of a load, which is free to move, attached to the actuator’s output. The impe-
dance is evaluated around a constant desired output force as an analogy of the concept of
impedance on electrical circuits (Figure 24). Referring to Figure 24, the x, is the load displace-
ment, x, is the spring displacement and F, is the force output.

Figure 24. Simplified block diagram for mechanical output impedance evaluation (Robinson, 2000).
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4.1.3. Dynamic range

The dynamic range is the ratio between the maximum output force of the actuator and the
minimum resolvable force of this device. The dynamic range analysis on an actuator is very
important since it gives a measure of how sensitive the actuator is to small force compared to
the actuator maximum force. For example, if an actuator has high maximum force and high
minimum resolvable force, its dynamic range is low. Therefore, this actuator can only make
tasks of high force and it is not able to manipulate fragile objects or have direct contact with
humans. Moreover, a large dynamic range is desirable for almost all robotic applications, since
it allows the robot to be versatile to perform high sensitive operations and large force de-
manding operations. Since it can sense or grasp almost all fragile objects and manipulate it in
precise tasks and, on the same time, can perform high force demanding tasks such as weight
lift, one of the largest dynamic range actuator is the human muscle.

4.1.4. Force density

Force density is defined as the ratio between the output force and the mass or the volume of
an actuator. An actuator with large force density allows the application in lighter robots with
good force output characteristics since it not overburden the robot structure and allows the
quick response of the mechanism.

4.2. Results and discussion

The two SEA presented in previous sections are compared based on the key parameters of the
series elastic actuators aforementioned which are bandwidth, output impedance, time
response, power density, dynamic range.

The spring stiffness affects all parameters presented above. In order to evaluate the differences
between the two systems with the same parameter for the compliant sensor, the spring stiffness
is 3.336E+03 kN/m for both actuators.

4.2.1. Force bandwidth results

Figure 25 shows the HSEA and ESEA Bode diagram which allows evaluating the two systems
closed loop force bandwidth.

B Fdnn BN ERS

Figure 25. Closed loop bode diagram.
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The ESEA frequency band is about 40Hz with a phase angle of 90° which is quite high. On the
other hand, the HSEA has 30Hz but the phase angle is about 55° which is more appropriate
for practical applications. Since a four-legged robot works on small bandwidths, the smaller
bandwidth range of the HSEA is not an issue for this application. In addition, the two actuators
present resonance frequency above 100Hz which is far enough to the required frequency.

4.2.2. Time response results

The time response for a Unit step input of the system without the load is given in Figure 26.
In the ESEA and HSEA design made in Sections 2 and 3, respectively, the system dynamic has
a load damping of 8 Ns/m and a load stiffness of 3E+06 N/m. ESEA shows an 8% overshoot
and settling time of 0.03 s which is very fast. While HSEA has an overshoot about 12% and a
settling time of 0.07 s. Although HSEA has larger overshoot and settling time than ESEA, these
two parameters are compatible with the reference works results (Paine et al., 2013; Robinson,
2000). Therefore, even in the HSEA case the settling time is tolerated.

Figure 26. Time response of the actuators.

4.2.3. Mechanical output impedance results

Since output impedance is the force at an actuator output given a moving load position, the
impedance analysis was made by setting aload position with a constant desired force. Anideal
actuator has zero impedance. In other words, the actuator is a pure force source. If this happens,
the dynamics of the actuator are completely decoupled from the dynamics of the load motion
(Robinson, 2000). Although the compliant element of the series elastic actuator limits the

bandwidth, it reduces the output impedance which is desirable for many actuator applications
(Pratt et al., 2002).

Nevertheless, these two actuation systems have the same spring stiffness. Therefore, the
differences between the systems output impedance are due to the actuator’s moving system
which are the motor with gear reduction for the ESEA and servo valve with hydraulic piston
for the HSEA (Robinson, 2000).

Figure 27 shows the output impedance for both hydraulic and electric sources. The output
impedance of the series elastic actuator is small at low frequency and it achieves the spring
stiffness magnitude (which is —130dB for the spring previous selected) when the frequency
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rises. This behavior was proved by simulations and physical SEA experiments (Robinson,
2000).

Figure 27. HSEA and ESEA output impedance.

