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Abstract—Conventional robotic arms use motors to accelerate
the manipulator. This is energy inefficient when it comes to
repetitive tasks. In Europe alone, robotic manipulators use about
the same amount of energy as used for the lighting of all
households in Portugal. This paper presents an approach to
reduce energy consumption in robotic arms by performing its
repetitive tasks while moving in a natural mode of the system. The
natural mode is created by a resonant spring-loaded mechanism.
The performance of the arm with the resonant mechanism
is compared to that of the same arm without the resonant
mechanism. Simulation studies show that with the resonant
mechanism, the robotic arm uses 56% less energy per stroke.
Experiments on a prototype show that this is only 14% due to
disturbances and friction. With a resonant mechanism, there is
an extra energetic cost, because potential energy has to be stored
into the spring at startup. This cost is equal to the total energy
savings during 8 strokes. Next, there could be an energetic cost
to holding the manipulator still outside the equilibrium position.
We have designed the resonant mechanism in such a way that this
holding cost is negligible for a range of start- and end positions.
Note that the resonant mechanism allows the manipulator to
freely move to any start- and end-position within a certain range
without using latches or other mechanical complications.

I. INTRODUCTION

Currently, there are about 250.000 robotic manipulators
operational in Europe. We estimate that their average energy
usage is about 2 kW and that they operate for 3000 hours per
year. So together they use about 1500 GWh per year, about
the same amount as used for the lighting of all households
in Portugal [1,2]. Although this number is small compared to
other industrial energy consumers, it is large enough to warrant
a detailed investigation.

The main reason why robotic manipulators use energy is the
use of motors to accelerate the manipulator. In repetitive tasks,
the manipulator returns to the same state repetitively. An exam-
ple of such a task is a pick and place task. Theoretically, such
tasks should require no net work, but this requires re-capturing
energy when decelerating. We propose to apply a mechanical
resonant mechanism, which stores energy during deceleration
and releases it during acceleration. For practical applicability,
this has to be done while maintaining the freedom to deviate
from the natural motions of the resonant mechanism.

The use of natural oscillating motions has already been used
in various applications. Akinfiev et al introduced the idea of
using nontraditional drives in walking robots [3]. This led to
the reduction in energy consumption of 65% in their robot.
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Fig. 1. Prototype of the 2 DOF resonant robotic arm.

However, these nontraditional drives are fully determined so
there is little freedom for deviating from the natural motion
of the system. Systems with natural motions that do allow for
a deviation from the natural motion are compliant resonant
mechanisms. These mechanisms have already successfully
been used to reduce energy consumption in e.g. toothbrushes
[4], compressors [5], shavers [6] and walking robots [7]. The
idea of exploiting the natural motions of a system has also
been applied on manipulators before. Williamson investigated
control strategies for natural oscillating arms [8-11]. However,
he applied this on a robot that uses a PD controller with low
gains to create oscillating motions, instead of a mechanically
oscillating device. The work most strongly related to our study



is that by Akinfiev and others [12-20] who researched me-
chanically resonant robotic systems and designed mechanisms
for those robots. The drawback of these mechanisms is that
they lock into place at pre-determined positions. For practical
applicability, there is a need for freedom to deviate from the
natural motion of the system.

The goal of our study is to implement a resonant mechanism
in a robotic arm to reduce its energy consumption, while still
being able to deviate from its natural motion using an actuator.
The main question in this paper is how much energy the
manipulator consumes when it is connected to the resonant
mechanism in comparison to when it is not connected to the
resonant mechanism.

We show the working principle of the proposed resonant
mechanism and we present 3 simulation studies, followed by
2 prototype experiments (see Figure 1) to confirm the results
from simulation. Finally, we will conclude that the resonant
mechanism we implemented saved energy, while still being
practical applicable.

II. METHOD

We wanted to know the amount of energy we can save
by using a resonant mechanism in robotic manipulators
with repetitive tasks. Therefore, we performed simulation
studies and prototype experiments. Figure 2 shows the 5
configurations we examined. In all 5 configurations, the
resonant mechanism was only connected to the shoulder joint.

