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Abstract

For the next generation of robots which try to move from the well-defined environ-

ments such as factories or labs to an unstructured environment closer to or extremely

far from our lives, the backdrivability of the actuators has been an important re-

quirement. While actuation by the servovalve controlled hydraulic systems or the

combination of electric motors and high reduction ratio gear train have high per-

formance on the response and torque density, their backdrivability is limited by the

large friction in the force transmission process. For the intrinsically backdrivable ac-

tuators, which are the direct driven systems, pneumatic actuators, and series elastic

actuators, it is still difficult to simultaneously realize both of the high torque density

and control bandwidth. Actuation by Electro-Hydrostatic Actuators(EHA) has the

possibility to solve the problem since its high backdrivability is realized by the low

friction property of the transmission and not relying on the series elasticity. However,

while its property of high backdrivability and energy efficiency was studied in the

previous works, both of the torque density and response were not deeply discussed

and the performance presented in the existing works was not advantageous compared

to other types of backdrivable actuators. Its integration into an articulated robot

was also not accomplished. In this dissertation, we establish a generalized hardware

design, control, and system integration framework to realize a hydrostatically driven
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iv Abstract

humanoid robot and evaluate its whole body control and locomotion performance.

In most case the hardware development of an actuator and its controller design

are conducted separately. The fundamental improvement of the control performance,

however, is achieved by the hardware improvement. The effect of a hardware modifica-

tion on the control performance, on the other hand, should also be evaluated from the

control perspective in advance. Therefore, we first derive a simplified linear model of

EHA from the fluid dynamical and material mechanical principle in chapter 2. This

approximation was possible with the assumption that the flow inside the pump is

laminar, the pump is a rotary one, and all values such as pump torque/velocity and

fluid pressure/flow-rate are expressed in the equivalent value seen from the actuator.

From the model, it is made clear that the actuator output force is affected by both

the motor torque and the actuator output velocity, as the second order lag system.

The output velocity of the actuator is a third order lag system from the motor torque

input.

The currently available miniature backdrivable actuators have only limited torque

density, therefore, they are difficult to be adopted in legged robots, which need to

support their own bodyweight with the active torque. In chapter 3, we propose

a systematic mechanical design approach to improve it. It is made clear that the

miniaturization of the system size has the effect of increasing internal leakage and

therefore impair the output force. To encounter it, the key is to attain a small

internal gap and high fluid viscosity, while maximizing the effective pressure receiving

surface in the limited overall weight or size. To reduce the gap inside the pump,

we experimentally show that the optimization of bearing arrangement or type, and
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reinforcement of the pump casing are effective. To reduce the gap in the actuator,

we present the design of a light-weight cylinder and a vane motor with reinforced

casing rigidity. To maintain the fluid viscosity, we propose a direct pump casing

water cooling approach. Lastly, we show the integrated tie rod cluster cylinder to

maximize the effective pressure receiving surface.

To maintain or even improve the backdrivability of the torque-enhanced EHA, in

chapter 4 we present the approach from both the mechanical design and measurement

perspective. To minimize the viscous friction, double rod cylinders are more suitable

since the closed circuit volume is invariant. We proposed a double rod cylinder design

with the beam structure to minimize the piston rod diameter, therefore minimize the

friction due to the piston rod oil seal. We also presented an active friction compensa-

tion of the rod oil seal with the merged information of the pressure sensor and strain

gauge by a complementary filter.

While the possibility of fast response is a key property of EHA compared with other

elastic actuators, little attention was paid to it in the existing works. In chapter 5,

from both the hardware and control perspective, we present the enhancement of the

fast response property of EHA, proving their superiority over elastic actuators in the

sense of the closed-loop control bandwidth. From the hardware side, to reduce the

series elasticity between the pump and the load, we filled the dead volume in the

chamber and selected the high bulk-modulus fluid since the fluid compressibility is a

large source of elasticity. We also applied the reinforcement on the force transmission

structure, with which a clear improvement in the response was seen. From the control

side, we introduced the current-pressure-position triple-loop feedback controller. The
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idea is to distribute the controller in three layers with different framerate processing

device and control faster behavior in a faster device, instead of treating the large

number of internal parameters as a single state vector. The pressure control band-

width in the fixed piston configuration was 100 Hz, which is a higher value compared

with those by the existing works on EHA and series elastic actuators.

With the actuators developed above, in chapter 6, we present our approach to

integrate the complex EHA system into a whole-body humanoid, in each of the hard-

ware, electronics and software level. The hydrostatically driven humanoid “Hydra”

has 40 joints driven by 24 double rod linear cylinders with the beam structure and

eight casing-reinforced vane motor, powered by 36 water cooled trochoid pump in

addition to the two five-DoF cluster EHAs for the hand. The full version robot has

130 kg weight and is 180 cm tall. Due to its high joint control bandwidth, Hydra can

be controlled to be stiff enough for a position control based locomotion. With the

Capture Point Tracking control, Hydra could conduct a walking motion with 0.2 m

stride, 30 mm step height and 1 second stepping time. With its high joint backdriv-

ability, Hydra can be compliantly controlled to prevent a disturbance force applied

on a distal link to be transferred to other links. Simultaneously realizing both of the

moderate stiffness of the COM and compliant motion in the nullspace by the resolved

viscoelasticity controller, it was experimentally confirmed that Hydra could conduct

a stable balancing and locomotion while absorbing external force by the nullspace

motion.
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Chapter1

Introduction

1.1 Background

Modern framework of the actuation of articulated robot systems, initiated from the

radioactive material handling in the field of nuclear research [1], has met a large variety

of mechanical approaches in addition to the theoretical investigation on their nature.

Starting from the works by Goertz [2], tendon-driven systems were widely studied

since the actuator can be remotely placed from the joints with limited space. The

Stanford-JPL hand by Salisbury et al. [3, 4] is an early example. Tendon-drives are

also introduced to the surgery robot da Vinci [5]. Recently, Mizuuchi et al. developed

the series of musculoskeletal humanoid robots [6, 7, 8, 9, 10]. Hydraulic actuators have

been widely adopted in robot systems thanks to the advancement in the servo-valves,

since the first two-stage servovalve patent by Gall et el. [11] filled in 1946 and the

breakthrough by Moog et al. [12] filled in 1950. In addition to the numerous industrial

robots, servovalve controlled hydraulic systems also drive quadruped robots such as

the Bigdog [13] by Raibert et al. and HyQ [14] by Semini et al., and humanoid robots

such as the petman [15] followed by atlas [16] by Boston Dynamics, and CB [17, 18]

by Sarcos. A large part of the initial hydraulic systems was taken place by electric

1
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motor driven ones since 1970’s, due to the technical advancements in the magnetic

materials, power electronics, and motor control theories. The commercial success

of the harmonic drive since 1980’s, originally patented in 1955 [19] by Musser, also

helped it [20]. While common electric motor driven systems have a large reduction

ratio gear train to magnify the weak torque of the motor, Asada et al. developed the

direct-drive manipulator, whose motor is directly implemented in the joint without

a gear transmission [21]. Recently Seok et al. enabled highly dynamic motions with

the combination of a large torque motor and low reduction ratio gear [22, 23, 24].

Pneumatic actuation also has a long history in the robot actuation. The early works

include the Utah-MIT hand by Jacobson et al. [25] in 1986. Pneumatic systems

are widely combined with artificial muscles, which is firstly patented in 1955 [26]

and then commercialized by Bridgestone in 1980’s. The shadow dexterous hand [27]

is an example of commercially successful pneumatic artificial muscle driven hand.

Examples of pneumatically driven humanoid robots include the Lucy by Verrelst

et al. [28] and the athlete robot by Niiyama et al. [29]. To exert impulsive high

joint power, insertion of series elasticity, with which the kinetic energy is stored, is a

natural approach since the model of muscles by Hill [30]. Hyodo et al. developed an

antagonistically tendon driven joint with nonlinear series elasticity [31]. Pratt et al.

developed a series elastic actuator for legged robots [32]. Recent outstanding works

as a system includes COMAN by Tsagarakis et al. [33], WALK-MAN by Negrello et

al. [34], and THOR by Knabe et al. [35].

For the next generation of robots which try to move from the well-defined environ-

ments such as factories or labs to an unstructured environment closer to or extremely
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far from our lives, backdrivability of the actuators has been an important requirement.

While actuation by the servovalve controlled hydraulic systems or the combination

of electric motors and high reduction ratio gear train have high performance on the

response and torque density, their backdrivability is limited by the large friction in

the force transmission process. For the intrinsically backdrivable actuators, which are

the direct driven system (including the low geared ones), pneumatic actuators, and

series elastic actuators, there still exists tradeoff between limited torque density (for

direct driven systems) and limited control bandwidth (for those with series elastic-

ity). To overcome this problem, various approaches have been taken. One approach

is to actively adjust the stiffness of the elastic components of series elastic actuators

[36]. This can be achieved by the antagonistic tendon drive with non-linear springs

(such as the work by Hyodo et al. [31], and Grebenstein et al. [37]), the cam disk

and roller (the Floating Spring Joint by Wolf et al. [38]), and adjustable length plate

spring (the knee joint by Otani et al. [39]). While the variable stiffness actuators can

select the proper elasticity according to the task, such as to adjust the joint in a stiff

configuration for high accuracy positioning and adjust in a compliant configuration

for force-sensitive tasks, the different property cannot be achieved simultaneously.

Zinn et al. [40] proposed parallel actuation of a manipulator with a large-torque se-

ries elastic actuator and a small size low geared direct drive mechanism to cover the

late response of the elasticity. The spiral motor by Fujimoto et al. [41] is another

approach merging the reducer and rotation/linear motion conversion function into

the structure of a large-torque motor.

Electro-Hydrostatic Actuators (EHA) [42] is a distributed and stand-alone hy-
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draulic system, where each actuator has its exclusive pump nearby, connected with

a closed hydraulic circuit. For the transmission part, it is also called Hydrostatic

Transmission (HST) [43]. The pump is driven by a servo motor and control of the

actuator is done by the control of the motor, rather than a servovalve. Since each

EHA has an independent circuit, a multi-DoF system with EHA does not have com-

plex pipeline and manifold. They are also advantageous in energy efficiency since the

necessary pressure is generated on-demand, rather than to regulate the high source

pressure into the desired one by servovalve. Recently, they are widely adopted in

aerospace industry, replacing the traditional centralized hydraulic system to drive

the ladders [44, 45]. The early works to adopt hydrostatic transmissions to robot

actuation includes the HST rotary robot joint by Bobrow et al. [46] and the linear

actuator by Habibi et al. [47]. Kaminaga [48] pointed out that due to the simple

structure of their hydraulic circuit, EHA can be designed to have high backdrivability

and therefore suitable for force-sensitive actuation. Based on this idea, they devel-

oped a series of EHA driven hand [49, 50], robot knee joint [51] and human knee

power assist device [52]; and they experimentally showed their high backdrivability

[53]. Different examples of the adaptation of EHA to robot actuation includes the

work by Alfayad et al. [54, 55, 56], while the focus was on the energy efficiency and

the backdrivability was not discussed in detail.

Actuation by EHA has the possibility to resolve the tradeoff between the torque

density and response of the intrinsically backdrivable actuators, since the force mag-

nification is done by the principle of Pascal and its backdrivability does not rely on

the explicit series elasticity. However, while its property of high backdrivability and
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energy efficiency was studied in the previous works, both of the torque density and

response were not deeply discussed and the performance presented in the existing

works was not advantageous compared to other types of backdrivable actuators. Its

integration into an articulated robot was also not accomplished. Currently existing

systems only include the two-joints manipulator [57] and robot hands [49, 50]. While

there was a trial to integrate EHA into a humanoid robot [58, 59], it is still not

successful and the prototype is working with the common servovalve controlled sys-

tem. Therefore, the property of hydrostatically driven large DoF robots, or especially

humanoid robots, is not experimentally studied yet.

1.2 Objective of this Dissertation

The objective of this dissertation is to establish a generalized hardware design, con-

trol, and system integration framework to realize a hydrostatically driven humanoid

robot and evaluate its whole body control and locomotion performance. The diffi-

culty is that currently there do not exist any biped robot driven by EHA, therefore

it is not clear whether it is possible to realize a hydrostatically driven humanoid

with a locomotion capability, and whether a hydrostatically driven humanoid has an

advantageous property compared with the robots with other actuation systems.

Before to integrate EHA to a humanoid and evaluate it, there are two main chal-

lenges. The first one is to enhance the torque density of the small and light-weight

EHA. This is necessary because the currently available EHA with compatible size and

weight for a humanoid robot do not have enough torque to support the body weight

of the robot. This does not match the fact that the EHA for aerospace applications
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have a superior torque density compared with actuators with mechanical transmis-

sions. Therefore, by extracting the difference between the small and light-weight EHA

for robot applications and those for aerospace applications, we present a systematic

approach to realize EHA with enough torque density for a humanoid robot.

Backdrivability is our very motivation to select EHA as the actuator for a compliant

humanoid robot. Therefore, its highly backdrivable property should not be harmed

by the improvement of the torque density. In fact, EHA for the aerospace applications

are not highly backdrivable actuators. In this dissertation, we also discuss the method

to enhance the backdrivability of the torque-density-enhanced EHA.

The second challenge is to enhance the control bandwidth of EHA. For legged

robots, the manipulation of the COM or swinging leg is a hard real-time task. Even for

an intrinsically compliant robot, a selectively stiff control is partially required. While

EHA are advantageous in the control bandwidth since its backdrivability is not relying

on the elasticity, few attentions were paid in the existing works and the actually

reported control bandwidths were not higher than the series elastic actuators. From

both of the mechanical design and control perspective, we present the enhancement

of the control bandwidth of the developed EHA.

In a large number of study on actuators the development of the hardware and

its controller are performed independently. However, they are closely related: a

fundamental improvement of the control performance is achieved by the modification

of the hardware, and the development of the hardware need to take its effect on the

control property into account. Therefore, before all of the discussion above, we first

derive a simplified EHA model for the controller design from a complicated mechanical
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model, relating the parameters of the two models.

1.3 Outline of this Dissertation

This dissertation consists of seven chapters. The initial part of this dissertation

is on the realization of high torque density, highly backdrivable, and fast response

miniature backdrivable EHA capable to actuate humanoid robots. Chapter 2 provides

the modeling and analysis of EHA’s behavior. Chapter 3 provides mechanical design

approaches to improve the miniature backdrivable EHA’s torque density, Chapter

4 provides enrichment of EHA’s backdrivability. Chapter 5 provides hardware and

control approaches to enhance EHA’s closed-loop position/torque control bandwidth.

The latter of this dissertation, which is chapter 6, is on the integration of developed

EHA to the whole-body actuation system of a humanoid robot and evaluation of its

whole-body control property, including the walking performance. Chapter 7 concludes

the dissertation.



Chapter2

Mathematical Description of EHA

to Design a High Performance

Servo System

2.1 Introduction

Improvement of the performance of an actuator should be approached from both

of the hardware and control aspects. While in most cases the development of the

hardware and controller are conducted independently, the effect of hardware design

parameters on the control performance should always be taken into consideration.

In other words, the hardware should be designed according to the requirement of

the controller side and for any modification of the hardware, its effect on the control

property should be evaluated in advance.

EHA can be expressed as a linear system with a damper corresponding to the inter-

nal leakage and spring corresponding to the fluid compressibility [60], and therefore

expressed as two inertias connected by a serial damper and serial spring [61]. Tsuda

et al. [62] pointed out that an EHA driven joint with long pipeline can be modeled

8
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as a two-inertia resonance system and adopted the self-resonance suppression control

[63]. Kaminaga et al. [53] proposed a simple and symmetric (between input and out-

put side) state space explanation and formulation of EHA, targeting the backdrivable

EHA driven robot joints.

In a simplified EHA model, each parameter is the result of a complex combination

of the hardware design parameters. In most of the models, however, their values are

directly identified through experiments therefore it is not clear which property of the

hardware is actually governing it and how to modify the hardware to fundamentally

improve the performance. In this chapter, for the use of the discussion on both of the

hardware design and control of EHA in the following chapters, we derive a simplified

linear EHA model from a detailed model with mechanical parameters such as gaps or

cylinder bore, and discuss their effect on the control performance. Furthermore, we

identify the parameters of our developed EHA from FEM analysis and quasi-static

experiments to discuss which parameters are dominant and require careful design.

2.2 Internal Leakage, Fluid Compressibility and

Pipeline Expansion

We first consider the model shown in Fig.2.1. In the figure, the pump on the left

is connected to the actuator on the right, with the pipelines. The pump receives an

external force/torque input of τ̃p, and the actuator’s output force/torque is τc. The

unit is [N] in the case of a linear pump/actuator, and [Nm] in the case of a rotary

pump/actuator. The position of the pump is θ̃p and the position the actuator is θc,
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(pump effective area)

(pump position)

(piston position)
(piston force)

(piston effective area)

oil seal

(position of fluid)
(pipeline cross section)

(pump torque)

Figure 2.1: Schematic of an EHA with internal leakage.
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with the unit of [m] for a linear and [rad] for a rotary version. The constants kp and

kc are the effective pressure receiving surface of the pump and actuator, with the

unit of [m2] for the linear and [m3] for the rotary one. With the differential pressure

of the system, which is denoted as p [Pa], the pump and the actuator receive the

pressure-induced force of τ̃q and τq ([N] or [Nm]) respectively:

τ̃q = kpp (2.1)

τq = kcp (2.2)

Internal leakage is a leak of fluid from the high-pressure side to the low-pressure side

in a hydraulic system. In the following, we treat the actuator as a linear cylinder,

which has almost zero internal leakage due to the piston seal, therefore we only

consider the leak inside the pump. When the Reynolds number is low, the flow of

the internal leakage is laminar, or more specifically the Couette-Poiseuille flow, which

is a linear sum of the Couette flow and the Poiseuille flow. The former is the drag

flow between two surfaces moving tangentially, and the latter is the pressure-induced

flow through a channel. When we treat the pump as a linear cylinder shown in the

bottom of Fig.2.1, the flow velocity distribution in the gap is expressed as

u(y) =
˙̃θp
h
y +

p

2µT
(y2 − hy) (2.3)

where µ [Pa·s] is the fluid viscosity and h [m] is the internal gap between the moving

part and the casing. The actual discharging flow rate of the pump Qq [m
3/s] and the

pump input force τ̃p can be then expressed as follows:

Qq = kp
˙̃θp + πhr2 ˙̃θp −

πrh2

6µT
p (2.4)

τ̃p = τ̃q +
2πµrT

h
˙̃θp +

πhr

µ
p (2.5)
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where r [m] and T [m] is the radius and thickness of the pump’s piston, respectively.

In Eq.(2.4), the first term is the theoretical flow. The second term is the drag flow

(the Couette flow corresponding to the first term of Eq.(2.3)) and the last term is the

internal leakage (the Poiseuille flow corresponding to the second term of Eq.(2.3).)

Similarly, in Eq.(2.5), the second term is the viscous friction by the drag flow and the

third term is the drag by the internal leakage flow.

For rotational pumps, such as gear pumps or rotational piston pumps, we can make

a further approximation to ignore the second term of Eq.(2.4) and the third term of

Eq.(2.5), since their effect is canceled through the rotation. 1 With the definition of

the internal leakage resistance kl [Pa/(m
3/s)] and pump’s damper d̃p [Nm/(rad/s)] as

follows,

kl ≜ 6µT

πrh2
(2.6)

d̃p ≜ 2πµrT

h
(2.7)

we can simplify Eq.(2.4) and Eq.(2.5) as follows:

Qq ≈ kp
˙̃θp −

1

kl
p (2.8)

τ̃p ≈ τ̃q + d̃p
˙̃θp (2.9)

To eliminate Qq, we define a point on the piping which is close to the pump so that

there is no elasticity between them (see Fig.2.1.) The flow rate can be expressed by

the product of the cross-section of the pipeline kq [m
2] and the mean flow velocity ˙̃θq

[m/s]:

Qq = kq
˙̃θq (2.10)

1The summation of the drag flow is zero in the discharging direction, since the motion is cyclic. The
torque due to the drag of the internal leakage flow balances in the pump torque direction.
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Figure 2.2: Effect of the pipeline expansion and fluid compressibility on the behavior
of an EHA.

The transmission of EHA includes speed reduction and conversion between the

rotary and linear motion. The values such as pump’s rotational velocity or flow

velocity can be converted to the equivalent value seen from the actuator. If we

denote the actuator equivalent value of θ̃p, θ̃q as θp, θq, they are

θp ≜ kp
kc
θ̃p (2.11)

θq ≜ kq
kc
θ̃q (2.12)

From Eq.(2.2), Eq.(2.8), Eq.(2.10), Eq.(2.11), Eq.(2.12), we get a series linear damper:

τq = klk
2
c (θ̇p − θ̇q) ≜ ds(θ̇p − θ̇q) (2.13)

While there is a series damper between θp and θq due to the internal leakage,
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there is a series elasticity between θq and θc due to the pipeline expansion and fluid

compressibility. We consider a case that the piston is fixed, as shown in Fig.2.2. If

the pump generates ∆p [Pa] pressure in addition to the original differential pressure

p, the fluid inside the pipeline moves ∆θ̃q [m].

We first discuss the effect of pipe expansion, taking the fluid as incompressible. In

that case, the conservation of the fluid volume can be written as

∆θ̃qkq = ∆kq1lq1 (2.14)

−∆θ̃qkq = ∆kq2lq2 (2.15)

where lq1, lq2 [m] is the length of pipeline on the high and low pressure side and ∆kq1,

∆kq2 [m
2] is the variation of the pipeline cross section due to ∆p. When the pipeline

is approximated as a thin cylinder with the inner radius r [m], thickness t [m] and

the Young’s modulus E [Pa], variation of the inner cross section can be expressed as

∆kqi = π(r +∆ri)
2 − πr2 (2.16)

≈ 2πr∆ri (2.17)

=
2πr3

Et
∆pi (2.18)

where ∆pi (i = 1, 2) denotes the absolute pressure variation on the both side. The

differential pressure variation due to the pipe expansion ∆ppipe is therefore expressed

by ∆θq, which is the cylinder equivalent value of ∆θ̃q.

