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Abstract— This short workshop paper presents the Integrated Servo Actuator (ISA) developed by Moog in collaboration with IIT. The ISA consists of an additivemanufactured body containing a hydraulic cylinder, servovalve,
pressure/position/temperature sensing, overload protection and
electronics for control and communication. The first two versions of this actuator have been specifically designed to fit
into the legs of IIT’s hydraulic quadruped robots HyQ and
HyQ2Max. To the best of our knowledge, this is the first
presentation of a highly integrated hydraulic servo actuator
with additive-manufactured body.

(a)

I. I NTRODUCTION
This short workshop paper gives an overview of the
Integrated Servo Actuator (ISA) developed by Moog in
collaboration with IIT. This smart actuator consists of a
hydraulic cylinder, servovalve, various sensors, overload protection and electronics for control and communication. Its
body is additively manufactured (AM) in a titanium alloy,
allowing a very compact design with integrated flow paths
and wire channels. The first two versions of this actuator
(Fig. 1) have been specifically designed to fit into the legs of
IIT’s hydraulic quadruped robots HyQ [1] and HyQ2Max[2].
The two actuators weigh 0.92kg and 1.15kg and produce a
maximum force of 4kN and 6.2kN, respectively. The integrated servovalve (based on Moog’s E024 valve developed
for Formula-1 cars [3]) allows high-performance force and
position control.
The use of ISAs in a legged robot has several advantages
on system level: First, it reduces the overall complexity
of the machine, since the various actuator components are
combined into one device. Sensor wires are routed inside the
AM body and several components are merged into the same
electronic board (e.g. microcontroller, valve amplifier, Inertial Measurement Unit (IMU), temperature sensor). Fewer
and shorter wires result in higher reliability and less signal
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Fig. 1. Pictures of the Integrated Servo Actuators (ISA) developed by
Moog in collaboration with IIT. (a) ISA v2: custom-sized for HyQ hip/knee
joints; (b) ISA v4: custom-sized for HyQ2Max knee joints.

noise. Second, it reduces the total robot weight, and increases
its ruggedness.
To the best of our knowledge this is the first time an
additive-manufactured, highly integrated hydraulic servo actuator is presented.
The next two paragraphs will give a short overview of
hydraulic servo actuators with a focus on legged robots.
Marc Raibert’s early hopping robots (e.g. the 3D onelegged hopping machine) were driven by hydraulic actuators that combined a low friction cylinder, position sensor, velocity sensor and pressure control servo valve [4].
Raibert continued using similar custom actuators for the
robots developed by his company Boston Dynamics. The
legs of BigDog, for example, are powered by a custom
hydraulic actuator with servo valve, cylinder, load cell and
potentiometer [5]. No detailed information is available about
the actuators of more recent robots developed by Boston Dynamics. The BabyElephant robot [6] is powered by custommade hydraulic actuators called Hy-Mo. These actuators
consist of a hydraulic cylinder, an electric motor to move
the spool of the valve and pressure sensors to measure the
two chamber pressures [7]. Another hydraulic actuation unit
was developed by Hyon et al. for a light-weight hydraulic
leg [8] that was later used as the basis for the actuation of

the joints of a hydraulic humanoid robot called TaeMu [9].
A related class of integrated hydraulic actuators are
electro-hydrostatic actuators (EHA) that combine an electric
motor, hydraulic pump, small tank, and rotary/linear actuator into one unit. Alfayad et al. have recently presented
the IEHA - Integrated Electro Hydraulic Actuator for a
hydraulic humanoid called Hydroid [10]. Kaminaga et al.
have been developing EHAs for robotic hands and recently
for the humanoid robot called Hydra [11]. Besides academic
prototypes, there are also a few hydraulic servo actuators
available on the market, such as the Moog A085 Series Servo
Actuators that combine high performance cylinders, linear
feedback devices and servo valves in one assembly.
This paper introduces the overall specifications of the
novel ISA actuators (Section II), the nested control loops
(Section III) and the actuators’ application in the legs of the
HyQ and HyQ2Max robots (Section IV).
II. ISA M AIN F EATURES AND S PECIFICATIONS
Two versions of the ISA have been developed so far: ISA
v2 and v4 (Fig. 1). The main features of these two versions
are listed here:
•