(a)  The working principle is shown in a theoretical
model with 1 DOF in the horizontal plane.

(b)  The model is made realistic by integrating motor
properties and friction in the system.

(©) A second DOF in the horizontal plane is added in
the model to show that the principle also works
while adding more DOFs to make the system more
applicable.

(d) A prototype with 1 DOF is examined to show that
the principle works in real life.

(e) A second DOF is added to the prototype to confirm
the results from the third simulation.

In all 5 configurations, the energy consumption of the
system with the resonant mechanism attached is compared
to that of the same system with the resonant mechanism
detached.

A. Measurements

We took 3 different types of measurements on the energy
consumption of a resonant robotic arm:

o The amount of energy consumed per stroke. This is the
energy that is needed to move from one operating position
of the system to the other. We assumed that negative work
by the motor is lost, so that all energy that is re-captured,
is re-captured by the resonant mechanism. We compared
this value between the situations with and without the
resonant mechanism attached. In resp. simulation and
prototype experiments we calculated this as follows:
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Where 6, is the angular speed of the motor, R is the
terminal resistance of the motor, K is the torque constant
of the motor, 7;, is the torque of the motor, U is the
voltage on the motor, I is the current through the motor, 4
if the time per stroke and At is the sampling time, which
is 0.0005 seconds in simulation and about 0.005 seconds
in the prototype. This calculation neglects self inductance,
because the terminal inductances of electromotors in
applications like ours, are typically small.

o The starting up energy. This is the energy that is needed
to put potential energy into the resonant mechanism at
the start. This energy is only needed when the resonant
mechanism is attached. In both simulation and prototype
experiments, this is calculated by looking at the energy
consumption while moving the system to its operational
position.

We also calculated the breakeven point, which is the
starting up energy divided by the net energy savings per
stroke.

o The standing still energy. This is the energy needed
when the motors are holding the system in place at
0.1 rad outside an equilibrium position of the resonant
mechanism. To make it comparable with the amount of
energy consumed per stroke, we quantified this as the
energy consumed while standing still for half of the time
per stroke. In resp. simulation and prototype experiments
we calculate this as follows:
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where g is the time per stroke.

III. RESONANT MECHANISM

Every oscillating mechanical system has a characteristic. In
our case, this is the potential energy stored in the spring as a
function of the rotation of the shoulder joint (Figure 2c). The
torque of the system is related to the potential energy by:

_ap
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do

Where P is the potential energy stored in the system and €
is the angular displacement. There are 4 requirements on the
characteristic of a resonant robotic arm with a repetitive task.
These are also indicated in Figure 4.

A. The resonant mechanism should not counteract
the repetitive task. This means that when the system
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The 5 configurations that are studied, with 3 top views of the simulations and 2 3D views of the prototype. a) A theoretical model with 1 DOF.

Copper losses in the motor and friction are neglected. b) A realistic I DOF model with friction and copper losses. ¢) A realistic 2 DOF model with friction
and copper losses. d) A 1 DOF prototype to confirm the results from simulation b. ¢) A 2 DOF prototype to confirm the results from simulation c. The second
DOF is actuated by a motor at the base. The torques are transferred through a timing belt.
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Fig. 3. The concept of the resonant mechanism. The upper arm is connected
to the large pulley. This pulley is connected to the small pulley through a
timing belt and a spring. The ratio between the diameters of the pulleys and
the spring properties determine the characteristic of the resonant mechanism.

is at an operating position, the motor should not have
to counteract the resonant mechanism to keep the
manipulator in place. Therefore, the derivative of the
potential energy as function of the rotation of the
shoulder joint should be low around the operating
positions. This means that there is no hardly any
torque about the joint.

B. The resonant mechanism should always provide
motions from one operating position to the other.
The operating area is the area between the operating

positions. Outside the operating area, the resonant
mechanism has to provide a torque towards the
operating area. Therefore, the potential energy should
increase outside the operating area.