∆ppipe = ∆p1 −∆p2 (2.19)

=
Etkc
2πr3

(
1

lq1
+

1

lq2

)
∆θq (2.20)

Secondly, we treat the pipe has no deformation and see the effect of the fluid
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compressibility. The invariant chamber volume results

−∆θ̃qkq = ∆V1 (2.21)

∆θ̃qkq = ∆V2 (2.22)

where Vi [m
3] (i = 1, 2) is the fluid volume on the two sides. The relation between

the pressure variation ∆pi and volume variation ∆Vi of the fluid is dependent on the

fluid volume:

∆Vi = −Vi

κ
∆pi (i = 1, 2) (2.23)

where κ [Pa] is the bulk module. The variation of the differential pressure due to the

fluid compressibility ∆pfluid is then

∆pfluid = κkc

(
1

V1

+
1

V2

)
∆θq (2.24)

If we ignore the small mutual effect of the piping expansion and fluid compressibil-

ity, the total series elasticity is a parallel connection of them:

τq =
kpipe
s kfluid

s

kpipe
s + kfluid

s

(θq − θc) ≜ ks(θq − θc) (2.25)

kpipe
s ≜ Etk2

c

2πr3

(
1

lq1
+

1

lq2

)
(2.26)

kfluid
s ≜ κk2

c

(
1

V1

+
1

V2

)
(2.27)

2.3 A Simplified Linear EHA Model

From Eq.(2.13), Eq.(2.25), we can simplify EHA as a model shown in Fig.2.3, where

Jp is the pump’s effective inertia and Jc is the inertia of the piston. The key is to

treat all values such as the pump’s torque/angular velocity or fluid pressure/flow-rate

as the equivalent value seen from the actuator.
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series damper due to
internal leakage

series elasticity due to
pipeline elasticity and
fluid compressibility

piston frictionpump friction

Figure 2.3: Simplified model of an EHA as two inertias connected with a series damper
and elasticity. The key is to treat all values such as the pump’s torque/angular velocity
or fluid pressure/flow-rate as the equivalent value seen from the actuator.

The behavior of the pump, series damper, series elasticity, and piston can be written

as follows:

Jps
2θp + dpsθp + τq = τp (2.28)

τq = dss(θp − θq) (2.29)

τq = ks(θq − θc) (2.30)

Jcs
2θc + dcsθc + τc = τq (2.31)
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Eliminating intermediate variables θp, θq, we get the following transfer functions:

τq =
dsks
G1(s)

τp −
G2(s)

G1(s)
sθc (2.32)

τc =
dsks
G1(s)

τp −
G3(s)

G1(s)
sθc (2.33)

sθc =
dsks
G3(s)

τp −
G1(s)

G3(s)
τc (2.34)

(2.35)

where G1(s), G2(s), G3(s) is defined as follows:

G1(s) ≜ Jpdss
2 + (Jpks + dpds)s+ (dp + ds)ks (2.36)

G2(s) ≜ Jpdskss+ dpdsks (2.37)

G3(s) ≜ −JpJcdss
3 − (JpJcks + Jcdpds + Jpdsdc)s

2

−(Jcdpks + Jcdsks + Jpdcks + dpdsdc − Jpdsks)s

−dpdcks − dsdcks + dpdsks (2.38)

In Eq.(2.32) and Eq.(2.33), the first term shows that it is a second order lag system

between the pump input torque and the pressure or actuator force. The second term

denotes the effect of piston velocity on the actuator force. In the case that Jc and dc

is small, G2 ≈ G3, therefore the pressure and the piston force are almost the same.

Eq.(2.34) shows that there is a third order lag between pump torque and piston

velocity.

From the model, we can also derive the T-N curve and efficiency of the system.

Here, we take an example of the actuator set expressed in the following section 2.4.

The T-N curve illustrates the relationship between the output force and velocity, with

a fixed input. In the case of electric motors, the fixed input is the voltage and the
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relationship is a straight line. In the case of EHAs, multiple types of the fixed input

is possible, such as motor voltage, motor current, or motor velocity. When we are in

the context of robot actuation, the largest constraint is mostly the motor torque, or

the motor current, which is limited by the heat problem. This leads us to select the

maximum motor current, which is set as 18 A q-axis current in our system, as the

constant input.

Based on the parameters identified in 2.4.2, when the friction and internal leakage

do not exist, the 18 A q-axis current corresponds to 2150 N piston force. In other

words, τp = 2150 in the model shown in Fig.2.3. For each given value of the piston

force τc or the piston velocity θ̇c, the other value is calculated. The calculated T-N

curve is shown in the top left graph of Fig.2.4. As the same case with the electric

motor, the T-N curve with a fixed motor torque also has a straight line shape. The

stall piston force is around 1700 N and the maximum piston velocity is around 150

mm/s. This corresponds well with the maximum force and velocity experiment in

the previous work [64].

The upper right graph shows the input energy of each point on the T-N curve, while

the middle left graph shows the output energy. On the middle right is the volumetric

efficiency, which represents the ratio of the piston displacement to the theoretical

pump discharge volume. On the bottom left is the torque efficiency, which is the

ratio of piston force to the input force. Lastly, the bottom right is the total energy

efficiency, which is the ratio of the output energy to the input energy, and also equals

to the product of the volumetric efficiency and torque efficiency. The highest efficiency

of the transmission is estimated to be 40 %. A difference from electric motors is that
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Figure 2.4: T-N curve (top left), input power (top right), output power (middle
left), volumetric efficiency (middle right), torque efficiency (bottom left), and total
energy efficiency (bottom right) of the developed EHA when a constant motor q-axis
current of 18 A is applied. The volumetric efficiency represents the ratio of the piston
displacement to the theoretical pump discharge volume. The torque efficiency is the
ratio of piston force to the input force.
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the peak of the efficiency exists on the high torque side, while the electric motors

have it on the low torque side. This is because of the difference of the “resistance”.

In the case of electric motors, the torque is low in the high speed region due to the

back-EMF. This simply caused less current and do not generate loss by itself. In

EHAs, the force is low in the high speed region because of the friction in the pump,

which is an energy loss. This suggests that the EHA is more suitable for large torque

and slow motion applications.

2.4 Comparison with the Experiment Data

2.4.1 Experiment Setup

In this section the dynamic behavior of the real actuator and the presented model is

compared. The experiment setup is shown in Fig.2.5. The actuator is our developed

high force to weight ratio linear EHA, the detail of which is shown in the following

chapters. The actuator is placed horizontally. This testbed experiment setup is a

common one in this thesis. A movable cart supported with a pair of linear guides

is aligned with the actuator. The cart and the actuator can be connected with a

connecting rod, on which a strain gauge is attached. On the connection between the

connecting rod and the cart, a force gauge is attached. The cart can be either fixed

on the basement, free to move, or disconnected from the actuator so that the actuator

has no load.
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movable cart

pump

motor driver

cylinder

connecting rod

strain gaugelinear guide

pressure sensor

pressure sensor

Figure 2.5: Common setup of the testbed experiment. The actuator is placed hori-
zontally. A movable cart supported with a pair of linear guides is aligned with the
actuator. The cart and the actuator can be connected with a connecting rod, on
which a strain gauge is attached. On the connection between the connecting rod and
the cart, a force gauge is attached. The cart can be either fixed on the basement, free
to move, or disconnected from the actuator so that the actuator has no load.



22
Chapter 2: Mathematical Description of EHA to Design a High Performance Servo

System

2.4.2 Parameter Identification

We first decide the values of each variable by either calculation or experiments.

The pump inertia Jp [kg] is the equivalent value seen from the piston. If we write the

original inertia of the pump rotor and motor rotor as J̃p [kg·m2], we acquire Jp from

the preservation of kinetic energy:

1

2
J̃p

˙̃θ2p =
1

2
Jpθ̇

2
p (2.39)

We get Jp as 118 kg from the 6.23×10−6 [kg m2] J̃p from the CAD model and motor

catalogue. The piston inertia Jc is acquired from the CAD model as 295 g.

The elasticity due to the pipeline, which the one in Eq.(2.26), is acquired through

a FEM analysis with a simplified tube model. The piping is Bridgestone’s SPL04

plastic hose with 6.3 mm inner bore and 10.6 mm external diameter. It is made of

the polyester main layer, polyester fiber reinforcement layer, and polyurethane cover

layer, from the inner to outer order. We approximate it as a simple polyester tube

with the same dimension. We take a typical case of an EHA which has 150 mm

length pipeline on each side. When we apply 5.25 MPa differential pressure which

corresponds 1500 N piston force τc, we get 19.8×10−9 m2 cross section variation ∆kq,

therefore kpipe
s is estimated as 144×106 N/m.

For the elasticity due to fluid compressibility, we consider the maximum case and

the minimum case, since the value varies depending on the position of the piston (see

Eq.(2.27).) When the piston is at the end of the cylinder, the dead volume between

the piston and the cylinder head is 1750 mm3, calculated from its CAD model. The

fluid in each pipeline is 4680 mm3, assuming that they have 150 mm length on each

side. The piston swept volume, or the cylinder displacement, is 14300 mm3. Assuming
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Figure 2.6: Time transition of the experiment to identify dp and ds. The top graph
shows the value of τp (motor input torque) in green color and τq (pressure) in red
color. The lower graph shows the pump velocity θ̇p seen from the piston.

the bulk module κ is 1.85 GPa [60], we get the maximum elastic coefficient maxk
fluid
s

as 3.08×107 N/m (when the piston is in the middle of the cylinder) and the minimum

mink
fluid
s as 2.23×107 (when the piston is at the end of the cylinder.)

As the total, the series elasticity coefficient ks varies from 2.54×107 N/m to 1.93×107

N/m depending on the piston position. Their variation from the average value

2.24×107 N/m is less than 14%, which justify our approximation of it as a constant

linear elasticity.

To acquire damper factors, we conducted a series of identification experiments. The

first experiment is to fix the piston and apply a ramp input to the pump. τp can be

measured through the motor current and τq is measured by the pressure sensor. With

the pump velocity acquired from the motor encoder, we can identify dp and ds. The
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Figure 2.7: Plot of the pump pressure and pump friction against pump velocity. All
values are converted to the equivalent value seen from the cylinder. The red markers
shows the pressure acquired from the pressure sensor and the blue markers shows the
friction, calculated from the difference between the pressure and motor current.

second experiment is to free the piston and control the motor to generate a variety of

piston velocity. Data is trimmed to eliminate those when the piston is accelerating.

Since the external force τc is zero, τq equals to the friction force.

Fig.2.6, Fig.2.7 shows the result of the first experiment, while the former graph

shows its time transition and the latter shows the relationship between pump friction

and τq against θ̇p. In Fig.2.6, the top graph shows the value of τp (motor input torque)

in green color and τq (pressure) in red color. The lower graph shows the pump velocity

θ̇p seen from the piston. In Fig.2.7, blue color dots represent viscosity friction in the

pipeline. The green color dots represent the friction due to the contact oil seal. and

the red color ones is the total friction. The property of ds (shown in red markers) is
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Figure 2.8: Time transition of the experiment to identify dc. The piston position,
velocity, acceleration and friction is shown.
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Figure 2.9: Relationship between piston velocity and friction. Blue color dots rep-
resent viscosity friction in the piping. Green color dots represent friction due to the
contact oil seal. Red color is the total friction.

quite linear, since its behavior is described in a framework of hydrodynamics in the

previous section. From the graph we get the value of 6.79×104 N/(m/s) as ds. The

pump friction dp has a nonlinearity when the direction of the pump switches. This is

because it is a combination of viscosity friction and oil seal’s mechanical friction. If

we linearize it, we get the value of 2.48×104 N/(m/s) as dp.

Fig.2.8, Fig.2.9 shows the result of the second experiment, while the former graph

shows the time transition and the latter shows the values against piston velocity.

Fig.2.8 shows the value of pump position, velocity, acceleration and friction, respec-

tively. The friction due to dc includes viscosity friction in the pipeline and the me-

chanical friction of the oil seals and bushings. The developed EHA has two pairs

of pressure sensors, which measure the differential pressure on both the pump and
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cylinder. In the case of this experiment, the piston is free (τc = 0) therefore the force

acquired from the pump pressure sensor equals to the friction. With the pressure sen-

sors on the cylinder, we can get additional information with which we can separate

the viscosity and mechanical friction. The pump pressure is shown in the red and the

cylinder pressure is shown in green line. In Fig.2.9, the red markers show the total

friction from the pump pressure sensors, the green line shows the mechanical friction

measured from the cylinder sensors, and the blue line shows the viscosity friction

acquired from the difference between the two pressure sensor pairs. The viscosity

friction is linear, from where we can get the damper coefficient of 414 N/(m/s). The

total friction coefficient dc is linearized as 549 N/(m/s). Table 2.1 summarizes the

parameters.

2.4.3 Comparison of the Dynamic Behavior

To validate the model against real experiment data, we conducted several open

loop frequency response experiments. The first experiment is to fix the piston and

apply sine wave τp input to the pump and see the relationship between τp and τq.

This corresponds to Eq.(2.32) with sθc = 0, therefore we can see the effect of G1(s).

The time transition of the values is shown in Fig.2.10. To acquire the frequency re-

sponse with less noise, the sine wave reference, or the excitation signal, has a constant

frequency. The actually applied excitation signal is a simple connection of multiple

“constant frequency sine wave” with different frequency. The acquired experiment

data is then cut into independent zones with a constant excitation frequency. In each

of them, we apply FFT to both the input signal and the output signal. The gain
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Table 2.1: Parameter value in Fig.2.3.

Parameter Value Unit Description

θ̃p - rad position of pump

θp - m piston equivalent value of θ̃p

θ̃q - m position of fluid on pump discharging port

θq - m piston equivalent value of θ̃q

kp 66.5×10−9 m3 pump effective pressure receiving surface

kq 31.1×10−6 m2 piping cross section

kc 286×10−6 m2 piston effective pressure receiving surface

J̃p 6.23×10−6 kg·m2 inertia of pump rotor

Jp 118 kg inertia of pump rotor seen from piston

Jc 295×10−3 kg inertia of piston and beam structure

dp 1.50×104 N/(m/s) pump friction damper coefficient

dc 413 N/(m/s) piston friction damper coefficient

ds 6.79×104 N/(m/s) internal leakage serial damper coefficient

kpipe
s 1.44×108 N/m elasticity due to piping expansion

maxk
fluid
s 3.08×107 N/m elasticity due to fluid compression (maximum)

mink
fluid
s 2.23×107 N/m elasticity due to fluid compression (minimum)

maxks 2.54×107 N/m total series elasticity (max)

minks 1.93×107 N/m total series elasticity (min)

aveks 2.24×107 N/m total series elasticity (average)
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and the phase delay on the frequency with the largest amplitude is treated as the

data point, while the data points of each zone are gathered to shape a bode plot.

The acquired bode plot is shown in Fig.2.11, with the measured data plot in blue

circle markers. The plot of dsks/G1 is shown as a red line. The experiment data and

the model roughly correspond to each other, while the former has a resonance point

around 25 Hz, where in the case of the model there is a small one around 60 Hz. The

cause for this difference is presumed to be the nonlinearity of the pump friction.

The second open loop response experiment is done with the piston free to move.

As the same with the previous experiment, we input sine wave τp to the pump and

see the relationship between τp and this time the piston velocity θ̇c. This corresponds

to Eq.(2.34) with τc = 0, therefore we can see the difference of G3(s) The time

transition of the values in the experiment is shown in Fig.2.12. The Bode plot is

shown in Fig.2.13, where the experimental data is shown in blue markers and the

value from the dsks/G3s is shown in red line. The gain of the experimental data and

model corresponds well, while the phase latency is smaller in the case of experimental

data.

2.5 Conclusion

In this chapter, for the use of the discussion on both of the hardware design and

control of EHA in the later chapters, we derived a simplified linear EHA model from

a detailed model and discussed their effect on the control performance. The specific

conclusion is as follows:

1. An EHA can be simplified as a mass-spring-damper model if all values such as
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Figure 2.10: Time transition of the experiment to acquire the open loop frequency
response between the pump torque τp as the input and the pressure τq as the output,
under the condition that the piston is fixed.
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Figure 2.11: Open loop frequency response between pump torque τp as the input and
pressure τq as the output, under the condition that the piston is fixed. The blue
markers show the experiment data, while the red line shows the theoretical value of
dsks/G1.

pump torque/velocity and fluid pressure/flow-rate are expressed in the equiva-

lent value seen from the actuator. The flow of the internal leakage in the pump

can be modeled as a serial damper between the pump and the fluid. The elas-

ticity due to the pipeline expansion and fluid compressibility can be modeled

as a linear series elasticity between the fluid and the load.

2. The actuator output force is affected by both the motor torque and the actuator

output velocity, as the second order lag system. The output velocity of the
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Figure 2.12: Time transition of the experiment to acquire the open loop frequency
response between the pump torque τp as the input and the piston velocity θ̇c as the
output, under the condition that the piston free to move.
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Figure 2.13: Open loop frequency response between pump torque τp as the input and
piston velocity θ̇c as the output, under the condition that the piston is free to move.
The blue markers show the experiment data, while the red line shows the theoretical
value of dsks/G3.

actuator is a third order lag system from the motor torque input.

3. In our developed actuator, the compressibility of the fluid has around two times

larger effect on the series elasticity than the effect of piping expansion. The elas-

ticity due to the fluid compression varies depends on the piston position. The

total elasticity varies at maximum 14 % from the average elasticity, depending

on the piston position, which is small enough to be assumed as a constant value.
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4. When the motor current is fixed, the T-N curve of EHAs has the same straight

line shape with electric motors. Unlike electric motors, though, the highest

energy efficiency point is on the high torque side, which suggests that EHAs

are more suitable for large torque slow motion applications. In the case of the

developed actuator, the maximum efficiency is estimated to be 40 %.

5. We experimentally showed that our simplified model, with parameters identified

in the quasi-static conditions, had similar dynamic behaviors with the one of

the real actuator.



Chapter3

Key Design Parameters of a Few

Types of Electro-Hydrostatic

Actuators for Humanoid Robots

3.1 Introduction

Torque density of the actuator is one of the most critical property for legged robots,

due to the requirement of limited size and weight in contrast with the need of support-

ing the body weight with the active actuator torque and conduct dynamic motions.

Servovalve controlled hydraulic system has the largest torque density therefore the

robots with them, either quadruped [13] or humanoid [16], have high dynamic perfor-

mance. Robots with highly geared electric motors have the secondary torque density.

Honda ASIMO [65] is a famous electrically driven humanoid that can perform running

motions. Urata et al. [66] proposed the thermal control technique to overpower the

electric motors, enabling the dynamic jumping motion [67]. Series elastic actuators

have the following torque density, since they are heavier due to the large capacity

elastic elements. Still, they are forceful enough to drive a humanoid robot, such

35
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as COMAN [33], WALKMAN [34] and THOR [35]. When the property of elasticity

matches the motion, they can enable highly efficient motion [32]. Direct driven robots

still have difficulty in the torque density and limited in quadruped robot [24].

Compared with the established actuators above, electro-hydrostatic actuators for

robot applications still suffers from lack of torque density. This contradicts with the

fact that the industrial grade EHA for aerospace applications overwhelm electric-

mechanical actuators in torque capacity [42]. While Kaminaga et el. [51] suggested

that the unexpected low output torque may be originated from unexpectedly large in-

ternal leakage, there is still no discussion on its mechanism, methodology to improve,

and whether there is other factors resulting in the low torque. In this chapter, we an-

alyze the factors that harm the output force of an EHA and discuss their countermea-

sures. On each approach, we present a practical design solution and experimentally

evaluate its effect.

3.2 Effect of the Internal Gap, Fluid Viscosity and

Effective Pressure Receiving Surface

When constructing a robot system, many parameters need to be decided at the

beginning, such as joint torque, joint maximum velocity, and specification of the

electric motors. For the transmission, the total reduction ratio and the torque capacity

is decided in the initial requirement definition. In the case of EHA, after the torque

capacity and the reduction ratio are given, there are still internal parameters to decide,

such as the type of the pump, the fluid viscosity, the capacity of the pump, and the
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Figure 3.1: Simulated energy efficiency of an EHA when the piston force, velocity and
the total reduction ratio are fixed, while the internal gap, pressure receiving surface,
and fluid viscosity varies. The graph suggests that smaller pressure receiving surface
has the same effect of larger internal gap or lower fluid viscosity.

size of the actuator. In this section, we clarify the parameters that are needed to be

decided and their effect on the behavior of EHA.

From the model shown in Fig.2.1, we can see three design parameters that affect the

performance: the pump internal gap h, the fluid viscosity µ, and the pressure receiving

surface kq or r. 1 To see their effect, we conducted a series of simulations with a

fixed cylinder force (1500N), velocity (10mm/s), and reduction ratio(kc/kp = 30),

and different variation of h, µ, r. From Eq.(2.4), Eq.(2.5), we get the pump input

force and velocity and therefore efficiency, which is plotted in Fig.3.1. The graph

suggests that there is an optimal point, on the balance between viscous loss and

internal leakage loss. While it is a matter of course that lower viscosity or larger

internal gap results in smaller viscous friction and larger internal leakage, it is worth

to notice that smaller size also has the same effect. Minimization of the actuator size

or weight, therefore, relies on how to reduce the internal leakage. In other words, to

1Here we treat the overall reduction ratio is given, therefore the cylinder surface kc is automatically
decided according to kq.
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improve the force-to-weight ratio of EHA, the key is how to attain small internal gap

and high fluid viscosity, while maximizing the effective pressure receiving surface in

the limited overall weight or size. In the following sections, we show approaches for

each of them.

