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Abstract The use of active prostheses for lower limb
replacement brings new challenges like power optimiza-
tion, energy efficiency and autonomy. The use of series
and parallel elasticity is often explored to reduce the
necessary motor power but this does not necessarily
have a positive influence on the energy consumption
of the prosthesis. This paper presents the experiments
performed with the variable compliance actuator used
in an active ankle prosthesis and the electromechani-
cal model of this actuator. The results show that the
measurements can be matched using the model, and
this model can thus be used to optimize the energy
efficiency of the actuator. Simulations show that the
electrical efficiency can be increased by 10% compared
to parameters selected by an optimization method that
only takes mechanical properties into account.

Keywords Actuator - Energy efficiency - CYBER-
LEGs - Ankle - Prosthesis - human gait - series
elasticity

1 Introduction

A large number of people worldwide undergo a lower
limb amputation due to multiple possible causes: car-
diovascular diseases, trauma, congenital causes and can-
cer being the most prevalent [1]. Combining the factors
of an increasing average age worldwide and a higher
risk of dysvascular amputation for elderly [2], shows
the need for better performing lower limb prostheses.
As a result, the research on prosthetic devices which
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are able to provide a natural gait pattern has become
more important over the last decade. Trying to approx-
imate a healthy human ankle behavior, there is a clear
advantage of prostheses making use of active compo-
nents over purely passive prostheses, as in a healthy
gait cycle there is also a net positive energy balance
[3]. It has been shown that providing an active push-off
with correct timing at the ankle and can decrease the
metabolic rate of walking for amputee subjects com-
pared to walking with a passive prosthesis [4]. Several
prototypes have been developed using series springs [5]
and nonlinear [6] or variable [7] transmission systems
for power optimization. Multiple prototypes have been
investigated which use compliant actuation to success-
fully reduce the peak power and thus the weight of
(lower limb) prosthetic devices when compared to a di-
rect drive solution [8-10]. Zhu et al. [11] investigated
the effect of having actuated and stiffness adjusted toe
joints. One of the major disadvantages of most of these
active prostheses is that their weight is still significantly
higher than that of passive devices, mostly consisting
of carbon fiber springs for passive ankles and dampers
for passive knees. Apart from the motor and gearing,
these powered prostheses not only require electronics
such as motor drivers and a control unit, but also a
power source such as a battery pack. For example, the
weight of a BiOM (active) ankle prosthesis is about 2.3
kg electronics and batteries included, while a passive
Ossur Flex-foot including cover only weighs 500 g. The
prototype investigated in this work, which is not op-
timized for weight, weighs 1.5 kg, without electronics,
batteries and cover.

Several research papers present simulations and op-
timizations of the output characteristics of actuators
with series elasticity for different spring stiffnesses [12].
Most often these optimizations minimize the mechani-
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cal energy or the mechanical power peak at the output
of the actuator [13-16,11]. Also when investigating the
effects of parallel elasticities on the actuator, often only
these mechanical properties are investigated [17-19].
These optimization techniques however do not necessar-
ily lead to a lower electrical energy consumption as the
effects of the motor efficiency and the torque- and ve-
locity dependency of it are often neglected in this case.
This can lead to a significant increase in losses, as a
optimized mechanical output will comprise parameters
which lead to minimized motor velocities and torques,
which is exactly the region of the motor operation with
the lowest efficiency [20,21]. In some cases, the motor
characteristics are taken into account for the design of
a compliant actuator [22-25]. One of the important rea-
sons for choosing series elasticity in an actuator is the
possibility of power amplification as described by [10],
where the authors simulate and show an amplification
of the possible output power by a factor 1.4 over the
power limit of the power source.

The actuator described in this paper is part of the
CYBERLEGS project [26]. This project aims to restore
the walking ability for people who underwent lower
limb amputation due to dysvascular disease by replac-
ing their lost limb with an active prosthesis and also
supporting the rest of the body by means of an active
hip-knee-ankle orthosis [27] and a high level cognitive
control system, including a fall detection system [28].
As the aim is to ultimately have a wearable system, the
energy consumption of all of the components needs to
be reduced as much as possible.

