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Abstract. Throughout this paper it is presented a novel elastic joint
configuration, being compared with other similar joints found in recent
literature. It is presented its modeling, being its estimation process devel-
oped offline, based on a proposed experimental setup. This setup enables
to monitor and collect data from an absolute encoder and a load cell.
Some data obtained from these sensors is then graphically represented,
like angle and torque, obtaining some parameters. Finally, through an
optimization process, where the error of the angle is minimized, the
remaining parameters of the joint are estimated, thus obtaining a realis-
tic model of the system.
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1 Introduction

To increase safety and robustness in the performance of industrial robots, which
otherwise could easily break their joints, or hurt someone, the use of elastic joints
is increasingly found in the literature and in the industry. These mechanisms con-
tain elastic components (such as springs), which introduce a mechanical energy
storage in the system, which can increase the maximum output power [1]. In [2],
Giusti et al. have designed and implemented successfully a controller based on
the analysis of the inverse dynamics of the elastic joint, and applied a structured
controller. The testbed mixes rigid and elastic joints on an interesting configura-
tion. The usage of elastic joints for exoskeletons is also expanding, possibly due
to the decrease in the size of the actuators. An example is the work is presented
in [3] for a variable viscoelastic joint system. Another interesting application
example for elastic joints are deployable mechanisms, as the one presented by
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Zhang et al. [4], where the singularities of a system like the presented are ana-
lyzed and successfully avoided. The Quasi-Direct Drive is also an example of the
technology applied to actuate an elastic joint, as presented in [5] for a quadruped.

Ag it can be easily understood, all the mentioned research has a same primary
step the modeling phase, applied to translate mathematically the behavior of the
system. This is required to be able to design suitable controllers, test them in
simulation and obtain relevant results. Thus, the closer to reality the developed
model is, the better designed the controller can be in theory, and be applied in
practice. However, all the robotic systems mentioned above include components
that adds uncertainties and non-linearities to it, making it more complex to
model.

Estimation techniques can be applied to help modeling the system, since
these can be more suited to the obtained solution. The techniques applied can be
diverse, from evolutionary algorithms, such as Montazeri et al. use in [6], recur-
sive methods as Gonzalez ef al. [7] use for their third-order modeling, through
the use of neural networks, as explained in [8] or even experimentally, as the
authors of [9] and [10] present.

Considering that the essential characteristics of the elastic joint developed
for this work are not expected to suffer structural changes, the estimation of its
dynamic parameters will be carried out previously, with offline techniques, and
using experiments that allow to obtain them.

This paper presents a novel approach to an elastic joint and the process of
modeling it is described. An introduction to the topic was performed in Sect. 1,
and the proposed model will be introduced throughout Sect.2. Section3 will
state the obtained results by the carried out experiments, and in Sect.4 there
are presented the conclusions and future work.

2 Proposed Model

Throughout this section, the model for the elastic joint will be presented. Some
hardware tests were performed to estimate its parameters, and these will be
further detailed.

For the elastic joint construction, a passive system was developed. Applying 4
springs, attached to a circular support part as represented in Fig. 1, a rotational
force is applied in the support’s centre of rotation, is passed to the next link
through the springs, providing elasticity and cushioning to the rotational move-
ment. To connect all the parts, as can be noticeable by the mentioned figure,
bearings are used to decrease the rotational friction, as well as to allow a tighter
connection between all the parts.

The mathematical/physical representation of the system, with its respective
constants, velocities and torques is present in Fig. 2.

Given the proposed elastic joint, its model will become as follow:

T = K- (0 — 0;) (1)
78 =B - (fm — 6)) (2)



V. H. Pinto et al.

678

e E

. &

.

ic joint

ion of the elast

imulated representat;

Fig.1. S

100

representat

ZTZTK + 7B

joint

Jo

Motor

2.