C. The characteristic between the operating positions
should be such that the system can make fast
motions. This means a high and fast drop in potential
energy between the operating positions. This means
a that there is a torque towards the midpoint.

D. D. In between the operating positions, there
should be a point where the potential energy
reaches a minimum and the Kinetic energy
reaches a maximum. This point is called the
midpoint

Linear spring mechanisms do not meet requirement A.
Therefore, we propose the resonant mechanism as shown in
Figure 3, which has two equilibrium positions at the operating
positions. This has the advantage of being energy efficient
while still being applicable, because the system can stand
still in a range around its operating positions. The working
principle of this mechanism is shown in Figure 4. This
mechanism is inspired by the work of Babitsky [16].

IV. SIMULATION STUDIES

The simulations are modeled in MATLAB. Table I shows
the parameters of the simulations. In all studies, the perfor-
mance of the arm with the resonant mechanism attached is
compared to the performance of the arm without the resonant
mechanism attached. After results of the theoretical simulation
with 1 DOF, we will verify the robustness of the system
(how the choice of the speed, the displacement and the mass
influence the results).



Potential energy as function of the rotation of the uppper arm
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Fig. 4. A visualization of the working principle of the resonant mechanism.
The first plot shows the potential energy in the system as function of the
rotation of the upper arm. [A], [B], [C] and [D] represent the requirements
on the characteristic of the arm. [A]: At the operating position the derivative
of the potential energy is equal to O J/rad. This means that there is no net.
torque. [B]: Outside the operating area, the potential energy increases. This
means that there is a torque towards the operating area. [C]: in between the
operating positions, the potential energy decreases fast. This means that there
is a torque towards the midpoint (D). [D]: At the midpoint, the potential energy
has a minimum and the kinetic energy has a maximum. The movement of
the arm and the resonant mechanism are visualized at the bottom. When the
upper arm reaches an angle of 7/4 rad, the small pulley has rotated for about
4.2 rad and the connection between the spring and the small pulley is moving
towards the large pulley, with the same speed as the connection between the
spring and the large pulley. This means that with a virtual small rotation of
the arm, no extra energy is stored in the system, so the slope of the potential
energy graph is horizontal.

TABLE I
MODEL PARAMETERS OF THE SIMULATION AND REQUIREMENTS ON THE
STROKE.
Parameter Symbol  Value
Length of arm 1 0.4 m
Inertia I 0.2 kg m?
Spring Stiffness K 150 N/m
Initial length of spring  [p 15 cm
Radius of large pulley 71 15 cm
Radius of small pulley 7o 2.8 cm
Friction constant c 0.02 Nms/rad
Time per stroke t 1.6 s
Rotation per stroke 0 1.45 rad

A. A Theoretical 1 DOF Model

Let us first analyze a simple version of this system with
1 DOF, (see Figure 2a) to investigate the energy cost to

accelerating the arm itself. We assume that there is no friction
and that an ideal motor drives the system. This implies that
there are no gearbox losses and the motor has no inertia and
no electrical resistance. We assume that negative work by the
motor is lost. This leaves us with 1 equation of motion:

T+M=1-0

Where T is the torque applied by the motor, M is the
moment due to the resonant mechanism, I is the inertia of
the arm and € is the angle of the arm. The potential energy
FEp in the resonant mechanism is equal to:
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Where k is the spring stiffness, r; is the radius of the large
pulley, 72 is the radius of the small pulley and [y is the initial
length of the spring. From this, we know the moment M
about the joint due to the resonant mechanism. The power
consumption P of the motor is equal to:

P=T-0

When the resonant mechanism is not attached, the motor
drives the system with a feed-forward torque profile that is
most efficient for the task. With this theoretical model, all the
energy consumed by the motor is converted into kinetic energy.
This means that the total energy consumed per stroke is equal
to the maximum of the kinetic energy during the stroke. Given
a certain rotation and time per stoke, this means that we have
to accelerate as fast as possible at the start. Theoretically, this
is an infinitely high torque during an infinitely small amount
of time. Of course, this is totally irrealistic.