In this paper we investigate in detail the energy
consumption of a variable stiffness actuator for realis-
tic load cycles at different velocities and with different
precompression values for the series spring, causing the
actuator to have a different stiffness characteristic. The
efficiency of the motor driver, the motor, the gearbox
and the output mechanics will be investigated for dif-
ferent load cycles and the system will be compared to
a direct drive application. An electromechanical motor
model is then developed and evaluated based on the
measurements. This model can be used to define an
optimal configuration for the actuator, which can be
compared to the configuration based on an optimization
method using only mechanical properties. The actuator
used in this work is presented in Section 2. Section 3
shows the model and measurement setup and Section 4
the results of the measurements and simulations which
are then discussed in section 5.

2 Actuator architecture

The actuator investigated in this paper has been im-
plemented in the CYBERLEGs a-prosthesis. Figure 1
shows a walking experiment with the complete ankle-
knee prosthesis.

The actuator is a MACCEPA: a variable compliance
actuator which was used before in different bio-inspired
robotic applications. The design used for this actuator
is a variation on the concept as described in [29] using
a cable transmission, but instead using rigid linkages
presented in [30]. By eliminating the cable, all possible
problems with tensioning, fastening and wearing of it
were avoided. The proposed actuator configuration is
shown in Figure 2. For this lay-out, we can calculate the
torque around the ankle joint as a function of the motor
angle, the moment arm lengths and the precompression
force. Using the symbols of the schematic in figure 2,
the length of link C as a function of the angle o can be
determined using basic goniometric formulas:

B 2
1— <A sina>

The force perpendicular to link C other hand is a
function of the angle o as well as the spring constant k
and the precompression length P:

kEB(P+ A+ B —C(a))sina

—— (2)
- (B

These equations can be combined to get the torque
around the ankle joint:

1/2

C(a) = Bcosa+ A (1)

fla, P) =

A

T(a) =C(a)f(a,P) 3)

The method of selecting the characteristics and com-
ponents for the ankle actuator is described in [30] and
[31]. A 200 Watt Maxon EC-4pole motor was selected
for the actuator. Fitted with a gearbox with a ratio of
86:1 and another helical gear with ratio 10:1, this mo-
tor is able to provide the desired torque pattern. For
the series spring, a die spring with a spring constant of
132 N/mm was chosen. Figure 3 shows the ankle pros-
thesis. The motor in this prototype is situated next to
the tube above the ankle joint, which connects to the
knee prosthesis. The ankle joint itself is not meant to
be connected to an amputee socket as it was designed
to be part of an integrated ankle-knee prosthesis.

From the ankle kinematics during level ground walk-
ing the target torque and angle can be calculated that
have to be achieved at the prosthetic ankle joint. With
the equations we have of the MACCEPA actuator, we
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Fig. 1 Timelapse of a walking experiment: a transfemoral amputee walking with the CYBERLEGs a-prosthesis on a catwalk.
This experiment was approved by the Ethical Committee of the Don Gnocchi Foundation.

Fig. 2 Configuration of the sliding-bar MACCEPA. Point a
represents the ankle joint, the linkage which is connecting a
and b represents the foot and the linkage between points a
and c is the moment arm which is driven by the ankle motor.
« is the angle between the moment arm and the ankle, 6 is
the ankle angle, between the lower leg and the foot, and ¢
is the sum of both, which is the angle between the lower leg
and the moment arm, being the motor lever arm.

can calculate the desired motor output position through-
out the gait cycle so that the actuator provides this
target. After doing that, different optimization meth-
ods can be used to select the optimal spring stiffness
and precompression for the actuator. In the case of this
actuator, the peak mechanical power that has to be
provided by the actuator was minimized, and the mini-
mization technique used in [31] shows an optimum at a
precompression of 7Tmm for a spring with a stiffness of
130 N/mm when the actuator is simulated to match the
target trajectory perfectly. The reasoning for this op-
timization method is that by reducing the peak power
that needs to be provided the size of the motor can be
minimized. Using this method however does not take
into account the overall electrical energy consumption
of the prosthesis as no model of the motor is included
in the analysis, so only the mechanical energy is taken
into account.