•

•

•

•

•

Integrated servovalve for high-performance control
(ISA v2). The integrated servovalve is a derivative of the
low-leakage version of the standard Formula-1 Moog
valve model E024 [3]. The high bandwidth of 350Hz
allows high performance force and position control, as
previously demonstrated in [12].
Integrated sensors for position and pressure measurement. The sensors measure the absolute position of
the cylinder rod and the two cylinder chamber pressures.
The electronic board additionally includes an IMU and
ports for optional sensors to measure the cylinder force
and the hydraulic oil temperature.
Integrated electronics to control actuator position/force. The design of the Remote Electronics Unit
(REU) follows Moog’s commercial aircraft flight control standards. It closes several control loops (see Section III) on an ARM processor and offers various
communication options such as EtherCAT, CAN or
Serial bus etc.
Additive Manufactured (AM) body in titanium alloy.
The selective laser melting technology allows to put
material only where needed. Customized shapes allow
a reduction of material and stress, smooth internal fluid
passages, internal wire routing and generally a high
level of integration.
Integrated overload protection. Pressure relief valves
limit the pressure inside the two cylinder chambers.
This results in an effective and repeatable overload
protection.
Easy customization of actuator parameters. Future
versions of the actuator can be easily customized (e.g.
stroke and bore/rod diameters, valve spool geometry),
thanks to the easily modified AM body and standard set
of components.

Fig. 3 shows a CAD rendering of the ISA v2 with a section
to illustrate the main features of the actuator and integrated
components. Table I lists the most important specifications
of the two versions of ISAs.
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Fig. 3. CAD rendering of the ISA v2 with cut-out section to illustrate the
main features of the actuator and integrated components.

TABLE I
S PECIFICATIONS O F THE ISA V 2 AND V 4
Property
Cylinder bore diameter
Rod diameter
Total stroke
Length (retracted)
Dry weight
Stall force
Operating pressure
Operating temperature

ISA v2
16 mm
12 mm
80 mm
235 mm
920 g
4000 N
20 M P a
[-30 +80] ◦ C

ISA v4
20 mm
12 mm
100 mm
265 mm
1150 g
6200 N
20 M P a
[-30 +80] ◦ C

III. ACTUATOR P OSITION /F ORCE C ONTROL
This section describes the nested control loops running on
the onboard ARM processor. Figure 2 shows a simplified
view of the control routines running in the firmware of the
ISA. Currently, it is possible to run an error-feedback control
on the piston position, the delta of the chamber pressures,
the valve spool position and the spool driver current. Each
control block, though, can be activated or deactivated at will,
to achieve different control strategies. The frequency of the
control loops range from ∼ 100Hz for the piston position
to ∼ 10kHz for the driver current. Several configuration
parameters, not shown for clarity, are available for each
block, including gains, limits, offsets, filters, feed-forward
terms.
The control of the delta of the chamber pressures is
effectively a hydraulic force control. The diagram in Fig. 2
shows a possible feed forward pressure/force term, coming
for example from an inverse dynamics routine calculated
elsewhere in the onboard computer(s) of the robot. Combining force control with the outer position loop leads to
impedance control, whose effect can be appreciated in the
second part of the video referenced in the Appendix of this
paper.
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Fig. 2. Control diagram illustrating the nested loops running error-feedback control on the piston position, the delta of the chamber pressures, the valve
spool position and the spool driver current. The variable ∆Pf f represents an optional pressure/force feedforward term.

IV. ISA S FOR H Y Q AND H Y Q2M AX L EGS
The ISA v2 and v4 were custom-sized for the legs of
HyQ (hip and knee joints) and HyQ2Max (knee joints),
respectively. Figure 4 shows images of how these actuators
were integrated into the robot legs.