When the resonant mechanism is attached, the arm can
move in the natural motion of the system, where all potential
energy is transferred into kinetic energy during acceleration.
During deceleration, the kinetic energy is transferred into
potential energy again. Since there is no friction, the motor
does not consume any energy.

Figure 5 shows the phase plot, the position plot and the
energy plot of the motions in both situations.

Results

A comparison between the robotic arm with and without
the resonant mechanism is shown in Table II. From this, we
can conclude that the system consumes no energy when the



Phase plot of the movement of the robotic arm
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Fig. 5. a) The angular displacement of the arm as function during one stroke.
b) Phase plot of the movement of the arm with and without the resonant
mechanism attached. c¢) The accumulated energy that is consumed by the
arm as function during one stroke. Plot ¢ shows that all energy is consumed
during the acceleration of the system and no energy is re-captured during
deceleration.

TABLE II
PERFORMANCE OF THE SIMPLE MODEL OF THE ROBOTIC ARM WITH AND
WITHOUT THE RESONANT MECHANISM ATTACHED.

Measurement With spring ~ Without spring
Energy per stroke (J) 0.000 0.080
Starting up energy (J) 0.856 0.000
Standing still energy (J)  0.000 0.000

resonant mechanism is attached. The breakeven point is at 24
strokes and the standing still energy is O J.

TABLE III
THE ENERGY CONSUMPTION PER STROKE WHEN REQUIRED SPEED, THE
ANGULAR DISPLACEMENT AND THE MASS ARE INCREASED WITH 10%.

Changing Energy per stroke  Energy per stroke  Energy
parameter with spring (J) without spring (J)  savings
10 % Faster 0.002 0.105 98%
10 % More 0.0.020 0.105 81%
displacement

10 % Additional  0.001 0.088 99%
payload

Robustness

We will now verify how the choice of the speed, the
displacement and the mass influence the results. There are
two main questions when it comes to robustness of the
concept. How much energy does it cost when speeds, angular
displacements and additional payload are varied with the same
model parameters? And does the concept still work when it is
scaled?

Variation of the requirements

Table I shows the requirements for the speed, the angular
displacement and the mass that were arbitrarily chosen for the
simulation. The parameters (e.g. spring stiffness) are optimized
for these requirements. We now want to know how this
system performs when it has to operate with other conditions.
Therefore, we evaluate the performance of the system when
we decrease the time per stroke, increase the mass of the arm
or increase the rotation per stroke.

Table III shows the energy consumption of the arm with
and without the resonant mechanism attached, when the pa-
rameters are changed with 10%. From this, we can conclude
that the system is most sensitive to an increase in angular
displacement. This is because the motor has to put extra energy
into the spring to get an extra displacement. Therefore, only
81% energy is saved. The system is not influenced by an
increase in speed or additional payload, because the spring
contains enough energy to deal with these increases. When
these parameters are increased with an order of magnitude of
100%, the performance of the system will start to decrease,
but the system will still use less energy when the resonant
mechanism is attached.

Scaling
When all dimensions are scaled with a factor f, the mass
moment of inertia of the system scales with a factor f°:

I=c-m-0I?

Where I is the mass moment of inertia, c is a constant which
depends on the geometry, m is the mass, which scales with a
factor f and I is a measurement for the size of the geometry,
which scales with a factor f.

As a result of this scaling, the required kinetic energy in the
system also scales with a factor f°. Therefore, the maximum
potential energy in the spring should also scale with a factor



f°. The potential energy is equal to
1
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Where x scales with a factor f. Therefore, k should scale
quadratically with the scaling of the design to keep the same
dynamic behavior:

knew = f2 - kola

Where kpeyw is the required spring stiffness in the scaled
design and kg is the spring stiffness in the unscaled design.
This means that when a system is scaled with a factor 2, the
spring stiffness should be 4 times the original spring stiffness
to keep the same dynamic behavior.

