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Abstract. This article extends previous work, presenting a novel
polyurethane based compliant spring system designed to be attached
to a conventional robotics servo motor, turning it into a series elastic
actuator (SEA). The new system is composed by only two mechanical
parts: a torsional polyurethane spring and a round aluminum support for
link attachment. The polyurethane spring, had its design derived from
a iterative FEM-based optimization process. We present also some sys-
tem identification and practical results using a PID controller for robust
position holding.
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1 Introduction

Traditional robots usually operate at a low speed and with high torque, demand-
ing large peak power output for short periods, accurate feedback sensing, and
suitability in shape, size and mass [11]. With the advances on fast and powerful
controllers and precise sensors, the demand for such decoupling between a manip-
ulator and its load can be relaxed without compromising the performance. More-
over, the demands of the field of human-robot interaction rise concern on the
safety of the actuation mechanism and on its behaviour towards uncertainties in
the environment. A low impedance torque control scheme is usually required for
stable and robust human-robot dynamic interaction [3]. Low impedance means
that the actuator source force (torque) to the load, rather than commanding the
load’s position.

The design of compliant robot joints can be divided in two main groups:
(1) active (or simulated) compliance and (2) passive (or real) compliance. Sim-
ulated compliance is achieved through software, by continuously controlling the
c© Springer International Publishing Switzerland 2015
L. Almeida et al. (Eds.): RoboCup 2015, LNAI 9513, pp. 347–355, 2015.
DOI: 10.1007/978-3-319-29339-4 29



348 L.T. Martins et al.

Fig. 1. Series elastic actuator topology [8]. Fig. 2. Polyurethane spring pro-
posed in our system (Color figure
online).

impedance of back-drivable electric motors (see for instance [6]). Real or pas-
sive compliance is achieved by inserting an elastic element between motor and
load. This is typically done through the use of mechanical springs in the design
of the joints (see for instance [4]). For a while there has been some debate on
the advantages and disadvantages of choosing active versus passive compliance
[10]. However, with regard to human/robot interactions, there is consensus that
passive compliance ensures higher levels of safety.

A Series Elastic Actuator [8] basically consists of traditional stiff servo actua-
tor in series with a spring connected to the load, as shown in Fig. 1. This topology
allows the load to be partially decoupled from the motor, and the force exerted
on the output of the compliant element can be evaluated by simply measuring
the deflection of the spring.

The device that we propose in this work is an evolution on the previously
design proposed by the same authors [9]. Recently, Ates et al. have also indepen-
dently published a similar work [2]. The upgraded design presented here consists
of a two-part component, using a modular polyurethane-based spring. More
specifically, we designed this spring using a thermoplastic polyurethane (TPU)
elastomer. The material is cheap, tough, easy to mill and presents rubber-like
elasticity [1]. This is an extremely low-cost design since it can be easily manufac-
tured using a 3-axis CNC router. Our aim is toward applications on lower budget
humanoid robots, such as the ones seen in robot soccer competitions, specially
trying to provide a better support for impact on the knees during walking and
protecting shoulder joints during a fall. Our designed device consists of software,
firmware, electronics and a mechanical accessory that can be easily attached to
the popular Dynamixel MX series servo actuators, manufactured by Robotis,
transforming it into a SEA. This servo actuator was chosen due to its wide pop-
ularity within the RoboCup community, however the general idea could be easily
adapted to fit most servo actuators of similar “RC-servo-style” design (Fig. 2).

The remainder of this work is organized as follows: Sect. 2 explains the main
details regarding the design as well as the modelling of the SEA. Section 3 shows
some data regarding the actual construction of the device and a robot upgrade
case. Section 4 presents the closing remarks and future work.
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Fig. 3. Knee joint assembly with four
SEA. Rendered by Eduardo Henrique
Maciel.

Fig. 4. Finite Element Analysis show-
ing the von Mises stress well below the
maximum yield of the material (Color
figure online).

2 Methodology

This section is divided in 3 subsections: Subsection 2.1 presents the mechanical
design of the SEA. Subsection 2.3 talks about the manufacturing, the electronics
and the firmware. Subsection 2.2 presents the system identification and control
methods.

2.1 Design Requirements

The elastic element presented in this paper was designed aiming the application
on the knees of a 1.2 m tall humanoid robot which uses a parallel leg mechanism.
The robot is being developed by the joint RoboCup team WF Wolves (Germany)
and Taura Bots (Brazil) [5]. This robot employs the Dynamixel MX-106R servo
actuators manufactured by Robotis in a redundant arrangement, allowing the
springs to be compressed against each other for leg rigidity modulation. The
assembly is shown in Fig. 3, and the components are: (1) circuit board, (2) leg link
frame, (3) attachment cover, (4) polyurethane torsional spring, (5) Dynamixel
MX-106R servo actuator.

With the humanoid robot knee application in mind and based on the choice
of the servo-motor, the SEA design was elaborated so as to ensure a symmetrical
response, without saturation when exposed to the maximum torque supported
by the motor. The spring consists on four “s” shapes, with the width of 3 mm.
This dimension was decided after a Finite Element Analysis study (see Fig. 4).

2.2 System Identification and Control

The open-loop SEA system shown in Fig. 5 is composed by an input signal,
an output signal, a disturbance signal and two transfer functions. One transfer
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Fig. 5. Opened-loop system. Fig. 6. Closed-loop system.

function corresponds to the dynamics of the servo motor, which combines the
behaviors of its internal PID controller, its DC motor driver and the DC motor
inside its case. From the command of a desired position θm

∗, an error signal is
intrinsically compensated by a PID controller and then converted into voltage
level to the motor armature generating θm. The other transfer function corre-
sponds to the compliant element behaviour, which has, as input, an external
load τL, and produces a angular deflection Δθ. The output of the SEA system,
is the final position θf , given by the sum θm+Δθ. The external load can be seen
as a disturbance to the system.