3.3 Minimization of the Internal Gap

3.3.1 Gap Control of a Gear Pump

Minimization of the pump’s internal gap plays an important role to improve the

force-to-weight ratio or force-to-size ratio of an EHA. In the case of gear pumps, the

key is how to reduce the distance between the pump casing and the gears. In our

previous work, we saw an unexpectedly large internal leakage and therefore we could

not attain the required force. The actuator was an integrated miniature cluster EHA

to drive robot hands [68]. We hypothesized that the unexpected large internal gap is

because of the mechanical deformation of the pump components. To confirm this, we

developed a reinforced version of the pump. The new pump has the same gear with

the initial version (The thickness of the gear is doubled, to keep the same reduction

ratio when combined with a larger cylinder described later. Their outlook is shown

in Fig.3.9.) Fig.3.2 shows the cut model of the initial and the modified pump. Their

basic structures are the same: the pumps are internal gear pumps with a crescent

separator and the pump shafts are driven by an external electric motor. The pump

shaft and the inner rotor is supported by ball bearings. The outer rotor is not shown

in the figures. The inlet/discharging ports are placed on the opposite side of the
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pump shaft.

When the pump generates pressure, there are three major forces that result in the

deformation. They are shown in red arrows in the figure. Firstly, the radial force is

applied to the pump rotor, since the rotor separates the high-pressure fluid and the

low-pressure one inside the pump. As shown in the cut model, in the initial pump

the rotor was single supported by the bearings. The deformation of the bearings and

the pump shaft resulted unexpectedly large inner gap. In the reinforced version, the

rotor is modified to be double supported. The second force is the axial force on the

rotor. Since only one side of the pump shaft is exposed to the atmosphere, the force

which is the product of the internal mean pressure and the shaft’s cross-section tries

to push the shaft out of the pump. This is supported by the axial stiffness of the

bearings. To have higher axial stiffness, the initial deep groove bearing is replaced by

a larger angular bearing. The third force is the expansion force on the pump casing

due to the internal mean pressure. The modified pump has a thicker structure with

FEM deformation analysis.

Fig.3.3 shows the internal leakage evaluation of the initial and modified pump.

The evaluation was done under a condition that the discharging port of the pump

was closed. In that case, the amount of the internal leakage equals to the theoreti-

cal displacement of the pump, so that we could acquire the value from the pump’s

geometric specification and the rotational speed. In the graph, the horizontal axis

represents the pump pressure and the vertical axis represents the amount of the in-

ternal leakage. The comparison shows that the modified pump has more than 92 %

less internal leakage than the initial version. From the evaluation here, it was made
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Figure 3.2: Three forces due to the pressure cause deformation and unexpected in-
ternal leakage. The radial force on the pump rotor due to the differential force, the
axial force on the pump rotor due to the mean internal pressure, and the expansion
force on the pump casing is handled with higher stiffness in the modified design.
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Figure 3.3: Comparison of the internal leakage of the initial and modified pump. The
y-axis represents leakage and the x-axis represents the pressure. The experiment was
done with the discharging port of the pump closed. The leak is calculated from the
rotor speed and the geometric parameters of the pump. The pressure is acquired from
the attached pressure sensor. To prevent the heat effect on the amount of leak, the
experiment was done in a short time. This graph shows that the new pump has more
than 92 % less leak for the same pressure.

clear that the effect of the pump’s deformation due to the pressure consists a large

part of the effective internal gap, and an extra consideration should be taken in the

design process.

3.3.2 Gap Control with a Linear Cylinder

Gap control on the actuator side is also important to improve the force-to-weight

ratio of EHA. In the sense of internal leakage reduction, cylinders are advantageous

since it is easy to install piston rings to completely avoid the internal leakage around

the piston. Based on this idea, we developed a light weight cylinder shown in Fig.3.4.

The cylinder has 600 g weight, 240 mm length, 20 mm cylinder bore, and 50 mm

stroke. With its 6mm diameter piston rod, it converts the 5.3 MPa pump pressure to
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Table 3.1: Specification of the Developed Double Rod Cylinder with Beam Structure.
The maximum force and velocity shows the case with the pump described in 4.2.

weight 600 g

inner bore 20 mm

piston rod diameter 6 mm

full stroke 50 mm

maximum force 1500 N

maximum speed 200 mm/s

1500 N piston force. Table 3.1 summarizes its specification.

The cylinder has a double rod piston, with which the hydraulic circuit is symmet-

ric and does not have chamber volume variation that occurs in the case of single

rod cylinders. This is advantageous in the perspective of backdrivability, which is

discussed later in Chapter 4. Both ends of the piston rod are held by the beam. The

beam is attached to a linear slider, whose rail is fixed on the cylinder body. The con-

necting rod between the load and the actuator is attached to the beam, rather than

the piston rod itself. The linear guide holds constraint forces and only transfer the

force parallel to the piston rod, avoiding radial force on the piston rod. This prevents

buckling of the piston rod and therefore minimizes the rod diameter and friction due

to the rod oil seal, which is also advantageous for the backdrivability.

Another advantage of this structure is that thanks to the linear guide, we can fix

the cylinder body on the link when the other end of the connecting rod is attached

on a rotational joint. In the common type of rotational joints driven by cylinders,

the cylinder need to swing according to the joint angle. In our fixed cylinder arrange-

ment, in addition to that we can save the space for the swinging, we can minimize the

distance between the pump and cylinder with short and stiff piping. This is advanta-
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geous in the enhancement of its response, which is discussed in the following chapter

5.

The cylinder has a tie rod basic structure. Main material for the cylinder is 7000

series aluminum alloy. To support its large force, the beam is made of carbon steel

and the piston rod is made of chrome steel. The tie rods are made of titanium alloy

to reduce the weight. Sliding parts between the cylinder and the piston, and between

the cylinder head and the piston rod are coated by Ni-PTFE compound plating to

reduce friction. Differential pressure applied on the piston surface is measured by two

pressure sensor mounted on the cylinder heads. The pressure sensors are Measurement

Specialties inc’s Model 89 PCB mount sensor. A custom made amplifier PCB board

is directly mounted on the sensor, which has analogue output. Piston position is

measured by a Renishaw plc’s RESOLUTE series optical linear encoder with 5 nm

resolution. The encoder sensor is mounted on the cylinder body, while the encoder

scale is attached on the linear slider.

A special effort is paid to improve its modularity to adapt different fixing condition.

While in our case the cylinder body is fixed on the link, there are two ways to tight

the screws: from the cylinder side which means the cylinder has through holes and

the link side has tapped holes, or from the link side which means the link has through

holes and the cylinder side has tapped holes. The cylinder parts should not have

different versions to adapt this difference. We solved this problem by introducing

tongueless inserts to the cylinder. Tongueless inserts are a type of screw hole inserts.

Screw hole inserts are coil spring shaped steel parts to reinforce female screw holes,

especially for soft materials such as aluminum or plastic. While in most case the
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Figure 3.4: Low friction double rod cylinder with the beam structure.
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Figure 3.5: Schematic of the dual-use screw hole on the cylinder body. When no
inserts are attached, the holes work as normal through holes. When tongueless inserts
are attached, they work as tapped screw holes.

inserts have a “tongue”, which is a straight part of the coil to be grabbed to insert

them into the screw holes and removed after the inserting is done, tongueless inserts

have special fixture mechanism to avoid the use of “tongue”. This make it possible to

attach and remove the inserts freely. For the space of inserts, the screw holes designed

for inserts have larger bore than normal screw holes. If we do not attach the inserts,

the screw hole is wide enough as through holes for the screws, and when we attach

the inserts, they work as normal screw holes. Fig.3.5 explains the idea. We use M4

cap screws to tight the cylinder on the link. The inner diameter of a screw hole for

M4 tongueless inserts is 4.2 mm, which is enough to let M4 screws to go though. The

reason that we do not simply place M5 screw holes on the cylinder instead of the

inserts is that the minimized design of cylinder do not have space for M5 screws with

their heads not colliding with each other.
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Table 3.2: Specification of the Developed Double Vane Motor. The maximum torque
and speed shows the case with the pump described in 4.2.

weight 780 g

range of motion 120◦

maximum torque 60 Nm

maximum speed 290◦/s

3.3.3 Gap Control of a Rotary Vane Motor

While linear cylinders are advantageous in the reduction of the internal leakage,

they are difficult to be applied for joints whose axis is parallel to the longitudinal direc-

tion of the link. In such case, rotary vane motors are a solution, while they are costly

in the sense of the complex structure, heavy weight, and limited efficiency/torque

due to the internal leakage. To overcome the problem, we took a unique structure

shown in Fig.3.6. In the developed vane motor, the expansion force due to the inter-

nal pressure, applied to the casing, is supported by a pair of thrust bearings held by

the output shaft. Thanks to this support, the strength of the pump casing can be

reduced to save the total weight, while keeping the constant small gap between the

vane and the casing.

Table 3.2 summarize the specification. It has 780 g weight and 120 ◦ range of

motion. The vane converts 5.3 MPa pump pressure to a 60 Nm torque through the

flanged output, which is held by a cross roller bearing. The vane shaft and the flange

is connected through a friction coupling to transfer the torque. The developed vane

motor has two minor versions: single supported and double supported version. The

single supported version is designed to drive a joint whose axis is parallel to the

longitudinal direction of the link, such as yaw joints of the arm of a humanoid robot.
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Figure 3.6: Picture and schematic of the developed double vane motor. The expansion
force due to the internal pressure, applied to the casing, is supported by a pair of
thrust bearings held by the output shaft, therefore the strength of the pump casing
can be reduced to save the total weight.
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In this case the output flange transfers all of the constraint force and driving torque.

The child link is fixed on the output flange and the other side of the vane motor is

fixed on the parent link. The vane motor itself works as a part of the parent link. Due

to the torque capacity of the friction coupling, the output torque of the vane motor

is limited to under 40 Nm. The double supported version has longer vane shaft on

the opposite side of the output flange. While all of the constraint force is supported

by the cross roller bearing of the output flange as the same case of single supported

version, the output torque is transferred by two friction couplings on both sides of the

vane motor. This allows it to exert the maximum designed torque of 60 Nm. This

version is developed under the expectation of a usage where the axis of the driven

joint is orthogonal to the longitudinal direction of the link but the space is limited

(especially, not long enough) to adopt a linear EHA.

As the same with the case of the cylinder, two pressure sensors measure the differ-

ential pressure and a rotary optical encoder acquires the vane position. In the case

of single supported version, the encoder scale disk is attached to the output flange.

In the case of double supported version, the disk is attached to the other side of the

flange to minimize the overall size.

3.4 Fluid Viscosity Control by the Direct Water

Cooling

In the sense of the enhancement of force-to-weight ratio of EHA, high fluid viscosity

is preferable since it allows us to minimize the actuator size or relax the internal gap
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Figure 3.7: 3D printed integrated coolant flow channel in the pump casing.

requirement. The problem is that the fluid viscosity becomes smaller when the the

fluid temperature is higher. The energy loss due to the friction or internal leakage is

converted to the heat. When the transmission is already in the “too much internal

leakage” side from the optimal condition, it results in a positive feedback: energy loss

causes higher fluid temperature, then less viscosity and less efficiency, therefore even

more energy loss.

An effective cooling of the fluid is crucial to avoid the decrease of performance. The

problem is that unlike the servo valve hydraulics with an open hydraulic circuit, the

closed and independent circuit of an EHA is difficult to cool the fluid by commonly

used oil coolers. Since the heat is mostly generated in the pump, we take a straight-

forward approach: directly water cool the pump by introducing a 3D printed coolant

channel into the pump casing. Fig.3.7 illustrates the implementation of the cooling

mechanism.
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Figure 3.8: Time transition of the pump discharging pressure (top), amount of internal
leakage (middle), and input power to the pump (bottom). The red line represents the
case without water cooling and the blue line shows the case with water cooling. The
discharging port of the pump is closed, the inlet port is connected to an oil reservoir
in the atmosphere, and the pump is under a pressure feedback control. While in the
case without the cooling, the internal leakage and the input power diverges. With
the cooling, on the other hand, the values converge to a certain value.
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To confirm the effect of the water cooling mechanism, we conducted a comparative

experiment. The discharging port of the pump is closed and the inlet port is connected

to an oil reservoir exposed to the atmosphere. The pump is pressure controlled with

a constant command pressure of 3.5 MPa. In one trial the coolant does not flow

into the pump, while the other trial the coolant flows. The same pump is used for

both trials to avoid the individual pump difference. The result is shown in Fig.3.8.

In the graph, the red line represents the case without coolant flow and the blue line

represents the case with the flow. The graph on the top shows the time transition

of the measured pump pressure. The middle shows time transition of the amount

of the internal leakage. A clear difference can be seen from the graph. The amount

of leakage in the case without cooling has a diverging behavior due to the positive

feedback. With the cooling, on the contrary, the leakage is converging to a stable

value. When 90 seconds after the beginning of the experiment, the water cooling

suppressed 55 % of the leakage compared with the case without cooling. The bottom

graph shows the energy input to the pump from the motor. Since the discharging port

of the pump is closed, all of the input energy is lost and converted to heat. The loss is

the summation of the loss due to the friction and due to the internal leakage. While

the loss in the case without cooling diverges, the case with the cooling converges to

the value of around 350 W.
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3.5 Maximization of Effective Pressure Receiving

Surface by an Integrated Tie Rod Cluster Cylin-

der Structure

When the loss due to the internal leakage is dominant, a larger pressure receiving

surface can improve the output force of EHA. The key is how to maximize the usage

of space in the limited outer size and overall weight. In this subsection, we show

an enhancement of cylinder force by a design with high space usage efficiency. The

target cylinder is the one for the hand [68], whose pump is already discussed in the

previous section 3.3.1. In its original design [69], multiple cylinders are integrated

as a manifold, which is aluminum casted with a 3D printed plaster mold. While the

distance between the pistons was 21 mm, the cylinder bore was limited to be 9 mm.

Rather than the cylinder body itself, the main factor that restricts the cylinder bore

is the termination part of the cylinder, such as the cone-shaped region to protect

piston seal in the assembling process, and the cap to close the cylinder end.

In the modified design, instead of the original merged cylinder body and separate

termination part structure, we merge the termination parts (cylinder head) as a single

piece, which closes multiple ends of the independent cylinder tubes. The fluid ports

are also merged into the integrated cylinder head. The cylinder heads on the both

ends are connected with tie rods. Since the manifold is a shared single piece, its high

strength and stiffness allows free arrangement of the connecting rods according to

the arrangement of cylinders. The components between each cylinder are now only

O-rings to seal the gap between the cylinder head and cylinder tube. With this setup
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Figure 3.9: Schematic and picture of the developed cylinder cluster with casted cylin-
der manifold (left), and tie rod cylinder cluster (right).
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Figure 3.10: Comparison of piston force that the initial and modified actuator can
output. Force is calculated through the discharging pressure and the piston diameters.
The rising edges of two graphs are different because smoother pressure reference was
given to the modified pump. In both cases, same electric motor and motor driver
is used to drive the pump. The graph shows that with lower energy loss, the new
actuator can exert 300 N force for a long time, which was impossible for the initial
version.

we can increase the cylinder bore from the previous 9 mm to 13 mm, keeping the

same outer size of the cylinder cluster and the distance between each piston. This

means 222 % larger cylinder cross-section. (The total reduction ratio is almost the

same since the pump’s displacement is also doubled, as explained in section 3.3.1.)

The approach also reduced 10 % of the weight, from 224 g to 200 g. This is the

result of the optimization of the materials: the cylinder head is made of 7000 series

aluminum alloy, the cylinder tube is made of 0.5 mm thickness chrome-molybdenum

steel, while the tie rods are titanium. Fig.3.9 shows the comparison of the original

design and modified design.

Fig.3.10 shows a comparison of the force output of the initial actuator and the

modified actuator. The pistons were fixed on the end of the cylinder. The com-
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mand force was converted to the command pressure and the pumps were pressure

controlled. The actuator forces are estimated from the pressure sensors. In both case

300 N command force, which was the initial requirement, was commanded to the

actuator. In the case of the initial design, the force saturated from the beginning and

it dropped with the time, since the poor energy efficiency result in a larger increase of

the fluid temperature, which leads less fluid viscosity and larger internal leakage. In

the modified version, on the contrary, the actuator could successfully keep the force

for more than 70 seconds.

3.6 Conclusion

In this chapter, we introduced a systematic mechanical design approach to improve

the torque density of miniature EHA. The conclusion is as follows:

1. Even after the total reduction ratio between the actuator output and the electric

motor is given, there still exists hydraulic design freedom such as the internal

gap, fluid viscosity, and effective pressure receiving area. For each output force

and velocity condition, the best transmission efficiency is realized on the balance

of the loss due to viscous friction and the loss due to internal leakage. While

it is straightforward that larger internal gap or lower viscosity results in larger

internal leakage loss and lower viscous loss, the important feature is that smaller

effective pressure receiving surface of the pump or actuator also has the same

effect. Therefore, to improve the force-to-weight ratio of EHA, the key is how to

attain small internal gap and high fluid viscosity, while maximizing the effective

pressure receiving surface in the limited overall weight or size.



56
Chapter 3: Key Design Parameters of a Few Types of Electro-Hydrostatic Actuators

for Humanoid Robots

2. We proposed the way to reduce the internal gap of the actuator on both of

the pump and actuator side. On the pump side, we experimentally showed that

with a modification of the bearing arrangement, bearing type and reinforcement

of the pump casing, we can suppress the amount of internal leakage by more

than 92%. On the actuator side, we first presented the design of a light weight

cylinder with no internal leakage. The developed cylinder had 600 g weight, 240

mm length, 20 mm cylinder bore, and 50 mm stroke. With its 6mm diameter

piston rod, it converts the 5.3 MPa pump pressure to 1500 N piston force. While

cylinders are advantageous in the improvement of the force-to-weight ratio, to

accommodate the situation that they are not available, we also presented a

design of vane motor with special structure to attain both low internal leakage

and light weight. The developed vane motor had 780 g weight and 120 ◦ range of

motion. The vane converts 5.3 MPa pump pressure to a 60 Nm torque through

the flanged output.

3. We proposed the direct pump casing water cooling approach to effectively sup-

press the positive feedback loop of that higher fluid temperature results in lower

viscosity, then lower efficiency and the even more energy loss. We experimen-

tally showed that the water cooling could suppress the internal leakage by 55%.

4. We showed the way to maximally utilize the space to increase the effective

pressure receiving surface of a cluster actuator. It was experimentally shown

that the modification of an EHA, which is to double both the piston surface

and the pump displacement, drastically improved the performance. Combined

with the higher stiffness pump, the modified actuator could output 300 N force
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for more than 70 s, which was not possible for even a short time in the initial

design.



Chapter4

Enhancement of Backdrivability

and Force Control Accuracy of a

Large Force Linear EHA

4.1 Introduction

The possibility of high backdrivability is a key property of EHA as a robot actu-

ator. In the other applications such as hydrostatic transmissions for ground drive

propulsion [43] or EHA for airplanes [45], on the other hand, backdrivability was

rarely concerned. In those case, the backdrivability is significantly reduced due to the

mechanical contact, oil seal, and valve system. To improve EHA’s backdrivability for

a force sensitive robot joint, Kaminaga et al. [57] developed a joint with the combi-

nation of a trochoid pump and a double vane motor. Whitney et al. [70] developed

a master slave robot system with low friction rolling diaphragm cylinders.

The underlying challenge in the development of EHA for robot applications is to

maintain both of the high torque density and high backdrivability simultaneously. The

previous highly backdrivable works had difficulties on the large torque performance,

58
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due to either the intentionally enlarged internal gap or the low pressure-endurance

property of the diaphragm cylinder. As mentioned in the previous chapter, due to the

scale effect, a miniaturized EHA has strict requirement on the low internal leakage

property to have enough torque for a legged robot. In this chapter, we discuss the

approach to maintain and even improve the high backdrivability property of EHA

while adopting the torque density improvement approach in the previous chapter. We

first discuss the effect of multiple common types of hydraulic pumps on the system

backdrivability, then propose a double rod cylinder structure with the special beam

structure, with which we can drastically reduce the friction. On the last, we present

the active friction compensation technique to furthermore improve the property.

4.2 A Low Friction Lightweight Trochoid Pump

with Reinforced Structure and Water Cooling

To improve backdrivability of EHA, reduction of friction is crucial. In a large num-

ber of the hydraulic systems, piston pumps are commonly adopted. Fig.4.1 illustrates

a typical axial piston pump. Piston pumps discharge the fluid with the prismatic mo-

tion of a piston in a cylinder. In spite that a single pair of piston and cylinder can

only intermittently discharge the fluid, combination of multiple pairs can generate

a continuous flow. Rotational mechanical input into the pump is converted to pris-

matic piston motion by a swash plate or a crankshaft. To rectify the reciprocating

motion of pistons into a single direction of flow, a proper valve system synchronized

with the pump motion, such as the valve plate, is required. While their advantage
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swash platepiston

cylinder barrel

valve plate

valve plate

inlet/discharging port

drain port

drive shaft

Figure 4.1: Schematic of a valve plate type axial piston pump. Rotational mechanical
input into the pump is converted to prismatic piston motion by a swash plate. The
valve plate rectifies the reciprocating motion of pistons into a single direction of flow.
The valve plate is fixed on the pump casing and the cylinder barrel rotates with the
input shaft, therefore the cylinders are automatically connected to the proper (inlet
or discharging) port according to its phase.

is the capability of high discharging pressure, they have a large number of sliding

parts such as the one between the pistons and the cylinder barrel, between the cylin-

der barrel and pump casing 1 , between the cylinder barrel and the valve plate, and

between the piston shoe and the swash plate. They also have large viscous friction

since the drain port side chamber is filled (not fully but almost) with the drained

fluid and the rotating pistons need to go through it. They are also not advantageous

in the sense of inertia, since the heavy cylinder barrel also turns according to the

input shaft. Therefore, while piston pumps are suitable as a high pressure constant

pressure source, they are not necessarily suitable for a force-sensitive servo system.

