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Abstract: Elastic actuators are broadly applied in the design of the powered ankle-foot prosthesis, so it is a signif-
icant task to select and optimize a suitable elastic actuator. Dynamic models of seven kinds of elastic actuators are
constructed from a two-degrees-of-freedom vibration system in rotation. With input parameters from sound ankle
data during walking, motor data, and the three-dimensional model of the proposed prosthesis, two objectives, which
are to minimize the peak mechanical power and mean energy consumption power of the motor, respectively, are op-
timized by changing the parameters of elastic elements. Unidirectional parallel elastic actuator (UPEA) and UPEA
with series spring (SE+UPEA) optimize nearly 75% compared to the direct-driver actuator (DDA) in minimizing
the characteristic of peak mechanical power. When it comes to reducing mean energy consumption power, UPEA
is also the best, and its performance is at least 15% better than those of the other four kinds of elastic actuators with
effective optimization. Besides, features of torque and velocity on the driver end are also compared from elastic
actuators to sound ankle. The comparison contributes to understanding the optimization mechanism of different
elastic elements, and the optimized and compared performances of elastic actuators can be utilized as the selection
basis in the design of the powered ankle-foot prosthesis.

Keywords: Dynamics, elastic actuators, optimization, powered ankle-foot prosthesis.

1. INTRODUCTION

With the series elastic actuator (SEA) being first de-
signed in 1995 [1], the emergence of various elastic actua-
tors has changed people’s minds on the view that the more
rigid the transmission mechanism, the better its perfor-
mance. The application of elastic actuators has expanded
from the threshold of humanoid robotics to fields related
to rehabilitation equipment, such as a robot for back-pain
rehabilitation [2], and various prostheses, which are rel-
evant to the human body. These high-performance actu-
ators gained considerable attention after the concept of
the powered ankle-foot prosthesis was proposed. Statis-
tical data from the previous review show that, among
94 powered ankle-foot prostheses developed since 2000,
those with elastic actuators account for more than 40% [3].
There is a successfully commercialized prosthesis, named
Walk-Run Ankle (SpringActive), employing a SEA [4].
To develop a powered ankle-foot prosthesis, developers
and researchers always encounter an inevitable problem,
that is, how to select a suitable elastic actuator and deter-
mine its parameters. Hence, among various elastic actua-

tors, it is of great significance to compare their noteworthy
performances in the operation of the prosthesis and im-
prove them by optimizing the corresponding parameters
of elastic elements.

Although the number of previous studies related to
powered ankle-foot prostheses driven by elastic actuators
is large, only a few have optimized the stiffness of spring
in the design. In [5], the stiffness of series spring is se-
lected according to the analysis of shock loads at heel
strike, and a parallel spring with optimized stiffness is ap-
plied to meet the requirements of force bandwidth. During
the design of the ankle joint of a transfemoral prosthesis,
Fu et al. [6] optimized the stiffness of series spring in a
reasonable range, in which the bandwidth of the mechan-
ical open-loop system is large enough, to minimize the
energy cost of transport. Hitt [7] optimized the stiffness of
the series spring to minimize the peak motor power. Ref-
erence [8] provides a prosthesis with restructuration for
dancers, and the stiffness, equilibrium angle, and damp-
ing of a U-shape series spring are selected following the
feedback from the amputee participants regarding perfor-
mance and comfort while executing dance steps. Sha et al.
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[9] tried to minimize ankle torque by optimizing the stiff-
ness of the torsional spring in their ankle-foot prosthesis
via a virtual prototype in ADAMS.

Similarly, the literature related to the comparison
among different kinds of elastic actuators is also insuf-
ficient. On the aspect of general elastic actuators, [10]
compares three kinds of dynamic behaviors, that is, force
sensitivity, compliance, and transmissibility in three dif-
ferent locations of series spring in SEA, and the results
showed that the location of series spring has a significant
influence on the performance of abovementioned assess-
ment criteria. Verstraten ef al. [11] investigated the energy
efficiency of SEA and parallel elastic actuator (PEA),
including mechanical peak power, and mechanical and
electrical energy consumption, in a case of a sinusoidal
motion to a pendulum load. Their results contribute to
a very clear relationship between the three targets and
pendulum swinging frequency and spring stiffness and
provide significant evidence to make a choice between
SEA and PEA.