The problem we are faced with is to identify these two transfer functions.
In order to find a theoretical SEA model, we present a system identification
method based on Matlab System Identification Toolbox, and then a control law
is presented. The controller has the goal of providing the final position to track
the desired position, even under the effect of an external load.

Here we assume the system can be reasonably approximated by a general
linear polynomial model. In this paper, an Auto-Regressive with External Input
(ARX) model structure is chosen to represent the SEA system. The algorithm
involved in the ARX model estimation is fast and efficient when the number of
data points is very large.

The controller is designed in order to let the final position θf track the set-
point position θ∗

m of the servo motor. The closed-loop system is shown in Fig. 6.
Another goal of the compensated system is to reject disturbances. A discrete

PID controller was used, since this is a simple method to match the specifications
of project.

2.3 Manufacture and Electronics

The manufacturing of the two mechanical parts was all done on an ordinary 3-
axis CNC router, using a 2mm cutter. Both the polyurethane and the aluminum
parts can be milled in a single operation each, without the need for fixing the
parts in different orientations. Refrigeration fluid was not needed.
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In order to read the spring’s angular displacement a magnet/magnetometer
based circuit was designed (see Fig. 7). A radially polarized cilindrical rare earth
magnet is placed on the center of the polyurethane part, and the circuit board is
placed on top of the assembly so that the magnetometer chip is aligned with it.
For educational purposes the electronics was designed to be Arduino compatible
[7]. The firmware mimics Dynamixel’s protocol: an id is assigned to each SEA, as
if these were additional torque-disabled servo-motors, answering queries about
their angular positions on the same RS485 bus.

Fig. 7. Schematic of the instrumentation electronics on the SEA.

The interface’s firmware was programmed to communicate using Dynamixel’s
RS485 protocol. Each device can be programmed to receive a distinct id thus
allowing them to communicate through the same bus as the original servo actu-
ators, using the same protocol.

3 Results

3.1 Obtaining the Stiffness

For a linear spring, the stiffness can be described by Hook’s law, given by τ =
−k.Δθ. In order to assess the stiffness of the spring an experiment was performed,
applying a known mass on the tip of the frame attached to the compliant element
output, and measuring the resulting angle deflection Δθ. The rotational torque
derived from the known mass can be determined by τ = Fl = mgl cos(Δθ).

The experiment was repeated for 20 different values of mass and the results
were plotted, as shown in Fig. 8. The line which fits the data was found by linear
regression, where its slope represents the inverse of the stiffness. The estimated
stiffness was k = 1

11.33 = 0.088Nm/deg.

3.2 Obtaining the Transfer Functions

In order to find the transfer function of the compliant element system, the step
response to an input torque applied to the system was measured, as shown in
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Fig. 8. Linear regression of data set plot

Fig. 9. We can realize the output behaves as a spring-damper combination. In
order to identify the transfer function, we applied an optimization process to
identify which ARX model better fits the data set, and the transfer function
found, for a sample time of Ts = 0.02449 was

G(z) =
8.431z

z2 − 0.743z + 0.4229

Comparing the identified model with the experimental data response, we can see
that the identified model fits very well, with a confidence of 88.97 %.

Similarly to the method previously described, to obtain the transfer function
of the servo motor, an input signal (desired position) was applied, and the output
signal (servo motor position) was measured, performing a step response. The
ARX model transfer function found for the servo motor and the same sample
time used before was

G(z) =
0.03044z2

z3 − 1.774z2 + 0.865z − 0.06091

When compared, the step responses for the identified and experimental systems,
we found a confidence of 81.87 %.

3.3 Controller

A PID controller was implemented in a ROS package for real-world validation
in a single joint experiment setup, the PID gains used were: kp = 0.8, ki = 3
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Fig. 9. Open loop response releasing weight at specific time.
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Fig. 10. Closed loop response releasing weight at specific time.

and kd = 0.025 and the sample time was Ts = 0.02449. A MX-28R motor was
fixed on a wrench and a lever arm of 88 mm was attached to the SEA module.
We tested the closed loop response when a disturbance is applied to the system
at a specific time and a step reference input response of the system holding a
633.58 g mass.

Figure 10 shows the simulated and experimental results for the first case,
where an external disturbance is applied at 1 s to the system. In comparison to
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Fig. 11. Step closed loop response.

the open loop response we can see now the external disturbance being rejected
by the closed loop system, with setpoint angle of 180 deg. As we can see, it takes
about 1.5 s to the system stabilize after disturbance.

In the second case The setpoint was initialized with 0 deg, and after 0.25 s
the setpoint was switched to 70 deg, while the system was holding a mass. The
results are shown in Fig. 11, and the curves represent the output and the PID
error of the simulated and experimental results.

4 Discussion

This work presented a SEA upgrade solution based on an affordable module to
be mounted to the output of an existing servo-motor. The two-part mechanical
design was shown to be simple to manufacture, and the electronics circuit was
designed around the popular Arduino platform, communicating angular displace-
ments through the bus using the same infrastructure. We have also performed
system identification and we have shown how robust position control can be
achieved.

For future work the authors also want to explore the use of torque mode
control, available in the Dynamixel models MX-64 and MX-106.
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