In gear pumps, fluid is trapped between the tooth of a pair of gears to be conveyed

1In the valve plate type piston pumps, the cylinder barrel also rotates according to the pump shaft
therefore the cylinders are automatically connected to the proper (inlet or discharging) port
according to its phase.
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casing

inlet port
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discharging port
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outer rotor (internal gear)

inner rotor (external gear)

discharging port

outer rotor (internal gear)
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Figure 4.2: Three types of gear pumps. External gear pumps (left) are the most
common type of gear pumps. They consist of two external spur gears. The fluid is
captured between the tooth and the sidewall. While they have a simpler structure
and higher discharging pressure, they tend to have larger outer size compared to the
two following other types. Internal gear pumps (middle) have a pair of an external
and internal spur gear. The fluid is captured between the teeth and a crescent sepa-
rator. They have smaller outer size than external gear pumps, while they need high
machining accuracy. Trochoid pumps (right) have trochoid gears and the internal
gear (outer rotor) has exactly one more teeth than the external gear (inner rotor).
This configuration can trap the fluid and convey them without help of the crescent
separator.
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from the low-pressure side to the high side. Since the fluid cannot go back to the

low-pressure side through the meshing part of the gears, it is discharged from the

discharging port at last. While their discharging pressure is not as high as piston

pumps, they have advantages in the simple structure (therefore small size and light

weight), low inertia and low friction. With the high accuracy manufacturing, the

sliding contact can be limited to only the gear meshing part. Fig.4.2 shows three

major type of gear pumps, which is an external gear pump, an internal gear pump,

and a trochoid pump. Trochoid pumps are a variation of the internal gear pumps.

The difference is that they have trochoid gears and the internal gear (outer rotor)

has exactly one more teeth than the external gear (inner rotor). This configuration

can trap the fluid and convey them without the help of the crescent separator, which

means simpler structure and ease of maintenance. The advantage is that since the

meshing of a pair of trochoid gears has a rolling contact, rather than sliding contact

in the case of common involute tooth gear, the mechanical friction is low.

Among the pumps above, trochoid pumps are most advantageous in friction, then

followed by involute gear pumps, then piston pumps. Their drawback, though, is the

largest internal gap and therefore lowest pressure capability. To overcome the tradeoff,

we adopted the discussion in chapter 3: to improve the force of EHA, improvement

in the pump stiffness and the proper cooling is effective. Based on the initial design

for lower capacity [52], we developed a low friction lightweight trochoid pump with

reinforced structure and water cooling mechanism. Fig.4.3 shows a comparison of the

original design on the left and our modified design on the right. The electric motor

is also modified to be cooled by a water jacket. The rotary encoder on the motor is
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inlet/discharing port
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reinforced pump casing

water cooling
pump casingpump casing

electric motor

accumulator

Figure 4.3: Comparison of the original design (left) and our modified design (right) of
the pump. The pump casing is integrated with the 3D printed water cooling jacket.
The pulley side casing is also reinforced to have higher stiffness. The electric motor
is also modified to be cooled by a water jacket.

replaced from the original incremental one to an absolute one to simplify the initial

process for the brushless DC motor. The specification of the pump is shown in Table

4.1.
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Table 4.1: Specification of the Developed Trochoid Pump

weight (including motor) 620 g

motor power 200 W

maximum discharge pressure 5.3 MPa

displacement 418 mm3/rev

maximum discharge flow 57000 mm3/s

pump

accumulator

actuator

check valve

pilot check valve 1

pilot check valve 2

Figure 4.4: Comparison of an EHA hydraulic circuit with a single rod cylinder (left)
and with a symmetric double rod cylinder (right). In the case of double rod cylinders,
only a small capacity accumulator and simple check valves are needed since they work
only to compensate the small amount of external leakage and avoid cavitation. In the
case of single rod cylinders for closed circuits, the accumulator need to have at least
larger capacity than the volume of the piston rod. The check valves need be pilot
check valves. When the cylinder retracts, larger volume of the fluid moves out from
the cylinder than the volume moves in. The differential volume need to be stored
in the accumulator through the force cracked pilot check valve. When the cylinder
extends, more fluid need to be sent to the cylinder than the fluid moves out. The
differential volume is supplied from the accumulator. While in such case the check
valve does not necessary to be a pilot one, a pilot check valve is advantageous in
smooth operation and avoidance of cavitation.
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4.3 A Double Rod Cylinder with the Beam Struc-

ture

To improve the backdrivability, a special friction reduction effort also need to be

paid on the actuator. Single rod cylinders are used in most of the hydraulic systems.

Advantages of single rod cylinders compared to double rod ones is that they have

shorter size, lighter weight, larger pressure receiving surface, and easy to implement

a magnetostrictive sensor to measure the piston position. Their asymmetric charac-

teristic, though, is a problem for a system with a closed hydraulic circuit. This is

because the total chamber volume of the circuit varies according to the piston position

or the amount of the piston rod volume inside the cylinder. A proper valve system

is needed to compensate this variation, which results in a complex system and large

viscous friction. Fig.4.4 shows the comparison of an EHA hydraulic circuit with a

single rod cylinder and with a symmetric double rod cylinder. In the case of double

rod cylinders, only a small capacity accumulator and simple check valves are needed

since they work only to compensate the small amount of external leakage and avoid

cavitation. In the case of single rod cylinders for closed circuits, the accumulator need

to have at least larger capacity than the volume of the piston rod. The check valves

need be pilot check valves. When the cylinder retracts, larger volume of the fluid

moves out from the cylinder than the volume moves in. The differential volume need

to be stored in the accumulator through the force cracked pilot check valve. When

the cylinder extends, more fluid need to be sent to the cylinder than the fluid moves

out. The differential volume is supplied from the accumulator. While in such case the
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Figure 4.5: Low friction double rod cylinder with the beam structure.

check valve does not necessary to be a pilot one, a pilot check valve is advantageous

in smooth operation and avoidance of cavitation. Habibi et al. [47] proposed the

“symmetric linear actuator” structure where the single-rod cylinder sized actuator

has the symmetric pressure receiving surface so that additional valves are not nec-

essary. However, its complexity and large friction is problematic for force-sensitive

application in a human size robot.

While double rod cylinders are advantageous in the system simplicity and friction

due to the valve, the second piston rod results in two times larger friction due to the

oil seal on the piston rod. With our special beam structure, however, the total oil

seal friction can be even less than a single rod cylinder. Fig.4.5 illustrates the idea.

In common hydraulic cylinders, the piston rod diameter is decided by the buckling

strength. In our design, both ends of the piston rod is held by a beam structure, while
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the external load is applied on the beam side, rather than the piston rod directly. The

beam is held by a linear guide and only transfer the axial force to the piston rod. This

removes the possibility of buckling and we can minimize the rod diameter as small as

that the tensile strength of one rod is the half of the designed maximum force, since

we can now use both of the piston rods to transfer the force.

4.4 Active Seal Friction Compensation with a Strain

Gauge

EHA can measure the force/torque with high reliability by measuring the differen-

tial hydraulic pressure. The limitation is that with the pressure sensors, the oil seal

friction on the actuator cannot be measured. An external torque sensor is effective

to compensate the friction on the actuator [57]. The difficulty for the rotary torque

sensors is that special attention need to be paid to avoid the crosstalk 2 [71]. They

also have a complex structure and high cost. In the case of linear actuators, a force

sensor or strain gauge attached on the connecting rod can accurately measure the

force (therefore joint torque) without crosstalk, since the spherical rod end bearings

do not transfer torque and non-axial force. The sensors are also easier to install and

relatively cheaper.

To see the effect of friction compensation by the strain gauge, we conducted a

series of experiments on the testbed shown in Fig.4.6. The actuator was under a low

gain position control: a simple proportional feedback controller with the gain of 10

2The effect of non-actuated direction constraint force on the torque measurement.
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pump

motor driver

cylinder

connecting rod
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pressure sensor

pressure sensor

Figure 4.6: Common setup of the testbed experiment (Same figure as Fig.2.5). The
actuator is placed horizontally. A movable cart supported with a pair of linear guides
is aligned with the actuator. The cart and the actuator can be connected with a
connecting rod, on which a strain gauge is attached. On the connection between the
connecting rod and the cart, a force gauge is attached. The cart can be either fixed
on the basement, free to move, or disconnected from the actuator so that the actuator
has no load.
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Nm/mm. The movable cart was driven externally by human hand. The position of

the piston, command piston force, piston force estimated from the pressure sensors,

and the force estimated from the strain gauge were recorded. The first experiment

was done without the strain gauge feedback. As shown in Fig.4.7, what tracked

the command force was the pressure sensor signal, therefore the actual force (strain

gauge) had a constant offset depending on the direction of piston motion. With the

strain gauge feedback, which is shown in Fig.4.8, we can see that the pressure was

adjusted according to the direction of friction therefore the force tracking error was

small. The relation between the piston position and the piston force in the two cases

are plotted in Fig.4.9. Without the strain gauge feedback, the force tracking error was

12.1 N RMS, which is as small as 0.81% of the 1500 N maximum piston force, showing

the effect of friction reduction efforts in the previous section. With the strain gauge

information, the error was reduced to be 1.3 N, which is 0.087% of the maximum

force.

A common drawback of force measurement by strain gauge based sensors is its

sensitivity to the temperature. Even though the four arms method is effective in

the temperature compensation, the effect is still not negligible, especially in the case

that the flexure element is stiff and the deformation is small. In the case of rotary

actuators, there are approaches with optical encoders [72], while it is difficult to adopt

for a linear actuator. Fundamentally, pressure sensors have the same problem, since

in most case they actually measure the force generated by the pressure. The difference

is that the strain gauge is attached on the connecting rod, which is floating from the

other parts and has a small thermal capacity. The pressure sensor is attached on the
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Figure 4.7: Time transition of the parameters in the experiment to confirm the quasi-
static force controllability of the EHA without strain gauge feedback. The actuator
is under a low gain control and the piston is manually moved by human. The red
line shows the force acquired from the strain gauge on the connecting rod, which
we treat as the actually exerted force by the actuator. The black line shows the
error between the measured force (red line) and the desired force generated by the
measured piston position (green line). The blue line shows the force estimated from
the pressure sensors.
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Figure 4.8: Time transition of the parameters in the experiment to confirm the quasi-
static force controllability of the EHA with the strain gauge feedback. The actuator
is under a low gain control and the piston is manually moved by human. The red
line shows the force acquired from the strain gauge on the connecting rod, which
we treat as the actually exerted force by the actuator. The black line shows the
error between the measured force (red line) and the desired force generated by the
measured piston position (green line). The blue line shows the force estimated from
the pressure sensors.
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Figure 4.9: Relationship between the piston position and actuator force, when the
actuator is under a low gain position control and the piston is manually moved by
human. The red line shows the desired relationship between the two. The blue
markers represent the case without strain gauge feedback and the green markers
show the case with. The time transition of the value is shown in Fig.4.7, Fig.4.8
respectively. The RMS force tracking error of the former case was 12.1 N and 1.3 N
for the latter.
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cylinder, which is fixed on the robot frame, therefore it is thermodynamically more

stable. Another advantage of the pressure sensors is that the differential pressure is

acquired from the difference of the two gauge-pressure sensors, therefore the common

mode offset is canceled. To experimentally examine the temperature effect on the

sensors, we conducted a thermal disturbance experiment. The system, which is the

same one as the previous discussions, is left as it is, therefore the measured force

should keep zero value. We externally heat the system by a blower, making sure that

the system is heated uniformly. We also attached a temperature sensor on the system.

Fig.4.10 shows the relationship between the system temperature and the estimated

force from the sensor. The red markers represent sensor values from the pressure

sensor. We can see that the thermal effect is small. The strain gauge, which is shown

in blue markers, shows a clear relationship with the temperature. The gradient is

quite linear with the gain of 2.5 N/◦C.

While the thermal drift of the strain gauge is as high as 2.5 N/◦C, this value is

already a compensated value by a careful four gauge method. The connecting rod is

made of a chromium-molybdenum steel pipe with the inner diameter of 5 mm and

outer diameter 0f 8 mm. The linear expansion coefficient of the material is around

10×10−6/◦C. To generate the same strain with 1 ◦C temperature variation, the axial

force need to be as high as 83 N. This means that the four gauge system compensates

the thermal drift by 97%. The still high variation compared with the pressure sensor

is due to the high stiffness of the connecting rod, which is difficult to change the shape

for the strain gauge.

One solution to compensate the variation of the strain gauge is to attach a tem-
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Figure 4.10: Variation the force value acquired from the pressure sensor (red markers)
and the strain gauge (blue markers) against temperature variation. While the thermal
effect on the pressure sensor is small, the one on the strain gauge is as high as 2.5
N/◦C gradient.

perature sensor on the connecting rod, utilizing the linear relationship between the

temperature and the drift. The problem is a more complex system and need of cali-

bration for each actuator. To mix the stable but not sensitive pressure sensor signal

and the precise but drifted strain gauge signal, complementary filters can be effective.

A complementary filter is a set of filters with the relationship

∑
i

H(z) = 1 (4.1)

With a complementary filter, we can mix different signals utilizing the preferable

frequency zone of each signal, while keeping the total gain as one through all of the

frequency range. In this case, the piston force can be estimated by the summation of

a low-pass filtered pressure sensor information and a high-pass filtered strain gauge
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information:

ffil = Hlowpass(z)fpres +Hhighpass(z)fstrain (4.2)

Hlowpass(z) + Hhighpass(z) = 1 (4.3)

where ffil, fpres, fstrain represents estimated force with the complementary filter, force

measured by the pressure sensor, and force measured from the strain gauge respec-

tively. Hlowpass, Hhighpass represents a low-pass and high-pass filter. Here, we ignore

the effect of the piston acceleration due to its small inertia. Since the effect of the

temperature drift is slow, the cutoff frequency of the filters can be set as a very low

value.

When implementing the filter on the microcontroller, we can make a simple trans-

formation of Eq.(4.2) to reduce the computational cost as:

ffil = fpres +Hhighpass(z)(fstrain − fpres) (4.4)

This means that we only need to apply a high-pass filter to the non-compensated

friction. The constraint of Eq.(4.3) is automatically fulfilled so that the parameters

of Hhighpass are free to adjust.

To see the force measurement performance of the pressure sensor, strain gauge, and

the complementary filtered value, we conducted an experiment with the configuration

that the output side of the connecting rod was attached on a fixed force gauge. The

actuator was under the force control, pushing and pulling the force gauge. The value

acquired from the external force gauge is treated as the ground truth. To see the

effect of thermal drift, we heated up the system by an external heat gun. The result

is shown in Fig.4.11. The orange dot line represents the temperature of the system,
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Figure 4.11: Time transition of the actuator force measured by the external force
gauge, the strain gauge on the connecting rod, the pressure sensor on the cylinder,
and the complementary filtered value. The system is heated up by an external heat
gun. The temperature is represented by the orange dot line. The black thick line is
the force gauge value, which is the grand truth. The blue line represents the force
measured from the strain gauge. While it has the best accuracy at the beginning,
a clear drift can be seen when the temperature rises. The RMS force measurement
error is around 15.1 N. The green line represents the force estimated from the pressure
sensor. While there is no clear drift, it has a constant offset error. The RMS error
is around 6.58 N. This is 0.46% of the maximum actuator force 1500 N. With the
complementary filter, which is represented by the red line, the error is smaller to be
4.18 N, which is 0.28% of the maximum force.
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acquired from a temperature sensor attached on the cylinder. The black thick line is

the grand truth. The blue line represents the force measured from the strain gauge.

While it has the best accuracy at the beginning, a clear drift can be seen when the

temperature rises. The RMS force measurement error is around 15.1 N. The green

line represents the force estimated from the pressure sensor. While there is no clear

drift, it has a constant offset error. The RMS error is around 6.58 N. This is as low

as 0.46% of the maximum actuator force 1500 N, thanks to the low friction design

with the beam structure. With the complementary filter, which is represented by the

red line, the error is smaller to be 4.18 N, which is 0.28% of the maximum force.

4.5 Conclusion

In this chapter, we presented the way to improve the force-sensitivity of EHA

from both the mechanical backdrivability aspect and the measurement aspect. The

conclusion is as follows:

1. Trochoid pumps are suitable to reduce the friction and improve backdrivability

of EHA, while they have limited high-pressure performance. To attain both the

high backdrivability and high pressure, we developed a low friction lightweight

trochoid pump with the reinforced structure and water cooling mechanism. The

developed pump has 620 g weight including the 200 W electric motor and 5.3

MPa discharging pressure. The maximum discharging flow rate is 57000 mm3/s.

2. To minimize the viscous friction, double rod cylinders are more suitable since

the closed circuit volume is invariant. We proposed a double rod cylinder design
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with the beam structure to minimize the piston rod diameter, therefore minimize

the friction due to the piston rod oil seal. The developed cylinder had a effective

friction of 6.58 N, which is 0.46% of the 1500 N maximum piston force.

3. The friction on the piston rod can be actively compensated with a strain gauge

attached on the connecting rod. In that case, the thermal drift of the strain

gauge can be compensated by the pressure sensor information with a comple-

mentary filter. It resulted in 4.2 N measuring error, which is 0.28% of the

maximum force.
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Current-Pressure-Position

Triple-Loop Feedback Control of

Electro-Hydrostatic Actuators for

Humanoid Robots

5.1 Introduction

For legged or biped robots, fast torque response of the actuator is critical for bal-

ancing or locomotion, since manipulation of the COM is a hard real-time task. With a

joint position control based walking framework, which is the most common approach

for the walking and a torque control based robot should also allow such approach as a

robot platform, the requirement for the joint torque control bandwidth is even higher

to achieve a high gain joint position feedback.

For the non-backdrivable actuators, the problem is less, since in the case of a geared

motor, thanks to the high rigidity of the transmission, the response is governed by

the fast physical behavior of electric current. Kim et al. reported that their motor

79
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has the current control bandwidth of 400 Hz [23]. In the case of servo-valve controlled

hydraulics, only the small inertia of the valve elements need to be driven. Hyon et

al. reported that their servo-valve has the control bandwidth of 120 Hz [73]. In the

works by Barasuol [74], the low leakage valve showed the bandwidth of 120 Hz and

the high response one showed 320 Hz.

In the case of series elastic actuators or pneumatic actuators, on the contrary, the

control bandwidth is limited by the elasticity. Their typical control bandwidth is less

than 30 Hz (for example, 5-25 Hz bandwidth of the SEA by Pratt et al. [32], 16 Hz

by Vallery et al. [75], 10 Hz by Kong et al. [76], 19 Hz by Sensinger et al. [77], and 35

Hz by Robinson et al. [78].) The exception is the work by Paine et al. [79], combining

the high stiffness spring and disturbance observer to realize 70 Hz bandwidth.

The studies on the control of EHA is widely conducted in the aerospace region

[80, 81]. It is difficult to directly adopt their knowledge to robotics, though, since

their hardware have much larger size and weight, therefore the time constant, than

those suitable for human-size robot actuation. Their target applications have limited

requirement on the capability of high gain position feedback. For example, the re-

quirement for the EHA position control bandwidth to drive the F-18 airplane ailerons

was set as 7 Hz [81].

The early studies on the EHA for the robot use includes the rotary joint by Bobrow

et al. [46] and the linear actuator by Habibi et al. [47]. In the former case, the analog

pressure controller realized 32 Hz bandwidth while in the latter case the position

control bandwidth was around 2 Hz. Recently Sakuma et al. improved the control

bandwidth of their EHA from the original less than 1 Hz [82] to 7 Hz by modeling it
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as a two-mass resonant system and adopting the resonance suppression control [62].

There are also approach with sliding mode control [83] and neural network [84].

While EHA should be able to have better response performance than SEAs due

to the higher transmission stiffness, the actually reported values are still limited, as

shown above. To fundamentally improve the performance, both approaches from the

control and hardware design should be taken, which is the main target of this chapter.

On the hardware side, the first major problem that makes the control difficult – high

static friction, is already treated in the previous chapter therefore we discuss the

second – series elasticity. On the control side, we show that a fine-tuned multilayered

controller running in a distributed devices can actually achieve advantageous response

property, even though each layer of the controller has a simple structure.

5.2 Reduction of the Hydraulic Elasticity to Achieve

a High Control Bandwidth

To fundamentally improve the response of EHA, the approach from hardware side

is inevitable. As discussed in chapter 2, in an EHA, the load side and the input

side are connected through the series elasticity because of the piping expansion and

fluid compressibility. From discussion in chapter 2, on the total elasticity, the piping

expansion has one order smaller effect than the fluid compression, therefore the key is

how to reduce the latter. Since the volume variation depends on the chamber volume

(Eq.(2.23)), reduction of dead fluid volume is effective. Placing the pump close to

the cylinder and minimize the piping length is one solution. Dead volumes inside the
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cylinder should be minimized in the design process or filled with other materials. In

our case, we carefully designed the shape of the piston and cylinder head to reduce

the gap when the piston is at the end.

While the piston swept volume is impossible to be filled by the other material,

Eq.(2.27) shows a simple property: larger piston surface results in higher stiffness.

This can be explained intuitively: a cylinder with a larger piston has larger volume

but less pressure variation from an external force, therefore the total volume variation

is constant as shown in Eq.(2.23), but the piston position variation is fewer thanks to

the larger piston surface. This shows that the maximization of the pressure receiving

surface is not only effective in the improvement of the force-to-weight ratio as shown

in chapter 3, but also advantageous in the reduction of the effective series elasticity.

Selection of a high bulk module fluid is also important. Silicone oils have the

advantages in safety and adjustable viscosity, while their bulk modules are as low as

around 800 MPa [85]. Mineral oil or other types of high bulk module fluid [86] is

effective in the improvement of response. In our case, we chose COSMO HYDRO

HV100 mineral oil.