Since the both systems have the same compliant element, they achieve the same value with
frequency increase. Therefore, the difference on the impedance is given by the curve slope.
Examining the slope of the both curves, the HSEA has the smallest value of the impedance
when the frequency increases. It can be seen two peaks of the magnitude, the first one due to
controller gains and the second occurs in the systems resonance frequency.

4.2.4. Power density results

Power density is the actuator power per mass unit. High power density actuators can delivery
great power with a small package. It prevents over-burdening the actuator structure with
excessive mass allowing a responsive robot performance. The lightweight structure with a
quick performance is very important for a weight carrying dynamic robot because it provides
a compact robot which is suited to a non-structured environment and has a great output force.

As shown in previous section, the hydraulic series elastic actuator has more output force than
the electric SEA. Moreover, the ESEA is heavier than the HSEA.

The output force of the HSEA is 4.9kN and it weighs 1.5kg given the velocity of 0.5m/s, the
HSEA has a power density about 1600W/kg which is a great performance. On the other hand,
the ESEA has 450N of output force and weighs 3.7kg. The ESEA is also slower than HSEA, the
electric SEA velocity is 13.4cm/s which gives a power density of 16W/kg. This result shows a
poor performance of ESEA for weight carrying dynamic robot.

Even though the HSEA mass applied on the power density calculation did not include the
mass of servo valve, reservoir, pump, hoses and pipes which are heavier than the ESEA
batteries that also are not included on the electric SEA mass. Even if these accessories mass is
considered, the HSEA still has way more power density even with these items included.

4.2.5. Dynamic range results

Dynamic range is the ratio between the maximum output force and the minimum resolvable
output force. It gives quantitative information of how sensitive the actuator is with respect of
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its maximum output force capability. It is a crucial parameter for dynamic robots because it
allows the actuator to be used in sensitive activities such as human contact, equipment
operation, and non-structured environment exploration. In addition, the actuator with great
dynamic range can do hard work activities such carrying, push or pull weights. In summary,
high dynamicrange is an important characteristic for a four-legged dynamic robot application.

The minimum resolvable output force is evaluated by the resolution of the spring deflection
sensor. Resolution gives the minimum spring deflection that can be detected. This deflection
times the spring stiffness gives the actuator minimum resolvable force.

Both the SEAs have the same spring stiffness in this comparison. Also, both actuators have the
same spring deflection sensor which is a linear encoder. Therefore the minimum output force
is the same for both which is 3N.

The HSEA dynamic range is 1500:1 while the ESEA range is 150:1. It shows that the hydraulic
SEA has a range 10 times bigger than electric one.

5. Conclusions

This chapter presented a comparison between the two series elastic actuator (electric SEA and
hydraulic SEA) for four-legged dynamic application. The actuators were digitally prototyped
and the comparison was made considering actuator’s bandwidth, output impedance, time
response, power density, and dynamic range.

Although the ESEA has a better time response, both actuators have its responses within desired
range for a dynamic robot application. The bandwidth also is not a problem for both actuators
because all systems examined have large bandwidth compared with the given application.
HSEA and ESEA presented good output impedance with a slightly better behavior from
hydraulic SEA. Both actuators have two peaks on the output impedance, one peak due to
controller gains and another due to the resonance frequency of the system.

Power density and dynamic range are the two key parameters that differs the weight carrying
dynamic robot application from others dynamic robots applications. In these two parameters,
the HSEA showed a better performance than ESEA. The HSEA’s power density is 100 times
higher than the ESEA’s. Moreover, the dynamic range of hydraulic SEA is 10 times higher than
the electric SEA dynamic range. The results showed the HSEA as the better series elastic
actuator for this task and it could contribute for the research of SEA applied on robot links.

Further work is required on the simulation of SEA, specially the HSEA, on a dynamic robot.
With this simulation, the advantages and drawbacks of the implementation can be analyzed
and quantified. Also, a construction of a real aluminum alloy based prototype and testing its
performance in a real time environment for evaluating the actuator’s performance under force,
position, velocity and mixed controllers. Another future work is on the development of tuning
strategies between the spring stiffness — actuator bandwidth and elastic energy store relation-
ship.
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