Fig

)
)

3

J-8

4

(-K8 — Bw)

_1
—J

dw
dt

(8)

)=0

ot

® k.

do
dt

d*6(¢)
ax T8

J

0 (6)

B(t=0)) + K - 6(s) =

- (26(s)

))+ B

dg
- (=0

)

=0

8) — s6(t

(s%6(

g



Elastic Joint Model 679

Considering that the initial conditions can be not null, the following variables
take values:

8(t = 0) = o )
ww(ho)ﬂ ®)

Js20(s) — Jsby + Bsf(s) — By + K6(s) =0 (9)
o) = oA+ B) (10)

0(s) = - OF 7) (11)

2+ (B +(¥)

Similar to what was described in the above subsection, for modeling the
elastic joint, ag well as for estimating the parameters associated with it, some
hardware tests will also be performed, in order to obtain parameters JJ, K and
B, consisting of:

— Pushing/Pulling the link attached to the elastic joint until a certain angle;
— Pushing/Pulling the link attached to the elastic joint and releasing, allowing
it to stabilize;

To conduct these tests, it is needed to know the joint’s angular position,
as well as the applied torque. So, to obtain the exact angular displacement, an
absolute encoder was placed exactly concentrically with the axis of rotation of
the joint. Also, to obtain the torque, a load cell was placed in the center of the
link to evaluate the exerted force which can, using the distance to the rotational
axis, be traduced to the torque. Figure 3 presents the implemented solution, and
the interaction between the subsystems.

Force Signal Amplified

Force Signal

LI ;;9 ®

Fig. 3. Hardware diagram
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3 Results

In order to perform the hardware tests, a system with the components presented
in Fig. 3 was built. This is presented in Fig. 4, and it was designed by the authors,
being posteriorly 3D printed. The parts already provide space specially allocated
for the load cell, as well as for its amplifier, and also for the absolute encoder.
The most complicated task was to physically align the rotation axis of the joint,
which has the magnet placed in its center, and the center of the Hall sensor.
Taking into account the collected data, this task was considered to be performed
successfully, since the angular displacement read by the sensor and by a physical
angle meter were very similar.

Fig. 4. Real joint

For the first set of tests, the system was acquiring data continuously, in order
to recognize the variations in force exerted on the cell, with information of the
angle. This test allows to know what is the behavior of the joint when its center
of rotation is locked, and the posterior link is applying a force on it. This force
is traduced to a torque, since it was put with some distance from the center.
The results from this test are present graphically in Fig.5. Since the joint is
already coupled to a motor attached to a gearbox system, and since the gearbox
present some backlash, the joint presents a dead zone. This behaviour is clearly
vigible in the figure, in the red line of the graph where, although the exerted
force is practically zero, the angle has a significant variation. Considering that
the motor is stopped, the difference between the angles of the motor shaft and
the joint iz obtained by the angle in the absolute encoder. So, using Eq. 1, and
calculating the average of the straight slopes of the values from the positive and
the negative torques, the value of K is obtained and is equal to 7.3035.



Elastic Joint Model 681

0.8

¥= 42341 - U, 248

0.15 0,2

Torgue (N.m)

04
06
7 08

2

Angle (rad)

Fig. 5. Plot of Torque vs Angle

Then, to find the value of J and B, it was necessary to proceed to a second
set of tests. This consists of placing the system to acquire data, rotating the
posterior link to a certain angle and releasing it, allowing its free oscillation
until reaching the equilibrium point again. The results obtained are compiled in
Table 2. Using Eq. 11, and the inverse Laplace transform, the following Equations
could be used to represent the system in the time domain.