5.3 Force Control of EHA by Fast Motor Current

Feedback

The model shown in Fig.2.3 suggests that velocity controlled motor/electronic sys-

tem can realize the force control of an EHA, since the input and output side of the

system is decoupled with the series damper and elasticity. This is advantageous in
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Figure 5.1: Pressure controller based on motor velocity controller. A velocity con-
trolled motor/electronic system can realize the force control of an EHA, since the
input and output side of the system is decoupled with the series damper and elastic-
ity. This is advantageous in the cost and system simplicity since most of the industrial
motor/electronic systems (even not a DC motor), especially in the low cost or small
size region, support velocity command.
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Figure 5.2: Pressure controller based on motor current controller. The motor current
controller consists of a proportional feedback controller and a back EMF compensator.
The former is implemented on an FPGA with 20 kHz control frequency, with the
field oriented control of the brushless DC motor. The latter is implemented on a
microcontroller running in 5 kHz frequency. The pressure feedback controller has a
feed forward term, a PD feedback controller, and a momentum based friction observer.

the cost and system simplicity since most of the industrial motor/electronic systems

(even not a DC motor), especially in the low cost or small size region, support ve-

locity command. We implemented a PI force controller with a minor pump velocity

control loop, which is shown in Fig.5.1. In that case, the effect of the pump’s friction

and inertia are compensated by the minor velocity loop. With a step command, we

get the rise time of around 40 ms, which is shown as the blue line in Fig.5.3. The

experiment is done with the setup shown in Fig.2.5 and the piston is fixed by pushing

it on the end of the cylinder.

When the pump is under the pressure control, we saw a pulsation of the pressure.

In Fig.5.4, the pressure tracking error is plotted against the pump rotor’s angle. The
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Figure 5.3: Step response of the pressure controller based on the motor velocity
controller (blue) and the motor current controller (red). The command pressure is
equivalent to 550 N piston force. In the former case, the rise time is 40 ms, while in
the latter case the rise time is 5 ms, which is 8 times faster.

graph shows that the pulsation is dependent on the rotor angle and there are four

peaks. This corresponds well to the four teeth of the inner rotor gear. (See Fig.4.2

for the structure of the trochoid pump.) While the discussion in section 2 treats the

property of the pump as constant, actual gear pumps have pulsation depending on

the condition of the gear meshing. It cannot be compensated by the minor velocity

feedback loop since it is a modeling error between the pump velocity and the pressure.

The current control based pressure controller is more effective to compensate the

pulsation. In that case, the friction is compensated by a friction observer [87, 88]

and the inertia can be scaled [89] by the pressure feedback. Shown as the red line in

Fig.5.4, the current control based controller can reduce the pulsation by around 74%

peak-to-peak. It also improves the step response, where the rise time is around 5 ms,

– 8 times faster than the velocity control based one. The step response is shown as

the red line in Fig.5.3.
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Figure 5.4: Plot of the pressure tracking error against the pump rotor’s angle. Clear
four pulsations per rotation can be seen in the both of the velocity control based case
(blue) and current control based case (red). In the former case, the peak-to-peak
tracking error is 0.63 MPa, which is 74% reduced to 0.16 MPa with the latter case.

From the perspective of control, the idea of this cascaded control is to separate the

controllers in the devices with different operating frequency and handle the faster phe-

nomenon in a faster loop. The difference between the current control based pressure

controller and the velocity based one is that while current is a much faster than the

behavior of pressure change, variation of the pump velocity is a slower phenomenon

than the pressure variation.

Fig.5.7 shows the experimentally acquired closed-loop bode plot of the pressure

controllers. The amplitude of the command pressure is 0.85 MPa, which is equivalent

to 250 N piston force. The velocity control based one is shown in the blue markers

and the current control based one is in the red markers. Each marker corresponds to

one dataset where a constant frequency sine wave command is given. Under the fixed

piston condition, the bode plot shows that the developed actuator has around 100
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Figure 5.5: Time transition of the parameters in the experiment to acquire the fre-
quency response between the command pressure and the measured pressure, with the
pressure controller based on the motor velocity controller.
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Figure 5.6: Time transition of the parameters in the experiment to acquire the fre-
quency response between the command pressure and the measured pressure, with the
pressure controller based on the motor current controller.
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Figure 5.7: Closed-loop pressure control bode plot of the developed EHA, under
the condition that the piston is fixed on the end of the cylinder. The blue markers
represent the one based on the pump velocity control and the red markers represent
the one based on the current control. In the latter case, the bandwidth is 100 Hz,
which shows the high bandwidth property of EHAs compared with other backdrivable
actuators.
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Hz closed-loop pressure control bandwidth 1. This is higher than the state-of-the-art

high closed-loop bandwidth series elastic actuators such as the one by Hopkins et al.

for the THOR robot [90] (30 Hz), the one by Paine et al. for the Valkyrie robot [79]

(70 Hz) or the one by Hutter et al. for the ANYmal robot [91] (70 Hz), and close to

the 120 Hz bandwidth of the servo valve of the hydraulic humanoid by Hyon et al.

[73].

5.4 High Mechanical Stiffness Structure to Trans-

fer the High Bandwidth Force

In addition to the stiffness of the hydraulic system discussed in section 5.2, the

stiffness of the mechanical structure between the piston and the load is also important,

as shown in Eq.(2.33) where we can see that the actuator force is affected by a fast

motion of the piston. In Fig.5.9, the bode plot between the command force and the

measured force from the strain gauge is plotted in the red color. The experiment is

conducted with the same set up in chapter 2 and Fig.2.5, where the load side end of

the connecting rod is fixed. While in Fig.5.7 the pressure control bandwidth was 100

Hz, this time the bandwidth is limited to 22 Hz. The bode plot between command

pressure and actual pressure, and between the pressure and force is also plotted in

green and blue color, respectively. From the plot, it is clear that there are few gain

decrease and the delay between the pressure and strain gauge measured force, and

the 22 Hz bandwidth is caused by that the pressure no longer track the command

1The frequency where the gain reaches -3 dB.
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with 100 Hz bandwidth. The difference between the two experiments is that while in

the former the piston was tightly fixed by pushing it on the end of the cylinder, in

this case what was fixed is the load side end of the connecting rod. The deformation

of the mechanical components between the piston and the load such as the rod end

bearings, connecting rod, beam structure, linear guide, and piston rod causes motion

of the piston that prevents the rise of pressure.

A large part of the deformation is caused by the deformation of the beam structure

and the linear slider supporting that. A schematic of the deformation is shown in

the left bottom of Fig.5.10. To confirm this, we used a laser range finder to measure

the displacement of the beam in the orthogonal direction of the piston rod. The

displacement when the actuator pushes the load with 500 N force is shown as black

arrows in the top of Fig.5.10. On the tip of the piston rod, there is around 330 µm

displacement. The arrows suggest that both the rotation of the beam due to the

deformation of the linear slider, and the bending of the beam itself are the problem.

To constrain the deformation, we added additional linear guides on the tip of the

piston rod, as shown in the green color parts in the middle of Fig.5.10. Its schematic

is shown in the right bottom of the figure. This suppressed the displacement of the

piston rod tip to 86 µm, which is 74% decrease. The distribution of the deformation

is shown by the red arrows in the figure. In Fig.5.11, the red line shows the bode plot

with the additional linear guide. The force control bandwidth is improved to 53 Hz,

which is 2.4 times larger than original. The comparison of the bode plot is shown

in Fig.5.11, where the one without reinforcement (the same plot of the red line in

Fig.5.9) is shown in blue color and the one with the reinforcement is in red color.
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Figure 5.8: Time variation of the experiment to acquire the frequency response shown
in Fig.5.9. The red line represents command force. The blue lines represent the force
estimated from the pressure sensor. The green lines show the force from the strain
gauge, which we treat as the force actually the actuator exerts.
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Figure 5.9: Bode plot between force command and force from strain gauge (red),
between force command to the pressure (blue), and between pressure to the strain
gauge force (green). The force control bandwidth is around 15 Hz. The delay between
the pressure and the force is small. The dominant one is that the pressure no longer
tracks the reference as fast as the case when the piston is fixed on the end of the
cylinder, which is shown in Fig.5.7.
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Figure 5.10: Deformation of the beam structure when 500 N piston force is applied.
The arrows show that both of the linear slider deformation and the beam deformation
occurs. With an additional linear guide constraining the radial direction motion of
the piston rod, the deformation is suppressed from the original black arrows to the
red arrows. On the tip of the piston rod, the deformation is suppressed from the
original 330 µm to 86 µm, which is 74% decrease.
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Figure 5.11: Closed-loop force control bandwidth of the developed EHA when the
load side of the connecting rod is fixed. With the additional linear guide, we can
improve the stiffness of the force transmission structure, resulting the improvement
of the control bandwidth from the original 22 Hz to 53 Hz, which is 2.4 times larger.
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5.5 Current-Pressure-Position Triple-Loop Feedback

for Parallel Joints

When driving rotational robot joints with linear actuators, an advantage is that

we can drive a two-DoF universal joint simultaneously by two linear actuators to

fully utilize their force. In that case, the conversion between the cylinder space

and joint space is costly for the local motor driver. Since the behavior of the joint

position/velocity is slower than the motor current or hydraulic pressure, we can close

the loop in the higher layer with lower framerate. The overall joint controller has three

layers, as shown in Fig.5.12. The joint level position controller is implemented on the

onboard PC with 1 kHz frequency. The conversion between cylinder position/force

and joint angle/torque is also done on the onboard PC. The joint position controller

outputs command joint torque, which is converted to the command cylinder force and

sent to the MCU board through the EtherCAT bus. On the MCU board, the actuator

level force feedback control is done in 5 kHz frequency and resulted command motor

current is sent to the lower level driver board, where the current feedback loop is done

in 20 kHz frequency.

The evaluation is conducted on the hydrostatically driven humanoid robot “Hydra”,

which will be detailed in the following chapter 6. Its hip joint has three DoF, where the

pitch and roll direction are the universal joint driven by two linear EHA. The bode

plot between command hip pitch joint position and actual position, and between

command joint torque and actual torque are shown in Fig.5.13. The blue markers

represent the position response and the red marker are the torque response. The
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Figure 5.12: Controller architecture of the current-pressure-position triple feedback
loop. The joint level position controller is implemented on the onboard PC with 1 kHz
frequency. The conversion between cylinder position/force and joint angle/torque is
also done on the onboard PC. The joint position controller outputs command joint
torque, which is converted to the command cylinder force and sent to the MCU board
through the EtherCAT bus. On the MCU board, the actuator level force feedback
control is done in 5 kHz frequency and resulted command motor current is sent to the
lower level driver board, where the current feedback loop is done in 20 kHz frequency.
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Figure 5.13: Bode plot between command joint position of the hip pitch joint of Hydra
and actual position (blue markers), and between command joint torque and actual
torque (red markers). The closed-loop control bandwidth in both of the position
and torque control was around 30-40 Hz. For the reference, the case without the
reinforcement shown in the previous section is overlaid, which proves the effectiveness
of the reinforcement.

difference between the experiment shown in Fig.5.11 is that while the former one was

done on the testbed with the fixed load and the actuator level response was examined,

this experiment shows the joint level behavior on the actual robot joint. As shown in

the plot in Fig.5.13, both of the joint position and torque control bandwidth is around

30-40 Hz. While this is lower than the one in Fig.5.11 due to the non-constrained leg

motion and elasticity of the link, this is still a high value as a torque-control based

robot. For the reference, the case without the reinforcement shown in the previous

section is overlaid as black markers. It proves the effectiveness of the reinforcement.
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5.6 Conclusion

In this chapter, we showed the evaluation and analysis on the dynamical force

control performance of electro-hydrostatic actuators for a humanoid application. The

conclusion is as follows:

1. To mechanically improve the response of EHA, reduction of series elasticity

between the pump and the load is the key. The series elasticity in the hydraulic

system mainly comes from the fluid compressibility. To reduce the total fluid

volume, the pump should be placed close to the actuator and the dead volume

inside the system should be filled with other material. Our proposed cylinder

design with the beam structure is advantageous in this sense since it can reduce

the length of the pipeline. High bulk-modulus fluid should be selected, therefore

instead of the previous silicone oil, we adopted mineral oil with around two times

larger bulk-modulus.

2. Based on the simplified EHA model, we derived that a larger pressure receiving

surface results in lower effective series elasticity due to the fluid compressibility.

Our approach of maximizing the pressure receiving surface to improve the torque

density was also effective in the enhancement of response.

3. We experimentally showed that EHA can be torque controlled with low cost

velocity-controlled motor/electronics systems. However, we found that it is

weak against pump pulsation. With a current-controlled system, our developed

EHA had a pressure control bandwidth of 100 Hz in the fixed piston configu-

ration. This is more than 40% higher value than state-of-the-art high-response
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series elastic actuators. The difference between the velocity based and the cur-

rent based control approach can be interpreted as that while current is a much

faster phenomenon than the behavior of pressure change, variation of the pump

velocity is a slower phenomenon than the pressure variation therefore the cas-

caded control framework does not work properly.

4. We derived and experimentally confirmed that the force control bandwidth of

an EHA is impaired when the mechanical connection between the piston and

load is insufficient. Our reinforcement improved the bandwidth from 22 Hz to

53 Hz, which is 2.4 times larger value.

5. To attain high response control performance of the hydrostatically driven multi-

DoF joint with a complex internal state, we introduced a current-pressure-

position triple-loop feedback controller. The idea is to distribute the controller

in three layers with different framerate processing device and control faster

behavior in a faster device. The controller has the current feedback on 20

kHz FPGA, pressure feedback on 5 kHz micro-controller, and joint level posi-

tion/torque control on 1 kHz onboard PC. It resulted in 30-40 Hz closed-loop

joint position and torque control bandwidth on the hip joint of a hydrostatically

driven humanoid robot.



Chapter6

Integration of Electro-Hydrostatic

Actuators to a Humanoid Robot

and its Whole-Body Motion

Control Performance Evaluation

6.1 Introduction

In the past decades, there has been a significant improvement in the field of hu-

manoid robots since the early works such as WABOT-1 [92] by Kato et al. Honda

made an important breakthrough on the system integration and reliability by P2 [93]

[94], P3, and then ASIMO [65]. Forked form P3, the humanoid robotics platform

project [95] created the series of HRP2 [96], HRP3 [97], and HRP4 [98]. Recently

Kojima et al. developed the humanoid JAXON [99] as the latest version of the series

of the high-power robot [67, 100]. Hydraulic robots are regaining the interests after

their original dominance were taken place by the motor-gear robots, thanks to the

improvement on the servo-valves and emerging needs for mechanically robust robots.

101
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The examples of the hydraulic humanoid robots are CB [17], Petman [15], Atlas [16],

and a hydraulic humanoid by Hyon et al. [73].

Most of the humanoid robots have the position based walking controller, even

though fundamentally walking or balancing is to control the reaction force. One

reason is on their actuator: their large friction makes it difficult to control the joint

torque without a complex and costly external torque sensor, while the high precision

and high bandwidth joint position control is relatively easy with a simple position

sensor. To utilize the joint torque information for the whole-body control, Englsberger

et al. [101] developed the torque-controlled humanoid TORO. TALOS is a recent

commercially available torque-controlled humanoid [102]. Nagamatsu et al. [103]

proposed the joint torque estimation without additional torque sensors. While the

active joint compliance with the sensor feedback has a considerable performance,

it is still lack of impact resistance since the intrinsically stiff joints can realize low

impedance in only lower frequency than their torque control bandwidth. To realize

intrinsically compliant actuation, an increasing number of humanoids are driven by

series elastic actuators. The examples are the cCub by Tsagarakis et al. [104] which

is the series elastic version of the iCub [105], the series of COMAN [33] and Walk-man

[34], and the series of THOR [35] and ESCHER [106] by Knabe et al. The difficulty

with the elastic actuators, though, is the lack of position/torque control bandwidth,

which can be critical for dynamic motions.

Electro-hydrostatic actuators(EHA) have the possibility to realize both of the in-

trinsically compliant actuation and high closed-loop control bandwidth. In the previ-

ous chapters, we proposed the approaches to realize small size but high torque density
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EHAs for robot applications. In this chapter, we detail the integration of our devel-

oped EHA into the whole-body actuation system of the fully EHA driven humanoid

robot “Hydra”. The kinematic design approach, electronics and control systems, and

preliminary evaluation results are shown.

6.2 Joint Actuation by Electro-Hydrostatic Actu-

ators

6.2.1 Parallel Joint Driving Mechanism with Slider Cranks

In this subsection we describe the implementation of the joint driving mechanism for

Hydra. As described in the previous chapters, linear EHAs are more suitable to drive

the robot joints in the sense of no internal leakage, light weight and slim external

shape. Another advantage of joints driven by linear actuators is the separation of

constraint force and driving force. A free joint holds all direction of the constraint

force and is only movable in the direction of actuation. The actuator only exerts force

in the driving direction and do not support any constraint and structure force. This

separation makes it easier for a robot to keep its shape even when the actuators are

removed for maintenance. This feature is extraordinary important for a robot which

need frequent maintenance.

To convert linear motions of the cylinders to revolute one of the joints, a parallel link

mechanism is needed. A simple lever arm is the simplest solution. Its drawback is the

limited range of motion and the large variation of the torque/force ratio, since when

the joint moves the moment arm drastically changes. Four-bar mechanism enable this
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transformation with a larger range of motion and smooth torque profile, which means

the relation between joint torque and cylinder force are less dependent on the joint

angle. The drawback is its bulkier size and large number of interconnections, which is

a source of backlash and lack of stiffness. In the case of humanoid robots, we assume

the simple lever arm structure is more suitable, since the variation of torque profile, or

the variation of reduction ratio can be properly designed to be even advantageous to

fit the requirements of variable reduction ratio for a legged robot ; the limited range

of motion is still enough to exceed a normal human; and in a complex and closely

packed system such as a humanoid robot a simple mechanism is especially important.

As the case of human, humanoid robots also have many orthogonal crossed multi-

DOF joints, such as wrist, shoulder, waist, hip and ankle joints. We implement these

joints as orthogonal universal joints, which are driven by two linear EHAs. Fig.6.1

express the idea. When the two cylinders move in the same direction, the first joint

is driven. When the two cylinders move in the opposite direction, the second joint

is driven. The advantage of this implementation is that we can use the force of two

cylinders to drive one joint, in addition to the compact actuator arrangement. The

drawback is the limited range of motion and difficulty of the conversion from the

piston position to the joint position, which is described in the following paragraph.

The joint angle of the joints driven by linear EHA is calculated from the piston

position, which is obtained by the linear encoder mounted on the cylinder. Here,

we discuss a quasi-static interconversion between the joint angles and the cylinder

positions, joint torque and cylinder force, and rod force to cylinder force, since the

inertia of the connecting rod and piston rod is much smaller than the rest of the
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Figure 6.1: Schematic of a two DOF universal joint driven by two linear EHAs.

system to be ignored. Fig.6.2 shows the definition of parameters. This is a simplified

schematic of the joint described in Fig.6.1. The orthogonal universal joint is aligned

on the origin of the coordinate. The pitch joint is coaxed with y axis and the roll joint

is coaxed with x. The intermediate universal joint link is connected to the parent link

through the pitch joint and it is connected with the child link through the roll joint.

The red lines represent the connecting rods with the length of l. Pi(i = 1, 2) is the

spherical joint connecting the child link and the connecting rod. The yellow vertical

lines represent the linear guides of the cylinder, which are fixed on the parent link.

zi is the other end of the connecting rod. They are also spherical joints. Due to the

linear sliders, they are constrained on the yellow lines and only their z component

is changeable. αi is the angle between the connecting rod and the linear guide.

Notice that the plane including both the connecting rod and the linear guide does

not necessarily parallel to any other planes such as xz or yz plane. We define the joint

angle vector θ = [θp, θr]
T . The initial position pi0 = [pi0x, pi0y, pi0z]

T is the position of

pi when θ = [0, 0]T , which is constant depend on the mechanical geometry. We set the



106
Chapter 6: Integration of Electro-Hydrostatic Actuators to a Humanoid Robot and

its Whole-Body Motion Control Performance Evaluation

child link
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spherical joint on linear slider

spherical joint
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parent link

Figure 6.2: Parameter definition of the two DOF universal joint driven by two linear
EHAs.

positions of pistons as zi = [zi0x, zi0y, ziz]
T , where zi0x, zi0y are also constants decided

by the mechanical geometry. We define the cylinder position vector as z = [z1z, z2z]
T .

When θ = [θp, θr]
T , the position pi can be written as follows:

pi = Ry(θp)Rx(θr)pi0 (6.1)

where Ry(θp) represents a rotation matrix around y axis for an angle of θp and Rx(θr)

represents a rotation matrix around x axis for an angle of θr. With the constraint

that the distance between pi and zi is the constant l

∥pi − zi∥ = l (6.2)

we can get ziz described by θ.

The forward conversion, which is to convert z to θ, is hard to be expressed in a

closed form. As the case of inverse kinematics, though, we can solve it iteratively by
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expressing the jacobian matrix G(θ) = ∂z/∂θ. In the range of motion of Hydra’s

two DOF joints, there is no singular point in the mechanism. We can calculate the

differential relationship between θ and z as follows:

θ̇ = G(θ)−1ż (6.3)

With the jacobian matrix G(θ), we can convert from the cylinder force f = [f1, f2]
T

to the joint torque τ = [τp, τr]
T as the same case of serial link robot as follows:

τ = G(θ)Tf (6.4)

Unlike traditional joints driven by linear actuators, in the case of Hydra the connecting

rod and the piston rod is not in coaxes. The force measured by the strain gauge,

therefore, is different from the piston force since it also contains the constraint force

of the linear guide and slider, which is perpendicular to the direction of the piston rod.