On the other aspect of elastic actuators in the field
of the ankle-foot prosthesis especially, two papers from
the research group of Martin Grimmer [12,13] compare
several actuators under different walking and running
speeds. Reference [12] compared the direct-driver actu-
ator (DDA), SEA, PEA, PEA with a series elastic ele-
ment (SE+PEA) and double SEA; the other focused on the
mechanism of SEA, SEA with a parallel elastic element
(PE+SEA), SEA with the unidirectional parallel elastic el-
ement (UPE+SEA), PEA, and unidirectional parallel elas-
tic actuator (UPEA). Both papers employed the exhaustiv-
ity method in the selection of spring stiffness to identify
optimized performances in these elastic actuators. How-
ever, it is worth noting that the dynamic models in [12,13]
only involve the elements of force and displacement. In
some of newer references, the dynamic model has been
expanded to include inertia of motor and load to analyze
SEA in [14,15], and the significance of the expansion has
been approved via a uniformization model of SEA in [16].
However, similar expansion has not been reported in other
kinds of elastic actuators.

From the above review, it is not difficult to find that it
is still a challenge about the selection and parameters op-
timization to apply an elastic actuator in the design of the
powered ankle-foot prosthesis. Reasons to the challenge
mainly come from the following points: a) the types of
elastic actuators compared and optimized in previous stud-
ies are incomplete; b) the incomplete dynamic models of
elastic actuators may make an influence on the accuracy of
the analysis results; ¢) the comparison and optimization of
elastic actuators in different prosthesis structures cause the
low comparability from one study to others; d) the differ-
ent optimization objectives and working conditions also
reduce the reference value in the future design.

Therefore, to provide more complete and accurate ev-

idence to select a suitable elastic actuator and optimize
its parameters in the future design of the powered ankle-
foot prosthesis, this study will expand on the dynamic
models of each kind of elastic actuator to include iner-
tia. To avoid the impact of different transmission mecha-
nisms and arrangement, the comparison and optimization
of all seven typical elastic actuators will be based on the
same basic structure, where a torsional spring will be em-
ployed to simplify the arrangement, instead of compres-
sional/extensional elastic elements.

This paper is arranged as follows: The first emphasis is
to construct expanded dynamic models of elastic actuators
and DDA in the application of power ankle-foot prosthe-
sis. Parameters of elastic elements in elastic actuators are
optimized to achieve the optimizing objectives after the
determination of input parameters. Finally, optimal per-
formances of actuators are analyzed and compared to un-
derstand how the optimization is completed by different
elastic elements.

2. METHODS

2.1. Dynamic models

A two-degrees-of-freedom (DoF) vibration system in
rotation consists of two main bodies with rotational in-
ertia, three torsional springs, and three dampers, is illus-
trated in Fig. 1(a). Based on the simplification of the 2-
DoF system, this paper introduces dynamic models for
seven kinds of elastic actuators and DDA, namely, a rigid
actuator without any elastic element. With these models,
dynamics equations can be deduced easily according to
Newton-Euler Equations and Hooke’s Law.

2.1.1 Series elastic actuator

The SEA can be abstracted as the model that includes
only one torsional spring between a driver end (the first
rotational-inertia body) and a load end (the second one),
same as below, shown in Fig. 1(b). The driver end con-
tains a motor and transmission. The damping property of
the motor works as a damper connected to the rack of the
system. The dynamics equations are as follows:

J16 =1+ T3+T,, ()
Jgézzfz—n, (2)

where J; and J, are the rotational inertias or the equiva-
lent ones of the driver and the load ends, respectively, T;
is the torque on the driver end, i.e., the torque outputted by
the transmission mechanism, 7, is the torque on the load
end, 6, and 6, are the angular displacements of both ends,
correspondingly, 6; and 6; (i = 1 or 2) are the angular ve-
locity and acceleration, and 73 and Ty that are the torques
produced by damper and series torsional spring can be cal-
culated based on Hooke’s Law.

Ty = —B, 0, 3
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(d) PEA or UPEA (when a unidirectional parallel spring is em-
ployed) or DDA (Kp = 0).

(e) SE+PEA or SE+UPEA (when a unidirectional parallel spring
is employed).

Fig. 1. Dynamic models of 2-DoF system, elastic actua-
tors, and a rigid actuator.

Ty =—Ks(6, — 65), 4)

where B is the damping coefficient of the motor and K
is the stiffness of the series spring.

In designing an ankle-foot prosthesis, the torque on the
ankle and the ankle angular displacement (or ankle posi-
tion), i.e., 7, and 6, on the load end are required to follow
the data of the sound ankle and walking parameters as sim-
ilarly as possible. The angular displacement of the driver
end can be solved by (2).