B. A Realistic 1 DOF Model

The previous paragraphs showed that the concept works
well for an idealized system with no friction. In this section
we will examine what happens when we add the motor,
gearbox and friction to the system (see Figure 2b). The motor
specifications are based on a Maxon RE30 60W motor with a
gearbox ratio of 66:1. An additional ratio of 3:1 is provided
by timing belts. Why this motor and gearbox are selected is
explained in section V. The motor dynamics are implemented
in the model as:

Itot:II+Im‘n2
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Where I, is the inertia of the rotor, I} is the inertia of the
load, 7 is the efficiency of the gearbox, n is the gearbox ratio
times the transfer ratio of the timing belts, 73, is the torque
provided by the motor, which is limited, 7j is the required
torque on the load and 7% is the friction torque. We assumed
pure viscous friction, which is equal to:

Tf:7C'9.

Where c is the viscous friction constant and @ is the angular
speed of the joint. The power consumption P of the motor is
equal to:
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Where 6 is the angular speed of the motor, R is the terminal
resistance of the motor and K is the torque constant of the
motor.

When the resonant mechanism is detached, the system is
driven by a combination of feed-forward and feedback. A
maximum torque is applied while accelerating, until the system
reaches a speed that is high enough to reach the target position
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Fig. 6. The accumulated energy consumed in simulation by the 1 DOF
robotic arm during 1 stroke. Without the spring, the system consumed most
of its energy at the start. After that, the motors only have to compensate
for friction. With the spring, the motor consumes most of its energy while
accelerating, because the motor has to keep up with the natural motion of the
resonant mechanism.

TABLE IV
PERFORMANCE OF THE REALISTIC MODEL OF THE ROBOTIC ARM WITH
AND WITHOUT THE RESONANT MECHANISM ATTACHED.

Measurement With spring ~ Without spring
Energy per stroke (J) 0.168 0.420
Starting up energy (J) 1.439 0.000
Standing still energy (J)  0.007 0.000

in time in the theoretical model. Then, the motor keeps the
system on a constant speed, until the target is almost reached.
The system is then decelerated using maximum torque.

When the resonant mechanism is attached, the motor has
to overcome the friction. Therefore, a PD energy controller is
applied to control the sum of the kinetic and spring energy:

d(Eyet — E
T= KP ’ (Eref - Estate) + Ky - ( et dt state)

where K|, is the proportional gain, Kq is the derivative
gain, For is the potential energy in the resonant mechanism
at operating positions and Fgiate 1S the sum of the potential
and kinetic energy in the system.

Results

The energy consumption of the system with and without
the resonant mechanism is shown in Figure 6. A compari-
son between the robotic arm with and without the resonant
mechanism is shown in Table IV. From this, we can conclude
that the system consumes 60% less energy when the resonant
mechanism is attached. This is significantly less than the
result from the theoretical model because of the losses due to
friction, the added inertia of the motor and copper losses. The
breakeven point is at 6 strokes and the standing still energy is
0.007 J, which is negligible.
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Fig. 7. The accumulated energy consumed in simulation by the 2 DOF robotic
arm during 1 stroke. The energy consumptions of both motors are added in
this graph. Without the spring, the system consumed most of its energy at the
start. After that, the motors only have to compensate for friction. With the
spring, the motor consumes most of its energy while accelerating, because
the motor has to keep up with the natural motion of the resonant mechanism.

TABLE V
PERFORMANCE OF THE REALISTIC MODEL OF THE 2 DOF ROBOTIC ARM
WITH AND WITHOUT THE RESONANT MECHANISM ATTACHED.

Measurement With spring ~ Without spring
Energy per stroke (J) 0.345 0.777
Starting up energy (J) 1.787 0.000
Standing still energy (J)  0.007 0.000

C. A Realistic 2 DOF Model

For practical applicability, the system needs at least one
more DOF. Therefore, we add a second DOF in the horizontal
plane (Figure 2c). This second DOF is actuated by the same
type of motor from the base, through a parallel mechanism,
which is created by a timing belt. The controllers for the first
DOF are still the same as the ones in the realistic simulation
with 1 DOF. The second DOF is controlled by a PD position
controller.