Once we calculate the position of pi and zi, we can get cosαi from their z direction

distance and the connecting rod length l, where αi denotes the angle between the

connecting rod and the piston rod. If we denote the force on the connecting rod as

f strain
i , we can write them as follows:

fi = cosαi f
strain
i (6.5)

=
piz − ziz

l
f strain
i (6.6)

6.2.2 Modular Designed Kinematic Structure of the Humanoid

Hydra

In this subsection, we describe the implementation of each link and joint of Hydra

with their arrangement in the whole body. Fig.6.3 shows a schematic of the whole
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body joint arrangement. The basic structure of each link is a box-shaped frame

composed of uniform thickness aluminum plates. The actuators are basically mounted

on the outside of the frame for the ease of maintenance.

The body has two DoF on the waist: pitch and roll. They have a structure of

the universal joint driven by two linear EHAs, which is described in the previous

subsection. The difference from the other joints is that the cylinders are tilted to save

the vertical length. Fig.6.4 shows a CAD model of the waist joint, with the torso

link and the waist link. The thin purple colored structure is the frame of the torso

link. It is composed of simple shaped aluminum plates. The pink colored cylinders

and pumps are those to drive the waist joint. With the maximum piston force of

1500 N, the two actuators can generate 94 Nm joint torque in the pitch direction and

147 Nm torque in the roll direction, with a -20◦+60◦ and ± 22.5◦ range of motion

respectively. The waist link structure is shown in blue color, which is basically a

single piece machined from an aluminum block. This costly design is due to the high

stiffness requirement to enable walking locomotion. An IMU, which is shown in green

color, is packed inside the box-shaped frame of the torso link. A backpack containing

electric and cooling components is also attached on the link.

The base link of Hydra is set as the waist link. It also contains two vane motor

type EHAs to drive the foot, which are shown in orange color in the Fig.6.4. The

weight of the link is 5.03 kg. The torso link consists of the frame in purple, the two

linear EHAs in pink, the backpack in thin gray and also two vane motor type EHAs

to drive the arm, which are shown in yellow color. As the total, the link has the

heaviest weight of 16.8 kg. The specification of the joints and links including those
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Figure 6.3: Joint arrangement of the humanoid robot Hydra.



110
Chapter 6: Integration of Electro-Hydrostatic Actuators to a Humanoid Robot and

its Whole-Body Motion Control Performance Evaluation

back pack

structure of
torso link

universal joint
for waist pitch/roll

IMU

vane motor EHA
for hip yaw joint

linear EHA for
waist pitch/roll joint

vane motor EHA for
shoulder additional joint

Figure 6.4: CAD model of the body of Hydra. Thin grey color shows backpack,
yellow color shows vane motor EHA for the shoulder additional joint, purple color
shows torso link structure, pink color shows linear EHA for the waist pitch and roll
joint, blue color shows the waist link frame and the orange color shows vane motor
EHA for hip yaw joint.
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explained in the following paragraphs are shown in Table 6.1, Table 6.2.

Each leg of Hydra has six DOF, where the hip joint has three for yaw, pitch and

roll; the knee joint has one for pitch; and the ankle has two for roll and pitch. The

joint closest to the body is the yaw of the hip, which is driven by a double support

type vane motor EHA. It is shown in orange color in the Fig.6.4. The joint has the

maximum torque of 60 Nm and ±60◦ range of motion. The pitch and roll joint of

the hip takes the universal joint structure driven by two linear EHAs. When the two

actuators exert 1500 N force, the joint has 80 Nm torque in the pitch direction and

135 Nm torque in the roll direction, with a -13+105◦ and ±22.5◦ range of motion

respectively. Fig.6.5 shows a CAD model of the thing link. The thigh link structure

is shown in purple color. As same with the other links, it is composed with simple

aluminum plates. The green link on the top is the intermediate link connecting the

universal joint to the output of the hip yaw vane motor. The two pink linear EHA is

those to drive the hip universal joint. On the lower side, the blue colored link is the

one connected to the shank link, rotating against the thigh link around the red knee

axis. Linear EHAs driving the knee joint is packed inside the box-shaped thigh link.

To improve the modularity, we use the same type of cylinder and pump for the

whole body. For the knee joint, however, one cylinder driven by one pump is not

enough to support the body weight. Taking account of the limitation of space and

weight, we assign two cylinders and three pumps for the knee joint. One of them is

the normal linear EHA: one cylinder driven by one pump. For the other, we call it

“stage pump EHA”, where one cylinder is driven by two serially connected pump.

With this configuration, we expect three times larger knee torque compared with the
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Figure 6.5: CAD model of the left thigh link. Green color shows the intermediate
hip link connecting the output flange of the hip yaw vane motor. Purple color shows
the link structure of the thigh. Hip joint pitch/roll universal joint is driven by pink
colored linear EHAs. Shank link in blue color is driven by one standard linear EHA
in yellow and one stage pump EHA in orange.



Chapter 6: Integration of Electro-Hydrostatic Actuators to a Humanoid Robot and
its Whole-Body Motion Control Performance Evaluation 113

case of a standard linear EHA. In Fig.6.5, the yellow colored EHA is the standard

one, while the orange colored one is the stage pump EHA. When the standard EHA

exerts 1500 N and the stage pump EHA exerts 3000 N force, the joint has 120 Nm

maximum torque with -10+120◦ range of motion.

The thigh link contains the frame, two linear EHAs to drive the hip joint, and one

standard plus one stage pump EHA to drive the knee. As the total, the link weights

8.50 kg. While the weight of the intermediate link of the universal joints are small

and negligible, the one between the universal joint and the output flange of the yaw

direction vane motor need to be considered. The link, which is shown in green color,

weights 1.59 kg.

A CAD model of the shank link and foot is shown in Fig.6.6. The link structure

is shown in purple, the actuators are shown in orange, and the foot is shown in blue

color. A six-axis force-torque sensor is attached on the foot to measure the contact

force redundantly, in addition to joint torque measurement by pressure sensors and

strain gauges on the actuators. The two linear EHAs drive the roll and pitch direction

of the universal joint, with ±27◦ and -44+34◦ range of motion. The 1500 N piston

force can generate 80 Nm and 135 Nm joint torque respectively.

The arm has eight DOF each. This is to increase the working range in front of

the body, where both of the arms can cooperate, and also to cover the limited range

of motion of the two DOF universal joint. In addition to a three DOF orthogonal

shoulder joint, which is by a combination of the two DOF universal joint and vane

motor EHA, a joint which plays a similar role of the human’s acromioclavicular joint

is inserted between the shoulder link and torso. A similar approach was taken in the
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Figure 6.6: CAD model of the thigh link. Purple color shows the structure of shank
link. Orange color linear EHAs drive blue colored fool link.

case of H6 [107]. The additional joint is driven by a vane motor type EHA, which is

shown in yellow color in the Fig.6.4. The double support type vane motor generates

60 Nm maximum joint torque, with -30+90◦ range of motion (in the case of the right

shoulder. For the left side, it is opposite. The following discussion is all for the right

side.) A CAD model of the shoulder link and shoulder joint is shown in Fig.6.7. In

the figure, the shoulder link is shown in purple, the liner EHA is shown in orange,

the universal joint for pitch and roll is shown in red, the vane motor EHA for yaw is

shown in yellow, and the intermediate link connecting the vane motor EHA and the

universal joint is shown in blue color. The two linear EHAs drives the pitch direction
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vane motor EHA for
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Figure 6.7: CAD model of the left shoulder link. Structure of shoulder link is shown
in purple. The shoulder link is fixed on the output flange of the additional joint,
which is not shown in this figure. Orange colored linear EHAs drive blue intermediate
shoulder roll link. The link rotates around the red colored universal joint to pitch/roll
direction. Yellow colored vane motor drives yaw direction of shoulder.
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with ±30◦ range of motion and roll direction with -117.5+17.5◦ range of motion. The

1500 N piston force can generate 83 Nm and 80 Nm joint torque respectively. The

yaw direction has -30+90◦ range of motion and 40 Nm torque with the single support

type vane motor EHA.

The shoulder link has an overhang structure from its supporting area, which is the

output flange of the additional shoulder joint vane motor. To attain high stiffness,

the shoulder link is machined from a single piece aluminum block, with plate-shaped

attachments for the fixture of the linear EHAs. In Fig.6.7, the single piece link

is shown in thicker purple color compared to the other components. The shoulder

link, with the frame in purple and two linear EHAs, weights 4.59 kg in total. The

intermediate link, consisting of the blue structure and the yellow vane motor EHA

weights 1.88 kg.

The elbow has one DOF driven by one stage pump EHA. Fig.6.8 shows the CAD

model of the upper arm link with the elbow joint. In the figure, the link is shown in

purple, the actuator is shown in orange, and the link connected to the lower arm is

shown in blue color. The joint has -117+9◦ range of motion and 82.5 Nm maximum

torque. The upper arm link has a weight of 6.16 kg. The elbow intermediate link in

the blue color weights 0.29 kg. This light weight is because the following vane motor

EHA is fixed on the child link side due to the space problem.

The wrist joint has three DOF. The lower arm link has a single supported vane

motor type EHA between the intermediate link to the elbow joint to drive the yaw

direction. It has ±60◦ range of motion and 40 Nm torque. On the other side of the

link, it has a two DOF universal joint for roll and pitch direction. The roll direction
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Figure 6.8: CAD model of the left upper arm link. The link is attached on the output
flange of the shoulder yaw vane motor. Orange colored stage pump EHA fixed on the
purple link structure drives blue colored intermediate elbow link.

has ±29◦ range of motion while the pitch direction has -66+85◦ range of motion. The

maximum joint torque is 142 Nm and 77 Nm respectively. The axes of the three DOF

is orthogonal to each other and crossing at a single point. The CAD model of the

lower arm is shown in Fig.6.9. The structure of the lower arm has a simple box-shape,

which is shown in purple color. The yellow colored vane motor EHA drive the yaw

direction. The universal joint in red color is driven by linear EHAs in orange color.

The hand, which is in blue color, is a tendon-driven under-actuated hand with five

DOF. The hand is driven by the miniature cluster tie rod EHA which is described in

3.5. The cluster EHA, which is shown in thin green color, is packed inside the box
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Figure 6.9: CAD model of the left lower arm link with hand. Yellow colored vane
motor EHA is to drive yaw joint of the wrist. Its output flange is attached on the
elbow intermediate link, which is not shown here. Orange colored linear EHAs fixed
on the purple link structure drive the blue colored hand. Green colored cluster EHA
to tendon drive the hand is packed inside the arm link structure. Thin green color
shows the actuator itself while thick green shows tendon guiding structures.
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Table 6.1: Mechanical specification of Hydra (lower body). The link name is of the
link whose parent joint has the ID and name.

ID Joint Name Link Name
Range of Motion

[ ◦]
Joint Torque

[Nm]
Link Weight

[kg]

0 - waist - - 5.03

1 r hip y1 r hip ±60 60 1.59

2 r hip p - -13+105 80 -

3 r hip r r thigh ±22.5 135 8.50

4 r knee r ankle -10+120 120 4.67

5 r ankle r - ±27 80 -

6 r ankle p r foot -44+34 117 2.11

7 l hip y l hip ±60 60 1.59

8 l hip p - -13+105 80 -

9 l hip r l thigh ±22.5 135 8.50

10 l knee l ankle -10+120 120 4.67

11 l ankle r - ±27 80 -

12 l ankle p l foot -44+34 117 2.11

13 waist p - -20+60 94 -

14 waist r torso ±22.5 147 16.8

15 neck p head - - -

structure of the link. The thick green colored parts are tendon guiding structures. A

detailed discussion on the hand is done in the following subsection. The lower arm

link, with one vane type EHA, two linear EHA and one cluster EHA for the hand

weights 6.16 kg. The hand link weights 0.5 kg including fingers.

A picture of the assembled whole body Hydra is shown in Fig.6.10. The total body

weight is and the height is around 180 cm. The arm is longer than a human. This is

advantageous in taking objects from the ground or use the arms to help its locomotion

as monkeys do. Table 6.1, Table 6.1 summarize the mechanical specification of Hydra,

where the former table is of the lower body and the latter table is of the upper body.
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Figure 6.10: Whole body picture of the humanoid robot Hydra. The outer cover (in
white color) is designed by Professor Satoru Kitagou, Tokyo University of the Arts.



Chapter 6: Integration of Electro-Hydrostatic Actuators to a Humanoid Robot and
its Whole-Body Motion Control Performance Evaluation 121

6.2.3 Underactuated Four-fingered Hand with Five EHA in

Cluster

Anthropomorphic hands enable robots to use the same tools and handle the same

environments that are designed to maximize the efficiency of a human worker. The

problem is that the more the fingers, joints, and DoF a hand has, the more fragile it

tends to be. Unlike a hand on a testbed that is designed and used for pure manipula-

tion researches, hands for a humanoid robot need to be mechanically robust enough

to avoid damage due to unexpected contact with the environment, falling down of

the robot, or a whole body locomotion utilizing grasping of the environment with

the hand. Poor robustness of mechanical transmissions, especially those of miniature

ones for hands, led us to develop miniature EHAs for hand use. While discussions

on the actuator was done in the 3.5, the design of the hand itself is described in this

subsection.

The hand has four fingers, which correspond to human’s thumb, index, middle and

ring finger. To improve modularity, all of the fingers, for both left hand and right

hand, have the same structure. In power grasps of a human, the thumb, or especially

thenar part exerts a large force and play an important role. In our approach, instead

1abbreviation of “right hip yaw”

2abbreviation of “right shoulder additional joint”

3abbreviation of “adduction/abduction”

4Three joints underactuated by one active tendon are treated as a single joint here. The values
shown in the table is the one that the actuator can control: The equally distributed finger joint
torque governed by tendon tension and the summation of the three joints’ angle governed by
the tendon position.

5abbreviation of “flexion/extension”
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Table 6.2: Mechanical specification of Hydra (upper body).

ID Joint Name Link Name
Range of Motion

[ ◦]
Joint Torque

[Nm]
Link Weight

[kg]

16 r shoulder a2 r shoulder -30+90 60 4.59

17 r shoulder p - ±30 83 -

18 r shoulder r r shoulder r -117.5+17.5 80 1.88

19 r shoulder y r upperarm -30+90 40 6.16

20 r elbow r elbow -117+9 82.5 0.291

21 r wrist y r lowerarm ±60 40 6.16

22 r wrist r - ±29.1 142.5 -

23 r wrist p r hand -66+85 77 0.489

24 l shoulder a l shoulder -90+30 60 4.59

25 l shoulder p - ±30 83 -

26 l shoulder r l shoulder r -17.5+117.5 40 1.88

27 l shoulder y l upperarm -90+30 40 6.16

28 l elbow l elbow -117+9 82.5 0.291

29 l wrist y l lowerarm ±60 40 6.16

30 l wrist r - ±29.1 142.5 -

31 l wrist p l hand -66+85 77 0.489

32 r thumb AA3 - -0+110 1.5 -

334 r thumb FE5 - -0+270 1.5 -

34 r finger idx - -270+0 1.5 -

35 r finger mid - -270+0 1.5 -

36 r finger rng - -270+0 1.5 -

37 l thumb AA - -110+0 1.5 -

38 l thumb FE - -0+270 1.5 -

39 l finger idx - -270+0 1.5 -

40 l finger mid - -270+0 1.5 -

41 l finger rng - -270+0 1.5 -
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of creating a special forceful thumb, we merge the thenar to the palm as a single

piece. In other words, we omit the DoF for thenar and fixed it in the power grasp

configuration. As the tradeoff, the hand is not able to be totally opened as a flat

surface, therefore it is impossible to stably support the body weight by the palm

in the same way that a human does. To overcome this drawback, we introduce a

protector on the back of the hand. The protector is designed to guard the fingers

when the hand is closed, with enough strength to support the whole body weight of

the robot. The protector is easy to be changed to attach a camera, light or any other

tools without disassembling or removing the hand form the arm.

The finger is based on the work by Treratanakulwong et al. [108]. It has four joints:

DIP, PIP, MP1, and MP2. The axis of DIP, PIP and MP1 are parallel and they are

underactuated by a single tendon. The MP2 joint has an axis orthogonal to the others.

When the finger is assigned as the thumb, its MP2 joint is arranged to the direction

of opposition/reposition and it is driven by another active tendon. When the finger is

for the index, middle or ring finger the MP2 joint works as adduction/abduction. The

adduction/abduction of the three fingers is not actively driven, but still supported

by ball bearings. A set of pressurized rubber blocks holds those joints to absorb

external impact force on this direction. Flexion/extension of the four fingers and

adduction/abduction of the thumb consist five active DoF, whose five tendons to

through the wrist and driven by the five DoF cluster EHA placed inside the lower

arm structure.

While underactuation of a robot finger enable the finger to passively adapt the

shape of the target object therefore is advantageous in power grasping, it lacks the
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Figure 6.11: Picture of the developed four-fingered hand. The thumb has two DoF
and each of the index, middle, and ring finger has one underactuated DoF.
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ability in precise manipulation such as pinching. To enable pinching of small objects,

elastic coupling tendons are introduced in the finger. All joints of the finger have the

same pulley with 10 mm diameter, converting the 300 N actuator force to 1.5 Nm joint

torque. The links of the finger take a monocoque structure, which is manufactured by

3D printing with aluminum alloy. Each joint and pulley is supported by ball bearings

to reduce the friction. The tendon is Dyneema strand with 1.5 mm diameter, which

has high strength, low friction and low bending resistance. Each joint has a magnetic

rotary encoder to obtain the joint angle. The joint torque is measured by tension

sensor mounted on the actuator. Fig.6.11 shows pictures of the developed hand.

To confirm the ability of the hand, we did an experiment of grasping an electric

power drill. The hand could stably hold the handle of the drill with the thumb, middle

and ring finger, while the index finger could control the trigger of the drill. Fig.6.12

shows the time transition of the joint angles of each finger during the experiment.

The vertical axis shows the joint angles where 0 means fully extended condition and

90 ◦ means fully closed. In spite of the successful demonstration, we can see some

factors to improve. In the graphs of the thumb, middle and ring finger, which were

to tightly hold the handle, we can see a fast increase of the DIP angles and drop of

PIP angles. The angle decrease of the PIP joint may result in object ejection, which

is a common problem of underactuated hands. The reason for this is the same pulley

diameter of the joints, even though the effective moment arm of the external force is

larger for the PIP joint compared to the one of DIP joint. An optimization of the

pulley diameter will improve the grasping quality.
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Figure 6.12: Time transition of the finger joint angles during the drill grasping ex-
periment. Four graphs correspond to four fingers and the three lines represents the
three joints on each finger.
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6.3 Distributed Multilayered System of the Hu-

manoid Hydra

6.3.1 Sensory and Electronics Architecture

Integration of a large number of electronic components as a whole system is a

challenging engineering work. In the case of a humanoid robot, high performance

actuators with a large number of sensors are placed in limited space, under severe

mechanical disturbance due to the locomotion and electrical disturbance due to high

capacity motors. Stable and reliable communication between those components are

crucial. In the case of Hydra, its sensor-rich EHAs need more considerations since

a single unit of EHA has as many sensors as a hole effect sensor, two encoders, five

pressure sensors and a strain gauge. Table 6.3 summarized sensors on an EHA.

The hole effect sensor is to acquire the magnetic position of the brushless DC

motor. It is a built-in sensor of the MAXON EC-4pole 30 motor. It needs five wires

which are a 5 V power line, ground line, and three single end digital signal wires

corresponding to the three electric phase. Since it only has a resolution of six per

rotation, we use the sensor only in debug and calibration scenes. The first encoder

is an absolute rotary encoder attached on the end of the motor. To omit initial

calibration process when each time they are powered on, which is to calibrate the

offset between the electric position of the rotor and the mechanical position acquired

from the encoder, we attached an external RLS RMB30SI absolute encoder, instead

of the built-in incremental one. It has a resolution of 2048 per rotation, which is

output by both SSI serial interface and simple ABI count. The calibration between
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the mechanical position and the magnet position is done once the encoder is attached

on the motor. The offset is saved in a file on the onboard PC, which is sent to the

motor driver when the system is booted up. The ABI incremental output information

is used to simplify the calculation of the motor velocity since the value does not wind

up unlike the case of absolute value. The SSI signal (clock and data) and ABI signal

(A and B, I is not used) are transferred by the RS422 differential manner, which needs

10 cables including the 5 V power and ground line.

Piston position is acquired by a Renishaw RESOLUTE optical encoder. It outputs

the absolute position between the read head and linear scale with a resolution of 5

nm. The data is sent out with an RS422 differential BiSS protocol, though six cables

in total (MA±, SLO±, power and ground). The stainless steel linear scale is attached

on the beam/slider structure while the read head is fixed on the cylinder body. In

a case of vane motor, the same series read head can be used to read a ring-shaped

rotary scale. In that case the resolution is 26 bit per rev.

Hydraulic pressure information is acquired via Measurement Specialties Model 89

PCB mount sensor. The pressure sensor can measure a pressure up to 7 MPa in

standard type EHA, while in the case of stage pump EHA we use the 21 MPa ver-

sion. An amplifier board is directly soldered on the sensor. The board include an

instrumentation bridge amplifier (AD8290) and a voltage follower, which converts the

small differential voltage to a 1-3.3V analogue signal. A bridge based sensor tends to

have a large variation of the gain. To adjust this variation on the amplifier board,

the board has a pre-set resistor whose value is decided by the individual data sheet

of each sensor. To protect the board from mechanical damage, the whole board is
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laminated with epoxy plastic. Five sensors are attached on the cylinder: one to mea-

sure the pressure in the accumulator, two to measure the differential pressure on the

pump, and two to measure the differential pressure on the cylinder.

In the case of a cylinder type EHA, a strain gauge is attached on the connecting rod.

A custom-made bridge amplifier board is mounted on the cylinder. The combination

of the 24-bit digital output bridge amplifier IC (AD7195) and line driver outputs the

force information with an SPI interface in the differential way. The number of the

wires is 10: 5 V power, ground, MISO±, MOSI±, chip select± and clock±. The

diameter of the connecting rod is designed to generate full span strain under 3000 N

force.