BLDC and Gearbox

Moment Arm (B)
MACCEPA Spring (k)

Connecting Link (A)

Slider (b) Ankle Joint (a)

Linkage Joint (c)
Foot Shaft (C)

Precompression Motor (m)

Fig. 3 The CYBERLEGs alpha-prosthesis ankle joint which
has been tested in this paper. The picture shows the motor
above the ankle joint, connecting to the moment arm which
is situated in the foot. The motor changes the moment arm
angle, compressing the spring and causing a torque around
the ankle joint. A small, high geared motor changes the pre-
compression of the spring without changing the equilibrium
position.

3 Materials and Methods

Using the components selected in [31], an electrome-
chanical model of the actuator was created in Simulink
to predict the energy consumption of the actuator dur-
ing a loading cycle which is representative for one hu-
man step, which can then be verified using the exper-
iments. The equations used for the model, including
both the electrical and mechanical properties of the ac-
tuator are:

@) | . kW) .
L2 4 piy 2L -V
dt Ntotal 4 (4)
JSO + bSO + ntotaleaccepa = ki
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Fig. 4 Overview of the Simulink model. The moment arm angular position and angular position of the joint are used as
inputs, the mechanical and electrical power can be calculated from the model.

With:
L = Terminal inductance (H)
R = Terminal resistance ({2)
kw) = Speed constant (Vs/rad)
Ntotal = Total reduction ratio
(gearbox + helical gear)
J = Moment of inertia (kgm?) 5)
b = Friction coefficient (Nm * s/rad)
Em = Torque constant (Nm/A)
i = Motor current (A)
v = Motor voltage (V)
Tinaccepa = Actuator output torque (Nm)
® = Moment arm angular position (rad)

All of the motor parameters can be found in the
datasheet. A profile for the actuator to follow is needed
to calculate the energy efficiency over. This provides the
desired moment arm position ¢ and the desired angular
position of the output joint, which is needed to calcu-
late Tinaccepa- To measure the energy efficiency of the
actuator any trajectory could be applied, but in order
to get a realistic estimation of the energy consumption
during normal walking the choice was made to apply the
same trajectory as the prosthesis would typically follow
if it would be used by the ideal amputee, one who walks
with the same kinematics of an average healthy individ-
ual. For this reason, the trajectories used for the trials
are the biomechanical joint torque and angle data of a
healthy human’s ankle [32]. These data give an average
value of the ankle joint angle and torque, normalized for
body weight and for one stride. This dataset provides
both a desired angular trajectory and a torque trajec-
tory. Using Equation (3) and the described torque tra-
jectory, the necessary moment arm angle is calculated
for different precompression values, ranging from 0 to
18mm. This is done by subtracting the torque calcula-
tion from the biomechanical torques and minimizing the

result using the MATLAB fminbnd function. This re-
sults in several sets of moment arm positions which are
used as inputs for the simulation. The angular position
of the ankle is used to calculate the torque using ¢ and
Equation (3). The simulation is used to mimick the dif-
ferent walking velocities tested during the experiments.
Figure 4 shows the Simulink model with the described
inputs. Both the mechanical and electrical power can
be calculated using the model.

The parameters found in the datasheet will have to
be adapted to the experimental set-up. For example,
as the resistance of the motor windings is small, an
estimation of the resistance of the cables and connectors
used in the setup will have to be added. The inertia of
the actuator itself is added as well as an estimate of
the friction coefficient in the gearbox and rest of the
actuator. This overall friction is a difficult parameter to
estimate beforehand as it depends on a lot of variables
like machining quality, surface finish, lubrication and
assembly of parts and bearings.