Results

The energy consumption of the system with and without
the resonant mechanism is shown in Figure 7. A compari-
son between the robotic arm with and without the resonant
mechanism is shown in Table V. From this, we can conclude
that the system consumes 56% less energy when the resonant
mechanism is attached, the breakeven point is at 5 strokes and
the standing still energy is 0.007 J, which is negligible.

V. EXPERIMENTS AND RESULTS
A. 1 DOF Dimensional Design

The 1 DOF implemented mechanism as shown in Figure 8
is slightly different from the conceptual design in Figure 3. A
picture of the prototype (with 2 DOFs) can be seen in Figure 1.
The DOF in the horizontal plane is created by a 18x1.5mm
stainless steel tube, connected with a joint. The motor is placed
on a housing, which also contains the resonant mechanism.
AT3-gen III 16mm timing belts were used to transfer torques

Small pulley

Spring

Upper arm

Large pulley

Motor

Timing belts

Fig. 8. A schematic picture of the practical implementation of the resonant
mechanism in the 1 DOF prototype. In comparison to the concept, an extra
timing belt and 2 extra pulleys were added because it was easier to drive
the large pulley through a timing belt instead of directly connecting it to the
motor and it was hard to get the right transfer ratio between the large and the
small pulley.
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Fig. 9. The characteristic of the resonant mechanism. The solid line is
obtained by measurements. The dotted line is the theoretical characteristic.

within the housing. The motor was selected after simulating
the system without the resonant mechanism in MATLAB. The
joint is actuated by a Maxon 60W RE30 motor with a gearbox
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Fig. 10. The data of the 1 DOF prototype with and without the spring.

The thick lines show the mean over different strokes, the thin lines show the
standard deviations.

TABLE VI
DESIGN PARAMETERS OF THE RESONANT ROBOTIC ARM AND
REQUIREMENTS ON THE STROKE

Parameter Symbol  Value
Length of arm 1 04 m
Added mass at end point M 1 kg
Spring Stiffness K 150 N/m
Initial length of spring lo 10 cm
Radius of large pulley 1 10 cm
Radius of small pulley ) 2 cm
First transfer ratio Ry 1:1.8
Second transfer ratio R2 1:3
Time per stroke t 1.6s
Rotation per stroke 0 1.45 rad
TABLE VII

PERFORMANCE OF THE 1 DOF PROTOTYPE WITH AND WITHOUT THE
RESONANT MECHANISM ATTACHED.

Measurement With spring  Without spring
Energy per stroke (J) 0.78 0.87
Starting up energy (J) 1.04 0.00
Standing still energy (J)  0.00 0.00

ratio of 66:1. The timing belts provide an additional transfer
ratio of 3:1. The design parameters are shown in Table VI
The measured characteristic of the resonant mechanism is
compared to the theoretical characteristic in Figure 9.
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Fig. 11. The accumulated energy consumption of the 2 DOF prototype with
and without the spring. The thick lines show the mean over different strokes,
the thin lines show the standard deviations.

TABLE VIII
DESIGN PARAMETERS OF THE SECOND DOF OF THE RESONANT ROBOTIC
ARM.
Parameter Symbol  Value
Length of the lower arm [} 0.4 m
Mass of the arm m 0.5 kg
Added mass at end point M 1 kg

TABLE IX
PERFORMANCE OF THE 2 DOF PROTOTYPE WITH AND WITHOUT THE
RESONANT MECHANISM ATTACHED.

Measurement With spring ~ Without spring
Energy per stroke (J) 0.80 0.93
Starting up energy (J) 1.03 0.00
Standing still energy (J)  0.00 0.00

Results

The data of the movements of the prototype with 1 DOF is
shown in Figure 10. A comparison between the performance
of the prototype with 1 DOF is shown in Table VII. From
this, we can conclude that with 1 DOF the system consumes
10% less energy when the resonant mechanism is attached, the
breakeven point is at 12 strokes and the standing still energy
is 0 J.