To handle the large number of the sensors listed above, we took a distributed

processing approach. Apart from the amplifier boards for pressure sensors and strain

gauges, motor driver boards compose the lowest level of the system. The higher

level is MCU boards, then the onboard PC. The motor driver and motor controller

is custom made by Brains Inc., which are specially designed to control high capacity

EHAs. The processing unit of the motor driver board is a Lattice Semiconductor’s

MachXO2 FPGA. The FPGA handles all of the serial communications between each

sensor, in addition to the field oriented control of the brushless DC motor. A PI motor

current feedback control loop is also implemented on the FPGA. The motor current is

regulated by Mitsubishi Electrics’ PS219 hybrid SiC IGBT. It has a rated maximum

of 600 V collector-emitter voltage and 15 A collector current. Its recommended PWM

frequency is 20 kHz with 1µs switching dead time. The motor control loop frequency,

6Number of wires to transfer the sensor data, excluding the power and ground line.
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Table 6.3: Sensors on a single developed EHA unit.

ID Sensor Type Output Type Wires6 Value to Measure

1 hall sensor
Digital, Single end

Parallel 3 absolute motor
magnetic position

2 encoder
Digital, Differential

SSI + ABI 8 absolute motor
mechanical position

3 encoder
Digital, Differential

BiSS 4
absolute piston/vane

position

4 pressure sensor
Analogue
Single end 1

gauge pressure
on accumulator

5 pressure sensor
Analogue
Single end 1 gauge pressure

on pump

6 pressure sensor
Analogue
Single end 1 gauge pressure

on pump

7 pressure sensor
Analogue
Single end 1

gauge pressure
on cylinder

8 pressure sensor
Analogue
Single end 1

gauge pressure
on cylinder

9 strain gauge
Digital, Differential

SPI 8
force on con-rod
(only for cylinder)

therefore, is also set as 20 kHz. The driver board also contains an 8-ch AD converter

for the pressure sensor.

The MCU board has a STMicroelectronics’ STM32F4 microcontroller and an Al-

tera’s CycloneIV FPGA. The MCU board is designed to supervise up to five motor

driver boards. The MCU board and the motor driver boards communicate through

a full duplex synchronous LVDS signal. On the motor controller side, the LVDS

communications through the five channels are handled by the FPGA. The commu-

nication protocol is a custom one with a start word, address, data, and CRC error

check code. In particular, the motor controller FPGA and the motor driver FPGA
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have two shared memory spaces for upstream communication (from driver to con-

troller) and downstream communication (from controller to driver.) Synchronizing

with the clock signal sent from the controller, the controller keeps sending the con-

tent in its downstream memory space one by one, while receiving the upstream data,

decode, and store into the upstream memory space. The driver side is the opposite:

it keeps sending the data in the upstream memory while receiving and storing data

into downstream memory based on an internal state machine. A corrupted data with

CRC inconsistency is discarded.

Communication between the microcontroller and the FPGA on the controller board

is implemented as an external SRAM memory access. Instead of an external SRAM

IC, the memory access bus from the microcontroller is connected to a dual-port

memory IP core in the FPGA. Thanks to a state machine copying the data between

the memory for LVDS communication and the one for microcontroller memory access,

the microcontroller can access any value in the driver board via standard variable

access in its program code. Fig.6.13 shows a picture of an MCU board and a driver

board, with their schematic shown below. The information flow is illustrated in

Fig.6.16.

Communication between the MCU boards and the onboard PC is done through the

EtherCAT bus [109]. The communication is handled by an ASIC (ET1100), whose

information is accessible from the microcontroller through the hardware abstraction

layer.

An MCU board and typically three driver boards consist a joint driver box. Each

multi-DOF joints, such as hip’s pitch, roll, yaw, is driven by a single joint driver box.
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The boards are packed in an aluminum container to be protected against mechanical

damage. Fig.6.15 shows external views of a joint driver box. Due to the rich number

of I/O ports on the driver board, we also use them as sensor interface board for the

foot six-axes sensors and IMU. Since EtherCAT bus takes daisy chain structure, each

joint box has two EtherCAT ports for input and output. The first box on the bus is

the one for the right hip joint, driving the yaw direction vane motor type EHA and

two linear EHAs for the pitch and roll direction. The following box is for the right

knee. As described in 6.2.2, the knee joint is driven by one normal type EHA and one

driven by two pumps. These are driven by one joint driver box. For the ankle, there

are only two EHAs needed. A third driver board, though, is placed as the interface

between the six-axes force-torque sensor on the foot. The I/O port for the encoders

is diverted to handle the RS422 communication between the foot sensor in ASCII.

The EtherCAT bus then goes through the left leg. to the torso.

The first box in the torso is the one to handle the IMU. For high accuracy, we

built the IMU with three independent fiber-optical gyroscopes and three servo ac-

celerometers, instead of standard MEMS type integrated IMU. The output from the

gyro scopes is the pulse corresponding CW/CCW angular velocity, therefore it is

easy to be handled by the three I/O interfaces for encoders on the driver board. The

output from the accelerometers is analog. The signals are adjusted to fit the analog

input range of the driver board by an intermediate amplifier board. The signals are

processed in the MCU and sent out through the EtherCAT bus. Fig.6.14 shows the

outlook of the IMU.

A box driving two EHAs for the waist and one electric motor for the neck follows
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amplifier board

servo accelerometer

fiber-optic gyro

Figure 6.14: Outlook of the IMU, consisted with three independent fiber-optical
gyroscopes and three servo accelerometers.
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Figure 6.15: Outlook of a joint driver box. A box typically consists of an MCU board
and three driver boards, which can drive three joints simultaneously. The boards are
packed in an aluminum box to be protected against mechanical damage.

the box for the IMU. The bus then goes through the right arm. The first box on the

arm drives the vane motor EHA for the shoulder additional joint and two linear EHAs

for the pitch and roll direction. As described in 6.2.2, the elbow joint is driven by a

linear EHA driven by two pumps. These two pumps and one vane motor type EHA

for the yaw direction of the shoulder joint consists the second box, which is followed

by the third box driving the yaw direction vane motor EHA and the two linear EHAs

for the pitch, roll of the wrist joint. The last box is for the hand. While the driver

board is over spec to drive the 60 W motor, we prioritized uniformity of the system.

The arrangement of the joint driver boxed is summarized in Table 6.4.
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Table 6.4: Arrangement of the joint driver box.

Box ID Driver boards Box ID Driver boards

r hip yaw r shoulder additional

0 r hip pitch, roll 8 r shoulder pitch, roll

r hip pitch, roll r shoulder pitch, roll

r knee normal r shoulder yaw

1 r knee double pump 9 r elbow

r knee double pump r elbow

r ankle pitch, roll r wrist yaw

2 r ankle pitch, roll 10 r wrist pitch, roll

right foot sensor r wrist pitch, roll

l hip yaw r hand thumb AA

3 l hip pitch, roll r hand thumb FE

l hip pitch, roll 11 r hand index finger

l knee normal r hand middle finger

4 l knee double pump r hand ring finger

l knee double pump l shoulder additional

l ankle pitch, roll 12 l shoulder pitch, roll

5 l ankle pitch, roll l shoulder picth, roll

left foot sensor l shoulder yaw

6 IMU 13 l elbow

waist pitch, roll l elbow

7 waist pitch, roll l wrist yaw

neck 14 l wrist pitch, roll

l wrist pitch, roll

l hand thumb AA

l hand thumb FE

15 l hand index finger

l hand middle finger

l hand ring finger
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6.3.2 Software Architecture

An advantage with the EtherCAT is that any computer with a compatible ether-

net adapter can serve the role of the whole body controller. This makes it easy to

introduce the newest computational power to the system. The whole body controller

runs on an RT-Preempted patched Ubuntu 14.04 system. A real-time process called

“EC-Master”, which is a commercially available EtherCAT master stack, handles the

EtherCAT communication. It communicates with the whole body controller via a

shared memory. All of the mutual conversions between EHA values and the rota-

tional joint values are implemented in the EC-Master. The controller process is not

a real-time one, but it is synchronized with the EC-Master with a semaphore. The

controller has a main thread which conducts the whole body control and takes logs,

a user interface thread with a simple “curses” based text user interface, and a ROS

[110] thread publishing the current state and also available to receive commands from

external user interfaces.

A choreonoid simulator [111] with a custom plug-in can be used as an emulator of

the physical robot. The plug-in is based on the “Simple Controller” of the choreonoid,

and it has the same interface to the shared memory and semaphore that the EC-

Master and the controller communicates. With this setup, a real experiment and a

simulation can be done with totally the same controller. In the case of simulation,

the controller can be synchronized with the simulation time thanks to the semaphore.

Fig.6.16 summarizes the architecture of the system.
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Figure 6.16: Software architecture of Hydra.
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6.4 Compliant Whole-Body Locomotion Evalua-

tion

6.4.1 Independent Joint Control Bandwidth Evaluation

For a humanoid robot, the closed loop position/torque control bandwidth of the

joints is critical to precisely manipulate the center of mass and conduct a balancing

or walking motion. An EHA driven robot is advantageous than the series elastically

driven ones in this sense due to its fast response property, as shown in the previous

chapter. In this subsection, we examine the joint level position/torque control band-

width of Hydra. The experiment was done in a condition that the robot is hanged on

the crane and one of the leg is servo-on. The joints were under the position control

and a sine-wave shape signal with 0.25 ◦ amplitude was given to the target joint. The

position bandwidth is acquired from the command and measured joint angle. Since

the position controller is based on the minor joint level torque controller, the com-

mand and actual joint torque could be also acquired, with which we get the torque

bandwidth.

The pitch and roll direction of the hip joint were tested, whose Bode plots are shown

in Fig.6.19 and Fig.6.22 respectively. The time transition of the command/measured

joint position and torque for the two joints are shown in Fig.6.17, Fig.6.18, Fig.6.20,

Fig.6.21. For the pitch direction, both of the position and torque control bandwidth

were around 30 to 40 Hz. This well matches the result of the single actuator on

the testbed, which had around 50 Hz force control bandwidth with a totally fixed

load, as shown in 5.4. For the roll direction, the torque gain decreased before 30 Hz,
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unlike the case of the pitch direction. However, the delay property was almost the

same. This means that the stability margin was still kept, therefore we can increase

the position feedback gain. As the result, the torque gain drop was covered by the

higher level position feedback loop and the position control bandwidth was around

30-40 Hz, similarly as the case of the pitch direction. The difference of the torque

response between the pitch and roll direction is regarded as the result of the different

command torque amplitude, since the torque controller is the minor loop receiving

the command from the higher position feedback loop. This can be seen comparing the

command and measured joint torque in Fig.6.18 and Fig.6.21. Indeed, the position

feedback gain was different: 3000 Nm/rad for the pitch and 6000 Nm/rad for the roll

direction.

6.4.2 While-body Joint Torque Control Performance Evalu-

ation with a Gravity Compensation Experiment

To evaluate joint torque control performance of the developed robot, we conducted

a gravity compensation experiment. One leg of the robot was under the torque

control and the gravity torque was calculated on the on-board PC, transformed to

the actuator force and commanded to each actuator. The leg was externally moved

by human hand, therefore the command joint torque varies according to the varying

joint angle. Fig.6.23 shows the experiment scene. The backdrivable joints were easy

to be moved by human hand and kept the same position when there was no external

force, showing their high torque control performance. The time transition of the joint

angle and joint command/measured torque is shown in Fig.6.24. From the graph, the
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Figure 6.17: Time transition of the command(red) and measured(blue) joint position
of the hip pitch joint to acquire the bode plot shown as the blue line in Fig.6.19.
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Figure 6.18: Time transition of the command(red) and measured(blue) joint torque
of the hip pitch joint to acquire the bode plot shown as the red line in Fig.6.19.
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Figure 6.19: Bode plot between command joint position of the hip pitch joint of Hydra
and actual position (blue markers), and between command joint torque and actual
torque (red markers) (same figure with Fig.5.13). The joints were under the position
control and a sine-wave shape signal with 0.25 ◦ amplitude was given to the target
joint. The position bandwidth is acquired from the command and measured joint
angle. Since the position controller is based on the minor joint level torque controller,
the command and actual joint torque could be also acquired, with which we get
the torque bandwidth. The closed-loop control bandwidth in both of the position
and torque control was around 30-40 Hz. For the reference, the case without the
reinforcement shown in the previous section is overlaid, which proves the effectiveness
of the reinforcement.
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Figure 6.20: Time transition of the command(red) and measured(blue) joint position
of the hip roll joint to acquire the bode plot shown as the blue line in Fig.6.22.
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Figure 6.21: Time transition of the command(red) and measured(blue) joint torque
of the hip roll joint to acquire the bode plot shown as the red line in Fig.6.22.
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Figure 6.22: Bode plot between command joint position of the hip roll joint of Hydra
and actual position (blue markers), and between command joint torque and actual
torque (red markers). The joints were under the position control and a sine-wave
shape signal with 0.25 ◦ amplitude was given to the target joint. The position band-
width is acquired from the command and measured joint angle. Since the position
controller is based on the minor joint level torque controller, the command and ac-
tual joint torque could be also acquired, with which we get the torque bandwidth.
The torque gain decreased before 30 Hz, unlike the case of the pitch direction. How-
ever, the delay property was almost the same. This means that the stability margin
was still kept, therefore we can increase the position feedback gain. As the result,
the torque gain drop was covered by the higher level position feedback loop and the
position control bandwidth was around 30-40 Hz, similarly as the case of the pitch
direction. For the reference, the case without the reinforcement shown in the previous
section is overlaid, which proves the effectiveness of the reinforcement.
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Figure 6.23: Gravity compensation experiment to evaluate joint torque control per-
formance of the developed robot. The gravity torque was calculated on the on-board
PC, converted to the actuator force, and then commanded to each actuator. The
joints were easy to be moved by human hand and kept the same position when there
were no external force, showing their high torque control performance.

joint torque tracks the command value rapidly and smoothly, with the RMS error of

0.73 Nm.

6.4.3 Stiff Control Realized by the High Control Bandwidth

Joint position control based walking frameworks are widely studied for the position

controlled robots since they are robust against joint torque error and mass parame-

ters error. While Hydra is a torque control based robot, it needs the capability to

support those control framework as a robot platform. In this subsection, we construct

an independent joint level position feedback controller on the local torque controller

and treat Hydra as a position control based robot, therefore evaluate its locomo-

tion performance based on the position control. As the whole-body controller, we
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Figure 6.24: Time transition of the joint angle and command/measured joint torque
during the gravity compensation experiment. The graph shows that the joint torque
tracks the command value rapidly and smoothly. The RMS tracking error was 0.73
Nm.
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implemented the Capture Point Tracking controller by Englsberger et al. [112, 113].

The LIP [114] based Capture Point [115] is the point on the ground on which if the

robot step, it can bring itself to a complete rest. The CP can be written as

ξ = x+
ẋ

ω
(6.7)

where ξ = [ξx, ξy]
T is the CP on the ground, x = [xx, xy]

T is the sagittal and frontal

position of the COM, and ω =
√
g/z where z is the height of the COM and g is the

acceleration of gravity. The CP cannot only be used to bring the robot to the rest,

but also to control the balancing and walking, by treating it as a value that represents

the state of the robot. Substituting Eq.(6.7) to the dynamics of the LIP, which is

ẍ = ω2(x− p), (6.8)

where p = [px, py]
T is the ZMP [116], the second order unstable system can be

decomposed to a stable component and divergent component [117] as follows:

ẋ = −ω(x− ξ) (6.9)

ξ̇ = ω(ξ − p). (6.10)

The first equation shows that the COM automatically follows the CP with a stable

first order system therefore only the CP needs to be considered to find the control

law. The second equation shows that the CP is propelled from the ZMP with an

unstable first order system, and for a given initial CP ξ0 and a constant ZMP p, the

future CP after the time t, which is ξ(t), can be written as

ξ(t) = p+ ewt(ξ0 − p). (6.11)
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To make the current CP ξ to reach the desired one ξd after the time dT , therefore,

the desired ZMP pd can be written as follows:

pd =
ξd − eωdTξ

1− eωdT
. (6.12)

In the CP Tracking control [112, 113], dT is fixed while ξd has a predefined trajectory

ξd(t), therefore the control law becomes

pd =
ξd(t+ dT )− eωdTξ

1− eωdT
. (6.13)

To produce the desired ZMP, the desired COM acceleration ẍd is generated [118]:

ẍd = kf
Fz

z
(p− pd). (6.14)

The desired COM acceleration is integrated as the desired COM velocity and pro-

jected to the joint space velocity with the task priority [119, 120], in addition to other

tasks such as the moving leg position/attitude. The projection to the joint space can

done recursively [121] with the initial condition of θ̇0 = 0,P0 = E:

Ĵi = JiPi−1 (6.15)

θ̇i = θ̇i−1 + Ĵ#
i (ṙi − Jiθ̇i−1) (6.16)

Pi = Pi−1(E − Ĵ#
i Ĵi) (6.17)

where ṙi is the ith task, Ji is the jacobian for the task, J#
i is the pseudo-inverse

of Ji, θ̇i is the generated command joint velocity to fill the tasks from the first

one to the ith one with the priority, Pi is the null space of the tasks from the first

one to the ith one, and E is proper-sized identity matrix. Finally, the command

joint velocity is integrated as the command joint position and sent to the joint level

feedback controller. Fig.6.25 summarizes the controller.
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Figure 6.25: Block diagram of the Capture Point Tracking controller. The foot-
step and CP trajectory are pre-planned. To drive the actual CP to converge to the
preferred trajectory, the CP Tracking controller generates the desired ZMP. The com-
mand COM acceleration is then generated for the actual ZMP to track the desired
one. The command COM acceleration is integrated to be the command COM velocity
and projected to the command joint velocity, with the task priority. The command
joint velocity is integrated as the command joint position and sent to the joint level
position feedback controller.

We first conducted the balancing experiment. Instead of stepping, a constant com-

mand CP is given to the robot and we manually applied disturbance on the body.

Fig.6.26 shows the view of experiment. Horizontal disturbance, both pushing and

pulling, in both x and y direction, was given. The robot could successfully move

its body in the direction to avoid the disturbance. The time transition of the com-

mand/measured CP, command/measured ZMP, and position of the COM is shown in

Fig.6.27. As the disturbance is given, the actual CP shifts from the desired position.

The command ZMP, therefore, varies to push the CP back. The graph in the middle

shows that the actual ZMP successfully tracks the command one. The RMS tracking

error is 8.7 mm.

The following experiment is to evaluate the walking performance, as shown in

Fig.6.28. The stride was 0.2 m with 30 mm height and the step time was set
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Figure 6.26: The balancing experiment based on the capture point tracking control.
Horizontal disturbance, both pushing and pulling, in both x and y direction, was
given. The robot could successfully move its body to the direction to avoid the
disturbance.
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Figure 6.27: The time transition of the command/measured CP, command/measured
ZMP, and position of the COM during the balancing experiment. As the disturbance
is given, the actual CP shifts from the desired position. The command ZMP, therefore,
varies to push the CP back. The middle graph shows that the actual ZMP successfully
tracks the command one. The RMS tracking error is 8.7 mm.
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Figure 6.28: Outlook of the walking experiment based on the Capture Point Tracking
control. The robot could successfully conduct the walking motion with 20 cm stride
and 30 mm step height. The step time was set as 1 second.

as 1 second. The robot could successfully conduct the walking motion without

falling. Fig.6.29 shows the time transition of the command/measured CP, com-

mand/measured ZMP, and the COM position. The actual CP varies earlier than

the command one since the controller tries to follow the dT time future point. In this

case dT is set as 0.2 second. The actual ZMP follows the command one with 47 mm

RMS error. This is larger than the case of the stand balancing experiment, since the

motion is much more dynamic and the disturbance was large.
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Figure 6.29: Time transition of the command/measured CP, command/measured
ZMP, and the COM position. The actual CP varies earlier than the command one
since the controller tries to follow the dT time future point. In this case dT is set as
0.2 second. The actual ZMP follows the command one with 47 mm RMS error.
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6.4.4 Compliant Control Realized by the Backdrivability

Resolved Viscoelasticity Control [123, 122]

An advantage of robots with backdrivable joints it that if an external force is applied

to the distal parts of the body, the local joints can absorb it without harming the

overall locomotion. In other words, even if the robot is disturbed in the configuration

space, it should not react on it as long as the tasks in the operational space such as

COM motion is not disturbed. This is difficult for the position control based robot,

which has high gain configuration space level position feedback.

The Resolved Viscoelasticity Control (RVC) [122] provides a control framework to

separate the task space viscoelasticity and the nullspace one by the interconversions of

the stiffness (or viscosity) in the task space and joint space. The joint viscoelasticity

and task viscoelasticity can be written as follows:

τ = refτ +Kθ(
refθ − θ) +Dθ(

ref θ̇ − θ̇) (6.18)

fi = reffi +Ki(
refpi − pi) +Di(

ref ṗi − ṗi) (6.19)

where θ, τ ∈ Rn denotes joint position and torque, pi,fi ∈ R3 denotes a feature quan-

tity in the task space and the force acting on it, and Kθ,Dθ ∈ Rn×n, Ki,Di ∈ R3×3

denotes the viscoelasticity in the configuration space and task space. For the simplic-

ity, we focus on the compliance, which is the inverse of stiffnessCi = K−1
i ,Cθ = K−1

θ .

Their relationship is given as:

Ci = JiCθJ
T
i (6.20)

where Ji ∈ R3×n is the Jacobian matrix for the task pi.
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With redundant DoF, Eq.(6.20) is solved as

Cθ = J#
i CiJ

#T
i + (dCθ − J#

i Ji
dCθJ

T
i J

#T
i ) (6.21)

where J#
i is the pseudo-inverse of Ji and dCθ ∈ Rn is an arbitrary desired joint

compliance[122]. The desired joint compliance dCθ is fulfilled by Cθ with a least

square error under the condition that Eq.(6.20) is fulfilled. Setting dCθ as a high

value, we can realize highly compliant motion in the direction that the task is not

affected.