It is possible to test the energy consumption of the
prosthesis during walking experiments. However, for the
amputee to walk with the prosthesis using a gait cycle
which is repeatable and can be used for comparison
to the simulations requires a large amount of training
and effort of the amputee. For this reason a test setup
was developed which can be used to apply any desired
output angle trajectory to the prosthetic ankle. The
ankle actuator itself can follow any torque trajectory
within the actuator bandwidth limitations at the same
time. The setup consists of a firm metal cage to which
the actuator is attached. Parallel to the joint, a torque
sensor is placed to be able to accurately measure the
joint torque without using the mechanical model of the
MACCEPA, defined by Equation (3). The other side of
the torque sensor is connected to a DC motor with high
gearing, which will be referred to as the output motor.
This test setup makes it possible to apply any desired
output kinematics to an actuator and test its behavior.
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Fig. 5 Overview of the experimental setup: starting from the biomechanical ankle characteristic the desired motor charac-
teristics for different precompressions P are calculated using the motor model, leading to different output characteristics at

different walking velocities.

power source

(ps) motor driver motor moment arm joint T
|
Measurements/ Ves (V) V(W) Vina X gear ratio = v, (rad/s) Xena (Fad) Tj(om ((::))
jons: los (A I (A L x T tant = oint
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Vps Vi T, Tjoint Tjoint
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Fig. 6 Overview of the power measurements in the test setup. The power is calculated at five different locations inside the
actuator from the power supply to the output. *The calculation for V,,, can be found in Equation 6.

The principle of the experiment and calculation of
the setpoints of the motors is clarified in Figure 5. The
principle is the same as described for the actuator sim-
ulations, yet the ankle angle trajectory is used as set-
point for the output motor and the moment arm angle
trajectory as setpoint for the actuator motor.

Both motors are driven by MAXON EPOS2 70/10
drivers and these are controlled by a NI sbRIO 9623.
During the experiment the joint angle, moment arm
angle and the torque around the ankle are recorded,
as well as the power supply voltage, the current to the
actuator driver and the motor current of the actuator
motor. The current to the driver is measured using a
Honeywell CSNE151 sensor, the motor current is out-
putted by the EPOS2 driver and the angles are mea-
sured by absolute magnetic encoders (AS5048A). From
these variables the power can be calculated at different
positions of the actuation, as can be seen in Figure 6,
which shows the different variables that are measured
and calculated from the measurements. The motor volt-
age is calculated using Equation (6):

d(im)
dt

Vi = k(w)vm + Riym + L (6)

The power is measured between the power source
and the motor driver (source power), between the driver
and the motor (driver power), at the output of the mo-
tor (motor power), at the actuator moment arm (mo-
ment arm power) and at the joint (joint power). It is
worth noting that the source and driver power is elec-
trical power, while the motor, moment arm and joint
power are mechanical power.

By taking the ratio of these powers the efficiencies
of the different steps are calculated. By doing this for
different walking velocities and spring precompression
values, the effect of these on the efficiencies of the dif-
ferent components and the overall efficiency of the ac-
tuator is evaluated.

In these experiments, the precompression of the spring
is changed in between the different experiments and the
energetic consumption of the precompression motor is
not taken into account. This precompression motor is a
low-power (8W) and low-velocity motor, meaning the
precompression can only be changed over several steps
and the motor is not used to add energy to the walking
cycle.
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4 Results

In total, 6 different precompression values were investi-
gated: 2, 5, 8, 11, 15 and 18 mm, which represent the
whole possible range of precompressions for the actua-
tor. All of these were tested at different walking veloci-
ties, being 1.2, 1.3, 1.5, 2, 2.5 and 3 seconds per stride.
The results are first introduced and after this organized
as follows: - Introduction and data representation

- Measurements energy losses

- Comparison to modeling results

- Optimization of the efficiency

4.1 Introduction and data representation

A first general result of the experiments is that the me-
chanical MACCEPA model proposed for the actuator
in Equation (3) is a good approximation of the actual
device. The actual torque provided by the actuator is
about 10 percent lower than the target torque which
has been used to calculate the trajectory. This can be
explained by the limitation of the output motor not
being able to provide the peak torques. The angular
pattern that is provided by the output motor will be
used as input to the simulation to guarantee a valid
comparison.