The ISA v2 and v4 were shown to the public for the
first time during ICRA 2015 in Seattle and ICRA 2016 in
Stockholm, respectively. The actuators were demonstrated
inside the robot legs showing circular trajectories in the
air, hopping and leg impedance control achieved through
joint-level force/torque control. The video mentioned in the
Appendix illustrates these demonstrations.
V. C ONCLUSIONS

(a)

This paper presented a brief overview of the novel,
hydraulic Integrated Servo Actuators of Moog developed
in collaboration with IIT. The ISAs are highly-integrated
actuators that come in a complete package with sensors,
valve, electronics mounted inside an additive manufactured
titanium alloy body. High-performance servovalves based on
Formula-1 valves allow position, force, and impedance control. The presented ISA actuators were specifically designed
as replacement of existing hydraulic actuators used in HyQ
legs.
Future work: Moog will bring this novel actuator onto
the market in 2017. The next step after this successful
demonstration of replacing existing actuators with ISAs, is
to blend actuators and structures into one functional block,
incorporating plumbing and wire guides.
APPENDIX
A video of the ISAs driving HyQ and HyQ2Max legs
during ICRA 2015 and 2016 can be found at this URL:
http://youtu.be/S2gJgXhsq3M
ACKNOWLEDGMENT
We would like to thank James Smith (Moog) for the
rendering of the ISA v2, Dhinesh Sangiah (Moog) for general
advice with the paper, and Alex Posatskiy (IIT) and Jake
Goldsmith (IIT) for their help on integrating the ISAs into
the HyQ and HyQ2Max legs.

(b)

R EFERENCES

Fig. 4. Pictures of the Integrated Servo Actuators (ISA) develped by Moog
mounted inside IIT’s hydraulic quadruped robot legs: (a) ISA v2 driving the
hip and knee joints of a HyQ leg (May 2015); (b) ISA v4 driving the knee
joint of a HyQ2Max leg (May 2016).

[1] C. Semini, N. G. Tsagarakis, E. Guglielmino, M. Focchi, F. Cannella,
and D. G. Caldwell, “Design of HyQ - a hydraulically and electrically
actuated quadruped robot,” Journal of Systems and Control Engineering, vol. 225, no. 6, pp. 831–849, 2011.

[2] C. Semini, V. Barasuol, J. Goldsmith, M. Frigerio, M. Focchi, Y. Gao,
and D. G. Caldwell, “Design of the hydraulically-actuated, torquecontrolled quadruped robot HyQ2Max,” IEEE/ASME Transactions on
Mechatronics, 2016, (accepted).
[3] MOOG Inc., Data Sheet of E024 Series Microvalve, 2003.
[4] M. Raibert, Legged Robots That Balance. The MIT Press, 1986.
[5] M. Buehler, R. Playter, and M. Raibert, “Robots step outside,” in Int.
Symp. Adaptive Motion of Animals and Machines (AMAM), 2005.
[6] F. Gao, C. Qi, Q. Sun, X. Chen, and X. Tian, “A quadruped robot
with parallel mechanism legs,” in IEEE International Conference on
Robotics and Automation (ICRA), 2014.
[7] J. Wang, F. Gao, and Y. Zhang, “High power density drive system
of a novel hydraulic quadruped robot,” in ASME International Design
Engineering Technical Conferences and Computers and Information
in Engineering Conference (DETC), 2014.
[8] S. H. Hyon, T. Yoneda, and D. Suewaka, “Lightweight hydraulic
leg to explore agile legged locomotion,” in IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), Nov 2013, pp.
4655–4660.
[9] S. H. Hyon, D. Suewaka, Y. Torii, N. Oku, and H. Ishida, “Development of a fast torque-controlled hydraulic humanoid robot that
can balance compliantly,” in IEEE-RAS International Conference on
Humanoid Robots (Humanoids), Nov 2015, pp. 576–581.
[10] S. Alfayad, F. B. Ouezdou, F. Namoun, and G. Gheng, “High
performance integrated electro-hydraulic actuator for robotics - part
i: Principle, prototype design and first experiments,” Sensors and
Actuators A: Physical, vol. 169, no. 1, pp. 115 – 123, 2011.
[11] H. Kaminaga, S. Otsuki, and Y. Nakamura, “Development of highpower and backdrivable linear electro-hydrostatic actuator,” in IEEERAS International Conference on Humanoid Robots (Humanoids), Nov
2014, pp. 973–978.
[12] T. Boaventura, J. Buchli, C. Semini, and D. Caldwell, “Model-based
hydraulic impedance control for dynamic robots,” IEEE Transactions
on Robotics, vol. 31, no. 6, pp. 1324–1336, Dec 2015.