B. 2 DOF Dimensional Design

We add a second DOF to make the system more applicable.
A picture of the 2 DOF prototype can be seen in Figure 1.
The second DOF is created by a 18x1.5mm stainless steel tube,
connected with the elbow joint. This elbow joint is actuated
by a motor in the housing through a timing belt, which creates
a parallel mechanism. The extra design parameters are shown
in Table VIIL.

Results

The energy consumption of the prototype with 2 DOFs is
shown in Figure 11. A comparison between the performance
of the prototype with 2 DOFs with and without the resonant
mechanism is shown in Table IX. From Table IX, we can con-
clude that with 2 DOFs the system consumes 14% less energy
when the resonant mechanism is attached, the breakeven point
is at 8 strokes and the standing still energy is O J.



VI. DISCUSSION

Without the resonant mechanism, the system works as a
conventional arm. Simulations show that it uses 56% less
energy per stroke than conventional manipulators. Prototype
experiments confirm that the resonant mechanism saves en-
ergy, although this was only 14%. Furthermore, experiments
show that the breakeven point is at 8§ strokes and the standing
still energy is negligible.

Energy and friction

The main difference between the simulation models and the
prototype is the frictional behavior. In simulations we assumed
pure dynamic friction, where in the prototype (and mainly
in the gearbox) also static friction occurred. Next, the spring
was not connected to the pulleys with bearings. Therefore, the
resonant mechanism caused disturbances while moving. These
disturbances can be seen in Figure 10b, where the standard
deviation of the current is higher in the system with the spring
attached. From Table VII and IX we can conclude that the
system saves more energy with 2 DOFs than with 1 DOF.
This can be explained by the higher inertia of the system which
reduces the influence of disturbances from the spring on the
system.

Energy and controller

In Figure 10c and 11 we can see that the system indeed
profits from the spring. The energy consumption at the start of
the movement is significantly less when the spring is attached.
However, the system doesnt seem to be able to re-capture all
energy efficiently. Therefore, the energy consumption is high
between t = 1 s and t = 1.5 s. A better controller should be
able to re-capture more energy.

Resonant mechanism

In Figure 9 the measured characteristic is compared to the
theoretical characteristic. From this, we can conclude that the
characteristic of the implemented mechanism is similar to the
desired characteristic. However, there is 1 relevant difference.
We can see that instead of 1 sTable and 2 unsTable equilibrium
points, the prototype has 3 sTable equilibrium points. This is
not optimal because when the system is at a sTable operating
position, it has to overcome an energy barrier to move to the
other operating position. This is energy inefficient.

Current measurements

The current was measured with a sensor on the controller
board, which was calibrated. This sensor turned out to be inac-
curate below 0.1 A. Therefore, below this level an estimation
of the current was made based on the voltage on the motor.
Since the current was mainly low with the spring attached,
this correction increased the value of the energy consumption
of the system with the spring attached.

Future works

This paper presents a resonant robotic arm with a char-
acteristic, based on the movements the system should make
according to our ideas. This doesnt guarantee that this is
the optimal characteristic given a certain task. Therefore the
resonant mechanism has to be optimized.

In this paper, a PD energy controller was implemented that
keeps the sum of the kinetic and the potential energy constant.
We think that more energy can be saved using an optimal
controller and advice to use reinforcement-learning algorithms.
These algorithms can also learn how to do different kinds of
tasks.

The current sensor on the controller board was not accurate
at currents below 0.1 A. This sensor has to be replaced with
a more accurate one.

To make the system more applicable, one rotational and one
translational DOF and a gripper have to be added at the end
point of the arm.

VII. CONCLUSIONS

This paper presents a design for a natural moving robotic
arm that uses mechanical resonance to move more energy
efficiently. We can conclude that:

o The resonant mechanism as presented makes that the
system saves 56% energy per stroke in simulation.

o It does this while still being practical applicable, because
it can stand still in a range of angles around its operational
positions without consuming energy.

o In prototype experiments we confirmed that the system
saves energy, for a one-DOF as well as for a two-DOF
setup. The practical energy reduction is less than the
theoritical value, warranting further development.
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