As discussed in Section 1, thanks to the concept of
the power amplification in the series elastic element we
need a lower power peak in our actuator motor com-
pared to the output motor. Figure 7 shows the power
at the input of the motor driver for both the output
motor and the actuator motor, averaged over 10 cycles
with a precompression of 8mm and a walking duration
of 3 seconds/stride in one of the first experiments per-
formed with the setup. The experiment is the same as
described before, where the output motor applies the
healthy gait ankle angles and the output motor applies
the calculated moment arm positions. It is clear that
the output motor requires a power peak which is 40%
higher than the actuator motor for the same torque out-
put, while the energy input of both motors per stride
is almost the same: 122 J/stride for the actuator motor
versus 126 J/stride for the output motor).

Figure 8 shows an overview of the averaged test re-
sults for one of the experiments. The experiment is per-
formed at a walking duration of 2 seconds per stride and
the actuator has a precompression length of 8 mm. This
experiment is in the middle of the testing range both
in precompression and walking duration and shows the
measured power at the different components of the ac-
tuation unit. This is an average of several strides, in
this case 20. Table 1 shows the energy consumption
over one stride at all of the measurement points and

160

output motor power avg
140 output motor power std

actuator motor power avg
\
\
120} actuator motor power std “
|
|
|

power (W)

. . . . \ )
500 1000 1500 2000 2500 3000
time (ms)

Fig. 7 Comparison between power at the output side of the
test setup and at the actuator side in one of the experiments
at 3 seconds/stride. The peak power at the output of the
setup is 40% higher when compared to the actuator side.

Table 1 Energy and efficiency of the actuator at differ-
ent components. The energy is calculated by integrating the
power over the average of all the strides performed with the
same settings, the efficiency is with respect to the source
power and the energy loss is with respect to the previous
measurement point.

measurement point energy efficiency energy loss
source power 64.5J  100% 0%

driver power 42 65.1% 34.9%
motor power 337 51.2% 21.4%

link power 15.4J  23.9% 53.3%
output power 127 18.6% 22.1%

the efficiency of the actuator up to each of the points.
The energy consumption is calculated by integrating
the power over one stride and the efficiency is calcu-
lated compared to the energy at the power source level.
The energy loss shows the loss in the components in be-
tween the different measurement points and is always
referenced to the previous reference point.

4.2 Measured energy losses
4.2.1 Energy losses over the motor driver.

In this section the energy losses over the motor driver
throughout the whole set of experiments is discussed.
In the analysis of the results, it became clear that the
losses in this component are significant as well as strongly
dependent on the precompression and the walking du-
ration. Figure 9 shows the energy losses over the motor
driver. The losses vary from 28.6% to 49.3% and show
a clear relation with both the walking duration and the
precompression. There is an optimum around 11 mm
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Energy consumption — 2 seconds per stride, 8 mm precompression
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Fig. 8 Overview of the measurement results for the experiment with a precompression of 8 mm performed at 2 seconds per
stride. The curves show how the peak power level, the average power level and the peak power position change in the actuator

from the power source to the output.

precompression and a walking duration of 1.5 sec/stride
and the losses increase for both higher and lower pre-
compressions as well as higher and lower walking veloc-
ities. Figure 8 shows that the power loss in the driver
(the difference between the source power and the driver
power) is spread all over the stride. There is a constant
energy consumption in the driver of between 10 and
15 W, which explains why the energy loss per stride is
higher at slower walking velocities. The change in ef-
ficiency for different precompressions can be explained
by the fact that the driver was tuned when the pre-
compression was set to around 8 mm. Changing these
parameters for different precompressions may increase
the efficiency.

Figure 8 also shows that the negative power that
is returned to the driver is not returned to the power
source, which further decreases the efficiency of the sys-
tem. When the driver power has a negative peak to -50
W, the source power only drops to around 0 W.

energy loss over the driver (%)

15 10

walking duration (s/stride)

precompression (mm)

Fig. 9 Energy losses over the motor driver for different walk-
ing velocities and spring precompressions.