01 sea = (— T2+ 26, +Ks6,) /K. (5)

6) and 0, are calculated by taking the first and second
derivatives of both sides of (5), and then all results are
inputted into (1) to solve the torque on the driver end:

Ti5e4 = J101 +B16) +Ks(6) — 6). (6)
2.1.2 Series elastic actuator with parallel elastic ele-
ment
The PE+SEA adds a parallel torsional spring between the
load end and the rack on the SEA, as shown in Fig. 1(c).
In this assembly, the parallel spring is not allowed to be
preloaded. Namely, the equilibrium position of the parallel
spring must be at zero of the ankle joint. Otherwise, the
preload will act on the load end to drive it to rotate. The
dynamics equation of the driver end is the same as (1),
and the torque of parallel spring, Tp, is included in the
dynamics equation of the load end:

0 =1 — Ts+ Tp, @)
Tp = —Kps, ()]

where Kp is the stiffness of the parallel spring. The same
process of calculation from the SEA model can be en-
gaged to obtain 01,PE+SEA and T; JPE+SEA-

2.1.3  Series elastic actuator with unidirectional paral-
lel elastic element

When the parallel spring in PE4+SEA possesses a free end
and a fixed one, instead of two fixed ones, it becomes
an application of a unidirectional parallel elastic element
(UPE or UPS). In this case, the load end of UPE+SEA
can only compress the UPE rather than extend it. In com-
parison with PE+SEA, when Ty p that refers to the torque
produced by UPE replaces Tp, the dynamics equation of
the load end is shown in (9).

16, =1 — Ts+ Typ. )

In this study, only the positive compression direction
(dorsiflexion) of UPE is considered because the ankle
torque maximum happens in the dorsiflexion of gait. Typ
is expressed by a piecewise function.

(6, < 6yp),

10
(6, > 6yp), {10

0
Typ=1
{—KP(Gz —0up),

where Oyp is the equilibrium position of UPE. In
UPE+SEA, 6yp must not be negative so that there will
be no preload acting on the UPE. Based on the equation
set (5), (9), and (10), the angular displacement of and the
torque on the driver end, 8 yprisea and Ti ypeisea, can
be solved.
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2.1.4 Parallel elastic actuator

It is not easy to deduce the dynamics equation of the
PEA model directly, so this study utilizes a limitation
method to obtain the PEA model. From Fig. 1(c) to Fig.
1(d), when the stiffness of the series spring is limited to
the positive infinity, the transmission from the driver end
to the load end can be regarded as a rigid one, that is, the
driver and load end are considered to become one rigid
body. Hence, 8; = 6, = 0 in the PEA. In this case, it is
equivalent when the parallel spring is connected from the
rack to the load end or the driver end. For ease of under-
standing, the location is selected, as shown in Fig. 1(d) in
this paper. The dynamics equation of the PEA model can
be deduced from that of PE+SEA when the terms 7 in (1)
and (7) are eliminated. It is worth noting that the term 7p
in the dynamics equation of PEA is different from that of
PE+SEA in (8).

(1 +42)0 =11+ 12+ T+ Tp, (11)
Tp = —Kp(6 — 6p), (12)

where Op is the initial equilibrium position of the paral-
lel spring. The preload of the parallel spring that is deter-
mined by 6p can exist in this actuator because the motor
can be controlled to hold its initial position. Tj pg4 can be
solved from (11) and (12).

2.1.5 Unidirectional parallel elastic actuator

The model of UPEA is evolved from PEA when a UPE
is applied to replace the parallel spring or from UPE+SEA
when the stiffness of the series spring tends to be positive
infinity. The dynamics equation is shown in (13).

(J1+J2)9:T1+72+TB+TUP. (13)

Here, Ty p is the same as (10). However, the parameter
of Byp can be set in the full range of ankle position. When
Oyp < 0, the setup provides a preload of UPE.

2.1.6 Parallel elastic actuator with series elastic ele-
ment

SE+PEA is an actuator that has an additional series spring
connecting between the output end of PEA to the load end.
The difference between the SE+PEA and the PE+SEA is
the location of the parallel spring, which is between the
rack and the driver end in SE+PEA. Therefore, SE+PEA
can also be regarded as the other extension based on SEA,
where a parallel spring is applied in the location. The ab-
straction of SE+PEA is shown in Fig. 1(e). With consider-
ing the initial equilibrium position of the parallel spring,
Op, the dynamics equations are deduced as follows.

16, = 1) 4+ T+ Ts + Tp, (14)
L6 =1, — T, (15)

where T and Ty are the same as above, and Tp is similar
to (12).