L2 R . 2
6(6) = b - \/ (wl_;) L1 tontsingun VI B t44)  (12)

_£2
6= tan~1 (V1 =5 (13)

Having defined the approximation function, and since the value of K was
already estimated, the optimization process that minimizes the absolute error
to the obtained angular position was put to run and the values of the variables
for Eq. 12 were found. Establishing the parallelism between the function in the
Laplace domain used and Eq. 11, after the optimization process, the values found
for B and J were 0.0416 and 0.0085.
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Considering a simple pendulum configuration, J = m-r2, If a weight of 269 gr.
is put on a known point of the link, there is a known moment of inertia. Taking
the value obtained for J = 0.0085, and placing the known mass approximately
18 cm from the axis of rotation, one obtain an estimated value for the distance
r = 17.78 cm, an error of less than 1%, which indicates that the estimation of
the parameters associated with the joint has been carried out successfully. All
the obtained estimated parameters are compiled in Table 1.

Table 1. Estimated joint parameters

Parameters

K 7.3035N/m
B 0.0416 N-s/m
J  0.0085Kg-m?

In Fig. 6, in blue there is the real measured behaviour of the joint, while in red
there is the estimated model of the joint. Actually, approximately from t = 1s, it
begins to be noticed that the model differs somewhat from the performed mea-
surements. However, this difference can be explained by the non-linear behavior
presented by the dead zone of the joint, which will have to be compensated by
a suitable controller.

50
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Fig. 6. Plot of Angle vs Time
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Table 2. Second-order model

Time (s) | 8(°) 0es:(°) | Error

0 38.14 |34.28 |3.85

0.02 23.77 |28.75 |4.98

0.04 4.42 14.61 |10.19

0.06 —13.36 | —2.86 | 10.50
0.08 —26.17 | —17.79 | 8.38
0.1 —30.19 | —25.69 | 4.50
0.12 —24.04 | —24.70 | 0.66
0.14 —11.84 | —15.96 | 4.12

0.16 2.37 —2.97 | 5.34

0.18 14.85 |9.76 5.09

0.2 21.6 18.21 | 3.39

0.22 22,24 |20.09 |2.15

0.24 15.42 |15.42 |1.24E-06

0.26 4.9 6.29 1.39

0.28 —-4.94 |-3.99 |0.95
0.3 —12.13 | —12.05 | 0.08
0.32 —15.36 | —15.53 | 0.17
0.34 —12.85 | —13.76 | 0.91
0.36 —6.61 |-7.79 |1.18
0.38 0.88 011 0.77
0.4 7.23 7.23 1.18E-08

0.42 111 11.40 |0.30

0.44 11.56 |11.56 | 1.46E-07

0.46 7.65 8.04 0.39

0.48 2.37 2.29 0.08

0.5 —3.19 | -3.65 |0.46
0.52 —-7.23 |-7.88 |0.65
0.54 —8.48 |—9.21 |0.73
0.56 —6.79 |-7.50 |0.7T1
0.58 —2.59 |-3.57 |0.98
0.6 1.65 1.14 0.51

0.62 4.92 5.04 0.12

0.64 7.12 6.98 0.14

0.66 6.64 6.53 0.11

0.68 4.28 4.04 0.24




684 V. H. Pinto et al.

4 C(Conclusions and Future Work

As a first conclusion, the physical implementation of the idealized and simulated
prototype of a novel elastic joint have met the expectations, adding a damping
component to the joint. The addition of the 4 springs allowed the joint to have an
elastic behavior with only passive components, and consequently without energy
consumption.

Then, it can be concluded that, based on a purely low-cost sensor acquisition
system, it is possible to carry out tests and consider measurements that allow to
estimate parameters of a complex model. Regarding the model, the estimated
parameters were used to compare measurements with real values and have a very
low error, so this process can be considered as successfully achieved.

Finally, in the overlap between the function in order of time of the model
developed and the measures that were obtained from the real system, differences
are effectively noticed, which come from the joint’s dead zone. These differences
will therefore have to be compensated in the design of a suitable controller.

Therefore, the future work is to design a suitable closed-loop controller that
allows to control the joint in position, and that tries to reduce the non-linear
effects that the dead zone adds to the model.
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