4.2.2 Motor losses.

The energy losses have been evaluated for the different
measurement points at the different precompressions.
Figure 10 shows the averaged loss in efficiency for the
actuator from the driver to the output for all of the
measurements. Two effects can be seen from this graph:

- the motor losses increase with a longer walking
duration

- the motor losses increase with a higher precom-
pression

w
o

25

20

energy loss over the motor (%)

20

w o

2

- precompression (mm)
walking duration (s/stride) 1 0

Fig. 10 Energy losses over the motor

Both of these effects can be explained by the fact
that the average motor velocity is lower in these cases,
resulting in a lower motor efficiency. Figure 8 shows
that the losses in the motor mainly occur in the load-
ing phase between 200 and 1000 ms, where the torque
increases. This is exactly the phase where the motor has
to provide a high torque while the motor velocity is low,
which is an ineffective operating mode. At higher pre-
compressions and slower walking velocities, this torque
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remains more or less the same but the motor velocity
decreases so the efficiency is even lower.

4.2.3 Mechanical losses.

Figure 11 shows the energy losses over the gearbox and
helical gear used in the actuator while Figure 12 shows
the energy losses over the moment arm and the series
spring. From the graphs it can be seen that the overall
losses in the gearing are very substantial as they are
never below 50%. In the case of both high precompres-
sion and low walking duration (high walking velocity)
however, these losses increase to over 65%. For the out-
put, the average losses are a lot lower, around 20%,
yet also at the output the losses increase greatly in the
case of both high precompression and low walking dura-
tion to over 50% in the worst case. These numbers may
seem high but are not surprising as the motor gearbox
datasheet already gives a maximum efficiency of the
gearbox of 70%. This needs to be multiplied with the
efficiency of the helical gear and the efficiencies of the
bearings , meaning an overall efficiency of 50% is not
unrealistic.

70
65
60

55

energy loss over the link (%)

walking duration (s/stride) 5

precompression (mm)

Fig. 11 Energy losses between the output of the motor and
the moment arm.

Figure 8 shows that the losses between the motor
and the link occur during most of the stride, between
100 and 1500 ms. The link power follows a different
curve compared to the motor power, which can be ex-
plained by the inertia of the gearbox and the link. Be-
cause of this, peaks of motor power for which very clear
examples are present around 100 ms and 1300 ms have
almost no influence on the link power, causing very
large energy losses. Besides this, the losses during the
push-off phase (200-1000ms) are very high as the fric-
tion losses increase at higher torques.

w B 3] @
o o o o

N
o

energy loss over the spring (%)

N
o

walking duration (s/stride) 3 0

precompression (mm)

Fig. 12 Energy losses between the moment arm and the out-
put joint.

The peak in mechanical energy losses at high walk-
ing velocities is due to reaching the limit of the motor
velocity. Figure 13 shows the desired and actual mo-
ment arm angle at a precompression of 18 mm and a
walking duration of 1.2 s/stride and 3 s/stride. It is
clear that the motor cannot follow the setpoint any-
more during the push-off phase at the low walking du-
ration. At high precompression values, where the in-
fluence of position tracking errors is higher because of
the steeper stiffness curve, this leads to a very high
mechanical energy loss. This shows that, even though
the torque bandwidth of the system is higher for higher
precompression values [30], it is better to reduce the
precompression at higher walking velocities to be able
to track the reference moment arm trajectory.

3 seconds/stride 1.2 seconds/stride

Desired Moment Arm angle

Moment Arm angle (°)
Moment Arm angle (

time (ms) time (ms)
Effect on mechanical output

Joint Torque (Nm)

Joint Torque (Nm)

%0 B 10 EI— 5 10

Joint Angle (%) ™ Joint Angle (°)
Fig. 13 The upper graphs show the tracking error in the
moment arm angle because of a low walking duration. The
bottom graphs show the effect of the tracking error on the
mechanical output.
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4.3 Comparison to modeling results.