For balancing or locomotion, two approaches are possible for the task space or

the COM viscoelasticity. One is to make Ki as stiff as possible and change the

target COM position according to the ground reaction force. It results in a simpler

controller, however, if we can adjust Ki to a proper value that realize the same

property of the former case. In fact, it is shown in the literature [123] that the COM

viscoelasticity can be identically converted from the PD gain of a linear feedback

controller manipulating the ZMP to maintain the COM position. When the control

law is given as:

u =ref u+ F (refx− x) (6.22)

where u = [xz yz]
T is the position of ZMP, F = [Fk Fd] is the state feedback gain,

x = [xG yG ẋG ẏG]
T is the robot state containing the COM position and velocity, the
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Figure 6.30: Block diagram of hydra’s resolved viscoelasticity controller. The RVC
module updates the gain matrix, according to the current joint position. The joint
position feedback controller receives the gain matrix and conduct position control.
Since the joint gain matrix is not diagonal, this feedback is done as the whole body
and the resulted whole body torque is sent to the robot. To achieve dynamic motions
with low feedback gain, feed forward torque calculated from the inverse dynamics
plays an important role.

equivalent COM viscoelasticity KG,DG is given as:

KG =

−mω2(E + Fk) 0

0 kz

 (6.23)

DG =

−mω2Fd 0

0 dz

 (6.24)

where E is identity matrix, m is the weight of the robot, and ω =
√
g/z with g, z

denoting the acceleration of gravity and height of the COM.

Fig.6.30 shows the structure of the RVC controller. In addition to the footstep, the

joint trajectory is also preplanned. The RVC module updates the joint stiffness, in

other words the gain matrix, according to the current joint position. The joint position

feedback controller receives the gain matrix and conduct position control. Since the

joint gain matrix is not diagonal, this feedback is done as the whole body and the

resulted whole body torque is sent to the robot. To achieve dynamic motions with
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low feedback gain, feed forward torque calculated from the inverse dynamics plays

an important role. The controller shown in Fig.6.30 is much simpler than the one in

Fig.6.25. This is because the RVC framework does not have an explicit ground force

feedback with the CP and ZMP. Instead, the force feedback is implicitly conducted

by the joint torque feedback.

A practical advantage of the RVC is that since the task space feedback is not directly

done in the task space but realized through the projected joint level feedback, we can

explicitly examine the gain matrix. Even though the EHA developed for Hydra has

an enhanced response property, the control bandwidth is still limited. This leads

the limitation of the task space level or joint level feedback gain. While the output

joint gain matrix from the RVC is not diagonal, the diagonal elements still have a

relatively dominant value. Comparing it with the fine-tuned gains for the individual

joints, we can roughly estimate whether the task space feedback gain is affordable

for the real hardware. This is a strong tool since the multiple task space gains such

as COM, moving leg or body attitude result in a large DoF of gain tuning, which

requires numerous try and error.

Disturbance Rejection with the High Backdrivability

To evaluate the disturbance rejection performance of Hydra, we first conducted

an experiment shown in Fig.6.31. The robot was standing by the left leg and a

disturbance was manually applied on the right foot. The robot was under a joint level

position control, without the whole-body feedback. Two experiments were conducted:

one with high joint stiffness and another with low joint feedback gain on the right leg
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Figure 6.31: Experiment to examine the disturbance rejection performance of the
backdrivable joints. The robot is standing by the left leg and a disturbance is manually
applied on the right foot. The robot is under a joint level position control, without
whole-body feedback. Two experiments were conducted: one with high joint stiffness
and another with low joint feedback gain on the right leg therefore it can absorb
disturbance.
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Figure 6.32: Displacement against the disturbance in the operational space and config-
uration space, and variation of ZMP during the initial 0.8 second after the disturbance
happens. The green makers show the case with high gain (stiff configuration) and
the blue markers show the case with the low gain (compliant configuration). On the
top left is the right foot displacement against the force in the x (sagittal) direction.
On the top right is the relationship between the joint angle displacement and joint
torque of the right hip pitch joint. On the bottom of the figure, the time transition
of the ZMP on the left foot is shown.
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therefore it can absorb the disturbance by the local joints. The figure shows the one

with the compliant configuration. With the disturbance, the right leg moved rapidly

and the external force was absorbed as the acceleration of the right leg. The rest

of the body therefore did not receive an impulsive effect and the robot could keep

standing.

In Fig.6.32, the values of the initial 0.8 second after the disturbance is shown. On

the top left is the right foot displacement against the force in the x (sagittal) direction.

The displacement is calculated from the joint angles and forward kinematics. The

force is measured by the foot force sensor on the right foot, which is not used in

the control in this experiment. The green makers show the case with high gain

(stiff configuration) and the blue markers show the case with the low gain (compliant

configuration). While the stiff case showed a high operational space impedance, in the

compliant case it was largely reduced. The relatively high impedance at the beginning

of the compliant case is due to the acceleration of the foot, since the impedance cannot

be seen when the displacement is large. On the top right is the relationship between

the joint angle displacement and joint torque of the right hip pitch joint. This graph

shows that the disturbance force is not transferred to the COM, thanks to the high

joint backdrivability. This results in slower disturbance on the ZMP. On the bottom

of the figure, the time transition of the ZMP on the left foot is shown. Unlike the

stiff case where it varies rapidly, in the compliant case the velocity was suppressed to

around 30% value.

To quantitatively evaluate the nullspace compliance with the whole-body controller,

we conducted the evaluation with the setup shown in Fig.6.33. A horizontal impulsive
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Disturbance applied on the distal point Disturbance applied on the proximal point

Figure 6.33: Setup of the impulsive experiment to quantitatively evaluate that the
robot is more compliant in the distal part. The robot is pulled by a horizontal wire,
which is guided by a pulley to the vertical direction. On the other side of the wire
from the robot, a linear guide with a stopper is attached. A weight, constrained by the
linear guide, is dropped from a constant height from the stopper. When the weight
falls by the gravity and collide with the stopper, we can apply a constant momentum
to the robot. The impact was applied on two points on the robot, namely the distal
disturbance point and the proximal disturbance point, as shown in the figure. The
mass of the weight was 1.25 kg and the drop height was set as 45 cm, resulting in
3.71 kg·m/s momentum.
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Figure 6.34: Time transition of the X direction displacement of the two points. The
apparent operational space stiffness, which can be estimated from the constant dis-
placement due to the gravity on the weight after the impact, was 378 N/m for the
distal point. This is 34% value of the 1110 N/m stiffness for the proximal point. The
apparent operational space mass, which can be estimated from the conservation of
the momentum, taking the average velocity during the initial 80 ms after the impact,
was 11.8 kg for the distal point. This is 18% of the value of the 65.5 kg of the proximal
point.
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disturbance is applied to the robot through a wire. The wire is guided to the vertical

direction and connected with a structure with a guide and stopper. A 1.25 kg weight,

constrained by the guide, is dropped from a constant 45 cm height from the stopper.

We applied the same disturbance to two points on the robot: one is close to the

center of the torso and another on the top of the backpack. When the weight collide

with the stopper, we could see that in the latter case the body moved larger and

faster. The time transition of the horizontal displacement of the point that the wire

is attached is shown in Fig.6.34. As the previous case, the position is acquired from the

forward kinematics. In the graph, the constant displacement represents the equivalent

stiffness seen from the wire. From the graph, we can calculate 1110 N/m stiffness for

the proximal point and 378 N/m for the distal point, which is 34% reduced value. For

the apparent inertia, we tread the collision as a perfectly inelastic one. The apparent

inertia is then calculated from the conservation of the momentum, taking the average

velocity during the first 80 ms after the impact. For the proximal point, the apparent

mass was 65.5 kg. Taking into account that the total body weight of the robot is 74

kg, we can regard that this estimation method has fine accuracy. For the distal point,

the mass appeared to be 11.8 kg, which is 18% value of the proximal point.

Coexistence of a Proper COM Stabilization and Nullspace Compliance

With the RVC, both of the COM stabilization and nullspace compliance can be

achieved simultaneously. To quantitatively evaluate the the realization of the COM

stiffness we manually applied a horizontal external force to the standing robot in a

quasi-static manner. The displacement of the COM is then acquired from the forward



166
Chapter 6: Integration of Electro-Hydrostatic Actuators to a Humanoid Robot and

its Whole-Body Motion Control Performance Evaluation

-5 0 5 10 15 20 25 30 35

COM displacement [mm]

-20

-10

0

10

20

30

40

R
ea

ct
io

n
 F

o
rc

e 
[N

]

X direction

Y direction

designed

Figure 6.35: Relationship between the disturbance and displacement of the COM
when a quasi-static external force was applied. The graph shows that the measured
relation between the COM displacement and external force, which is shown in the
blue markers, is actually linear and close to the predefined property which is shown
as the red line.
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kinematics. The COM reaction force is estimated from the foot force torque sensor.

The relation between the COM displacement and reaction force is shown in Fig.6.35.

In the graph, the blue markers show the measured data and the red line represents

the predefined COM stiffness. The two value corresponds well, with the RMS error

of 3.1 N. This is 10% of the maximum force in this experiment. It is worth to note

that there is no task space level force feedback and the resulted task space force is

due to the joint level torque feedback. The accurate task space force means the joint

level force controller has a fine accuracy.

Fig.6.36 shows a demonstration where different parts of Hydra are manually moved

in different directions. When the robot was moved in the direction that COM also

moves, as shown in the left of the figure, the reaction force was relatively high. When

the robot was moved in the yawing direction, as shown in the middle of the figure,

the reaction force was low and it was observed that the joints cooperate to maintain

the COM position while allowing yawing direction displacement. When the force was

applied on the top of the backpack, as shown in the right of the figure, the robot bent

the waist compliantly while actively moving the pelvis link to the opposite direction

to maintain the COM position.

Fig.6.38 shows the time transition of the COM, ZMP, and waist joint angle during

the same experiment setup, while this time the disturbance is simpler, as shown in

Fig.6.37. The top two graphs show that the ZMP properly moved to push the COM

to the initial position, similar to the case with an explicit balancer with the ZMP

manipulation. Notice that the ZMP is measured for the evaluation and not used in

the controller. The motion of ZMP is implicitly achieved by the COM viscoelasticity.
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Figure 6.36: Different parts of Hydra are manually moved in different directions.
When the robot was moved in the direction that COM also moves (left figure), the
reaction force was relatively high. When the robot was moved in the yawing direction
(middle), the reaction force was low and it was observed that the joints cooperate
to maintain the COM position while allowing yawing direction displacement. When
the force was applied on the top of the backpack (right), the robot bent the waist
compliantly while moving the pelvis link to the opposite direction to maintain the
COM position.
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Figure 6.37: Outlook of the balancing experiment with the Resolved Viscoelasticity
Control. It was observed that when the disturbance was applied close to the COM, the
robot behaved similarly to a stiff robot with a stabilizer, while when the disturbance
was on the edge of the body, the robot tries to absorb it compliantly moving the
whole body in the direction that does not affect the COM position.

In the timing of around 13 seconds and 27 seconds, the disturbance was given on

the highest part of the backpack attached on the torso. The third graph shows that

while the waist joint largely moved, the motion of the COM and ZMP were kept

as the same as the other cases. This can be interpreted as that the robot absorbed

disturbance in the nullspace therefore minimize the effect on the COM motion.

Fig.6.39 shows the view of the walking experiment based on the RVC. During

the walking it kept compliant in the nullspace therefore even though a disturbance

force was manually applied on the top of the backpack, its effect on the locomotion

was suppressed by the compliant motion of the waist joints. Fig.6.40 shows the

time transition of the command/actual COM position (estimated from the forward
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Figure 6.38: Time transition of the COM and ZMP in the X and Y direction, and
the joint angle of the waist joint when an impulsive disturbance was given on the
different part of the body. The top two graphs show that the ZMP properly moved
to push the COM to the initial position, similar to the case with an explicit balancer
with the ZMP manipulation. In the timing of around 13 seconds and 27 seconds, the
disturbance was given on the highest part of the backpack attached on the torso. The
third graph shows that while the waist joint largely moved, the motion of the COM
and ZMP were kept as the same as the other cases. This can be interpreted as that
the robot absorbed disturbance in the nullspace therefore minimize the effect on the
COM motion.
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Figure 6.39: Outlook of the walking experiment based on the resolved viscoelasticity
control. During the walking it kept compliant in the nullspace therefore even though
a disturbance force was manually applied on the top of the backpack, its effect on the
locomotion was suppressed by the compliant motion of the waist joints.
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Figure 6.40: Time transition of the command/actual COM position and the joint
displacement of the waist joint. A large disturbance was applied on the top of the
backpack when the time was 2 - 2.5 second. The bottom graph shows that the waist
joint largely moved according to the disturbance. From the COM trajectory, however,
it is difficult to see its effect. This shows that the controller successfully separated
the motion of the COM and nullspace and absorbed the disturbance by the nullspace
compliance.
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Figure 6.41: Since the whole-body stabilization is realized by the joint compliance,
the failure mode is a stable and compliant one. In this figure case the robot failed
to step forward due to uncleaned oil on the floor. Nevertheless, it still kept stability
and did not fall down.

kinematics from the joint angles) and the joint displacement of the waist joint. Unlike

the case with the position control based walking, no CP or ZMP information is used in

the control therefore it is now shown in the graph. The command COM position, on

the other hand, is available from the preplanned joint trajectory. A large disturbance

was applied on the top of the backpack when the time was 2 - 2.5 second. The bottom

graph shows that the waist joint largely moved according to the disturbance. From

the COM trajectory, however, it is difficult to see its effect. This shows that the

controller successfully separated the motion of the COM and nullspace and absorbed

the disturbance by the nullspace compliance.

During the experiments, a practical advantage of RVC was seen, which is the ro-

bustness against unpredicted accidents such as falling down or slipping due to the

floor with uncleaned oil. In the case with explicit ZMP feedback, when the robot fell

down, it resulted in a totally unstable and dangerous motion. In the case of RVC, on

the contrary, since the whole-body stabilization is realized by the joint compliance,
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the failure mode is a stable and compliant one. Fig.6.41 shows an example where the

robot failed to step forward due to uncleaned oil on the floor. Nevertheless, it still

kept stability and did not fall down.

6.5 Conclusion

In this chapter, we presented our approach to integrate the complex EHA system

into a whole-body humanoid Hydra, in each of the hardware, electronics and software

level. We also examined its joint level and whole-body control performance, including

the walking performance evaluation. The conclusion is as follows:

1. We showed the mechanical design of the humanoid robot “Hydra”, whose 40

joints are driven by 24 double rod linear cylinders with the beam structure and

eight casing-reinforced vane motor, powered by 36 water cooled trochoid pump

in addition to the two five-DoF cluster EHAs for the hand. Parallel actuation

was used extensively to separate the actuation force and constraint force, and

maximally utilize the actuator force. To realize high modularity, the same

actuator and joint structure was taken and the joint geometry parameters were

adjusted to adapt different requirements of different joints. The full version

robot has 130 kg weight and is 180 cm tall. The reduced lower body version for

the walking experiment has 14 DoF and 74 kg.

2. We established a whole body control architecture which is suitable for an EHA

driven system with complex physical behavior. The multilayered distributed

control system is composed of the motor level motor current feedback loop
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running in 20 kHz on the FPGAs, the actuator level force controller running in

5 kHz on the micro-controllers, and the joint level position controller running

in 1 kHz on the onboard PC.

3. Due to its high position control performance realized by the high actuator band-

width, we confirmed that Hydra could perform a position control based loco-

motion. With a Capture Point based balancing controller, it could keep the

standing posture while avoiding external disturbance, During the experiment

the ZMP could track the desired one with 8.7 mm RMS error. With the Cap-

ture Point Tracking control, Hydra could successfully conduct a walking motion

with 0.2 m stride, 30 mm step height and 1 second stepping time.

4. All EHA driven joints of Hydra are highly backdrivable and torque controllable.

The gravity compensation experiment showed that the joints were easy to be

moved by human hand and kept the same position when there was no external

force. The joint torque accurately tracked the varying command joint torque

according to the varying joint angle, with the RMS error of 0.73 Nm. Hydra

could also generate the COM reaction force in the task space in the range of 0

- 30 N with the RMS error of 3.1 N.

5. With its high joint backdrivability, Hydra can prevent a disturbance force ap-

plied on a distal link to be transferred to other links. By simply reducing the

position feedback gain, the effect of a disturbance force on ZMP variation was

suppressed to 30%. With the resolved viscoelasticity control, The apparent

mass of the robot on the top tip of the torso was experimentally confirmed to
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be 11.8 kg, which is 18% of the 65.5 kg value when a force was applied to the

point close to the COM. Similarly, the apparent stiffness was 378 N/m for the

distal point, which is 34% of the 1110 N/m for the point close to the COM.

6. Simultaneously realizing both of the moderate stiffness of the COM and compli-

ant motion in the nullspace, it was experimentally confirmed that Hydra could

conduct a stable balancing and locomotion while absorbing external force by

the nullspace motion.
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Conclusion

In this dissertation, we established a generalized hardware design, control, and

system integration framework to realize a hydrostatically driven humanoid robot,

and experimentally showed its performance of the joint torque control, disturbance

rejection and locomotion. The challenge was the enhancement of the torque density

and control bandwidth of the small and light-weight EHA. The key advantage of a

hydrostatically driven robot was the coexistence of the high backdrivability and fast

response, therefore enable both a high stiffness control for a target task and a highly

compliant motion in the null space with the same hardware. The tackled problems

were as follows:

1. To derive a simple EHA model from the complex model described with hardware

design parameters, therefore connecting the mechanical design and controller

design.

2. To provide a systematic mechanical design approach to enable miniature back-

drivable EHA with enough torque density to drive a humanoid robot.

3. To enhance the backdrivability of the newly designed high torque EHA to realize

highly backdrivable robot joints.

177
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4. To enhance and experimentally prove the high response property of EHA to

enable an EHA driven robot to precisely control the reaction force or posture

to realize a balancing and walking motion.

5. To provide a system integration framework to integrate the complex EHA to

the whole-body actuation system of a humanoid robot and examine its joint

level and whole-body control performance, including disturbance rejection and

walking performance evaluation.

In chapter 2, we derived a simplified mass-spring-damper EHA model from the

fluiddynamical and material mechanical principle. This approximation was possible

with the assumption that the flow inside the pump is laminar, the pump is a rotary

one, and all values such as pump torque/velocity and fluid pressure/flow-rate are

expressed in the equivalent value seen from the actuator. The actuator output force

is affected by both the motor torque and the actuator output velocity, as the second

order lag system. The output velocity of the actuator is a third order lag system from

the motor torque input. We also experimentally showed that our simplified model,

with parameters identified in the quasi-static conditions, had close dynamic behaviors

with the one of the real actuator.

In chapter 3, we proposed a systematic mechanical design approach to improve the

miniature backdrivable EHA’s torque density, which is currently too low to actuate

legged robots. We made it clear that miniaturization of the system size has the effect

of increasing internal leakage and therefore impair the output force. To encounter it,

the key was to attain small internal gap and high fluid viscosity, while maximizing

the effective pressure receiving surface in the limited overall weight or size. To reduce
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the gap inside the pump, we experimentally showed that the optimization of bearing

arrangement or type, and reinforcement of the pump casing are effective. To reduce

the gap in the actuator, we presented the design of a light weight cylinder and a vane

motor with reinforced casing rigidity. To maintain the fluid viscosity, we proposed a

direct pump casing water cooling approach. Lastly, we showed the integrated tie rod

cluster cylinder to maximize the effective pressure receiving surface.

In chapter 4, we provided the enrichment of the backdrivability of the high torque

density EHA developed in the previous chapter. To minimize the viscous friction,

double rod cylinders are more suitable since the closed circuit volume is invariant.

We proposed a double rod cylinder design with the beam structure to minimize the

piston rod diameter, therefore minimize the friction due to the piston rod oil seal.

We also presented an active friction compensation of the rod oil seal with the merged

information of the pressure sensor and strain gauge by a complementary filter.

In chapter 5, from both the hardware and control perspective, we present the

enhancement of the fast response property of EHA, proving their superiority over

elastic actuators in the sense of the closed-loop control bandwidth. From the hardware

side, to reduce the series elasticity between the pump and the load, we filled the

dead volume in the chamber and selected the high bulk-modulus fluid since the fluid

compressibility is a large source of elasticity. We also applied the reinforcement on

the force transmission structure, with which a clear improvement in the response

was seen. From the control side, we introduced the current-pressure-position triple-

loop feedback controller. The idea is to distribute the controller in three layers with

different framerate processing device and control faster behavior in a faster device,
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instead of treating the large number of internal parameters as a single state vector.

The pressure control bandwidth in the fixed piston configuration was 100 Hz, which

is clearly higher than that of state-of-the-art series elastic actuators and pneumatic

ones.

In chapter 6, we presented our approach to integrate the complex EHA system

into a whole-body humanoid, in each of the hardware, electronics and software level.

We also examined its joint level and whole-body control performance, including the

walking performance evaluation. The hydrostatically driven humanoid “Hydra” has

40 joints driven by 24 double rod linear cylinders with the beam structure and eight

casing-reinforced vane motor, powered by 36 water cooled trochoid pump in addition

to the two five-DoF cluster EHAs for the hand. The full version robot has 130 kg

weight and is 180 cm tall. The reduced lower body version for the walking experiment

has 14 DoF and 60 kg.

Due to its high position control performance realized by the high actuator band-

width, we confirmed that Hydra could perform a position control based locomotion.

with 0.2 m stride, 30 mm step height and 1 second stepping time. With its high joint

backdrivability, Hydra can prevent a disturbance force applied on a distal link to be

transferred to other links. Simultaneously realizing both of the moderate stiffness of

the COM and compliant motion in the nullspace by the resolved viscoelasticity con-

troller, it was experimentally confirmed that Hydra could perform a stable balancing

and locomotion while absorbing external force by the nullspace motion.
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