The results measured in the test setup are compared to
the simulated results using the electromechanical motor
model. The first comparison shows that using the origi-
nal parameters retrieved from the motor datasheet and
an estimation of the parameters of the mechanical part
don’t give a very good approximation when comparing
the overall current. Using the torque and angular mea-
surements performed on the device, an optimization of
the model was performed, changing the motor param-
eters to perform a least squares minimization between
modeled and measured current over all of the performed
measurements at different walking velocities and spring
precompressions. Table 4.3 shows the nominal parame-
ters and the resulting parameters of the optimization.
The estimated total is the sum of the motor parameters
and an estimate of the rest of the actuator. Figure 4.3
shows the difference in behavior of the model before and
after optimization compared to the original estimation.

Time (s)

Fig. 14 Comparison between simulated results and measure-
ments before (above) and after (below) optimization of the
model parameters.

Figure 15 shows the overall efficiency of the actua-
tor both from the measurements and the simulations.
The overall trend is the same in both graphs, but even
though the model is optimized there is still a consider-
able difference between the two graphs. This shows that
the model is a good approximation of reality up to a cer-

tain level, but there are effects which are not included.
There are different possible explanations for this both
the mechanical part (error in precompression length,
bending of moment arms) and the electrical part of the
model (temperature-dependency, driver behavior).

o
N}
a

o
N

Overall efficiency (%)
s 2
= o

o
[ 3=}
Sa

2

1.5
o 1 walking duration (s/stride)

Precompression (mm)

Overall efficiency (%)

1.5
o 1 walking duration (s/stride)

Precompression (mm)

Fig. 15 Overall efficiency of the actuator over a variety of
realistic load patterns as measured (a) and simulated with
the optimized model (b).

4.4 Optimization of the efficiency

Knowing the model is a good fit for the physical system,
we can investigate changes in parameters which are not
as easy to change as the precompression and see what
the effect is on the energy efliciency.

The actuator was designed based on an optimization
of the peak mechanical power at a walking duration of
1.2m/s, taking into account the spring constant and
precompression and ending up with a spring stiffness
of 130000 N/m and a precompression distance of 7mm
[31]. Incorporating the model obtained in this paper
we can compare this to the optimum achieved by mini-
mizing the overall electrical power consumption. Figure
16 however shows that this is not in the most energy
efficient region of the actuator. The simulation shows
that a much higher efficiency can be achieved mainly
at lower spring stiffnesses.

The same simulation for a longer simulated walking
duration, shown in Figure 17, shows that the average ef-
ficiency of the actuator is higher for the same parameter
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parameter unit motor parameter | estimated total | optimized total
actuator inertia kgm? 5.68E— 6 1.6E~° 3.5E3
actuator friction Nm * s/rad | 3.33E=° 1.3E— % 6E—3
actuator resistance 2 0.386 0.7 2
actuator inductance | H 6.53 E—° 6.53 E—° 6.53 E—°

Table 2 Overview of the motor parameters that have been optimized, with their initial and optimized values.

Actuator efficiency (%)

0.015
Precompression (m)

Fig. 16 Optimization of the energy efficiency for a normal
walking duration of 1.2 seconds per step. The actuator be-
havior is simulated for different spring stiffnesses and pre-
compressions.

025

Actuator efficiency (%)

005
0

Precompression (m) 0022 Spring stiffness (N/m)

Fig. 17 Optimization of the energy efficiency for a higher
walking duration of 2 seconds per step. The actuator behav-
ior is simulated for different spring stiffnesses and precom-
pressions.

range. This graph shows that for these lower walking ve-
locities, it can be worthwhile changing the precompres-
sion to a higher value for some spring stiffnesses com-
pared to normal walking. The optimal parameters will
depend on the average and also minimum/maximum
walking velocity of the amputee.

5 Discussion

The experiments that are performed on the CYBER-
LEGs Alpha-Prosthesis variable stiffness actuator give
an indication on what the efficiency is like during a re-
alistic walking cycle and how it can be optimized. Even
though the prosthesis has already been tested with the

help of amputee test subjects, the authors believed that
the energy measurements during those first experiments
were not consistent enough to provide accurate results.
As it is expected that there is a learning curve for the
amputee and a high amount of training is needed to
reach a gait cycle which is both representative and re-
peatable. For this reason, the test setup discussed in
this paper was developed and an average healthy gait
cycle was imposed on the actuator. The cycle was very
repetitive and constant throughout all of the experi-
ments. In total, the actuator performed over 500 stride
cycles at 30 different parameter settings. The measure-
ments from these experiments have been averaged and
showed a low deviation. All of the losses and efficiencies
seen in the test results could be explained and linked
to the actuator parameters.

The energetic consumption of the precompression
motor has been neglected in comparison to that of the
actuation motor. The assumption is made that this 8W
motor is only used when switching from one walking
duration to another, to change the precompression to
the optimal value. The precompression was altered in
between the experiments and the motor didn’t consume
any energy during the experiments.

The aim of the design of the actuator was to re-
duce the peak power of the actuator, which is a com-
mon practice found in several actuator design and ac-
tuator optimization research papers. The test results
show that this mechanical power peak is indeed re-
duced using series elasticity in the actuator, however
this does not imply that the actuator is necessarily en-
ergy efficient. Even though the electric motors that are
used are known for their high energy efficiency, they are
used in an operating region where there are high energy
losses (low motor velocities, high torques). Also, other
parts of the actuator cause high energy losses which
were not considered in the initial design of the actua-
tor. There is a considerable energy loss in the motor
driver for example, which could be reduced by investi-
gating the possibility of switching of the motor when
not providing significant torque, in combination with a
non-backdriveable transmission. This of course has an
influence on the mechanical energy loss further in the
actuator chain, which will increase, but might have an
overall positive effect.
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The performed measurements could be used to ver-
ify the validity of using an electromechanical motor
model to optimize the energy consumption of the ac-
tuator. Once the model parameters were fitted to the
measurements, it could be used to investigate and opti-
mized the energy consumption of the actuator. Whereas
in the design of the actuator the amount mechanical
energy was used to optimize the parameters, this does
not necessarily mean those parameters are optimized
for energy efficiency. Indeed, the result of the simula-
tions show that the overall efficiency can be increased
by over 10 % by choosing a different set of parameters.
The simulations show that the higher efficiencies corre-
spond to a lower spring stiffness which implies a higher
motor velocity.

As mentioned before, the efficiencies measured and
simulated in this work might come over as low, sug-
gesting bad mechanical implementation or design. The
authors believe that this is inherent to the ankle trajec-
tory and the amount of mechanical energy added into
the gait cycle at this joint. Active knee joint prosthetic
actuators show the same effect: the knee joint is an en-
ergy dissipating joint (negative mechanical output en-
ergy), active actuators like still consume energy when
approximating this trajectory, which means that a sim-
ilar analysis on those actuators and trajectories would
lead to a negative overall efficiency. This shows that this
number must be seen in the right perspective and not
be compared to, for example motor, efficiencies, which
tend to be higher.

The lower spring stiffness in combination with the
same motor will lead to a lower actuator bandwidth,
which is not taken into account in the analysis. This
leads to a less responsive system which is more difficult
to stabilize when controlled using closed-loop output
position control. However, the actuator in this applica-
tion is not intended to be used in output closed loop but
rather uses the feedback of the moment arm position,
which is not influenced by the lower stiffness for the
low level control, apart from the fact that the required
motor velocity will have to be higher.

6 Conclusion

Optimizing the parameters of an actuator by reduc-
ing mechanical output energy and power peak, which
has been done for several state-of-the-art actuators and
mechanisms, does not necessarily lead to an energy ef-
ficient system. The analysis of the energy efficiency of
the actuator was performed in this work, showing where
energy losses occur and how these could be minimized.
Including the electromechanical behavior of an actua-
tor for the optimization, the energy efficiency can be

increased from 15% to 25% with respect to optimized
parameters only taking mechanical properties into ac-
count, which is a considerable difference.
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