Tp = —Kp(6; — 6p). (16)

2.1.7 Unidirectional parallel elastic actuator with se-
ries elastic element

SE+UPEA employs a series spring at the output end of
UPEA, and it can also be understood from SE+PEA when
the parallel spring is replaced with a UPE. Therefore, the
item 7p is replaced with Ty p in (14) to obtain the dynamics
equation of the driver end, while the dynamics equation of
the load end, (15), does not change.

J10) = 7 + T+ Ts + Typ, a7

where Ty p is decided by the angular position of the driver
end, the stiffness of UPE, and its equilibrium position 6y p
which is also full-ranged as that in UPEA.

(61 < 6yp),

18
(61 > 6yp). (1%)

0
Typ=1
{_KP(GI —6up),

2.1.8 Direct-driver actuator

The dynamics equation of DDA can be set up in two
ways. On the one hand, the equation can be based on a
SEA model. The treatment process to evolve from SEA to
DDA is the same as that from PE+SEA to PEA. With the
stiffness of series spring (Ky) limits to positive infinity, the
result from (1) and (2) after eliminating the term Ty is the
dynamics equation of DDA. On the other hand, the model
of DDA can be based on a PEA model that assigns the
stiffness of the parallel spring (Kp) to zero in (12). The
dynamics equation can be obtained as (19).

(i+h)0 =1 +1+T5. (19)

2.2.  Optimization objectives and method

Generally, the peak mechanical power of the motor
required in the application, which decides the size and
weight of the motor, is the basis to select the motor. In
addition, the mean power of energy consumption is also
an important index in the application of powered ankle-
foot prosthesis. Hence, the research target of this paper
is to minimize the peak mechanical power (Py; max) or
the mean energy consumption power (Py;) of the mo-
tor in each kind of elastic actuator (i = SEA, PE+SEA,
UPE+SEA, PEA, UPEA, SE+PEA, SE+UPEA, or DDA)
by optimizing relevant parameters of elastic elements, that
is, Ks, Kp, Op, or Oyp in the abovementioned dynamic
models. Both optimization objectives are calculated based
on the mechanical power of the driver end during the gait
cycle.

Pii=116. (20)
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During the operation of the ankle-foot prosthesis, the
positive value (negative value) of the motor power means
the motor torque is in the same (opposite) direction of the
angular velocity because the motor cannot provide nega-
tive power. Hence, the objectives to be optimized are con-
structed by eliminating the influence of direction.

Pyi_max = max(|Py |) = max(|Py;/nr]), (21
1o

Py = [ | @R + Pyt o, (22)
0

Ty = T1/lo, (23)

where 7 is the total efficiency of the transmission,
max(x) is utilized to find the maximum of variable x, |x| is
the absolute value of variable x, Ty, is the torque produced
by the motor, iy is the total reduction ratio, R is the motor
terminal resistance, K; is the motor torque constant, and £y
is the time length of a single gait cycle. (22) is based on
[14].

During the process of optimization in this work, it is
assumed that the work status of the motor will remain
a continuous operation, instead of an intermittent opera-
tion, to achieve the desired ankle track during the gait,
which is based on some advanced control systems, such as
a genetic rule-based fuzzy control system (GRFCS) that
is described and verified in [17]. With optimized param-
eters, the angular velocity, torque, and power of elastic
and rigid actuators will be simulated and compared with
the counterparts of the sound ankle. In addition, the opti-
mization objectives and other three performances of elas-
tic actuators—peak motor torque (Tjy; yax), peak motor
speed (G'M‘,-_MAX), and standard deviation of motor speed
(6(6u,)) will be compared with those of DDA.

The dynamics equations of the different actuators and
the equations of optimization and comparison processes
are constructed as high-order open-loop simulation mod-
els in Simulink (The MathWorks, Inc.), where the models
of PEA, UPEA, and DDA are second-order, and others are
fourth-order. No derivative block is employed in the con-
struction because the block in Simulink is completed by
the finite difference method, which has great errors among
different sizes of the simulation step. Curve Fitting Tool-
box (MATLAB) is applied to fit input time-varying param-
eters with an integrated or segmented function, and then
each order derivation of the parameters can be calculated
mathematically. Response Optimizer Toolbox (Simulink)
is utilized to complete the optimization.

2.3. Parameters

First, data from sound ankle during walking are uti-
lized as the input parameters on the load end. The an-
gular displacement (6,) and ankle torque (Tanx.) stem
from [18] are shown in Fig. 2, where the dorsiflexion and
plantarflexion are in positive and negative directions, re-
spectively. The data were collected under the self-selected

ankle angular displacement
====-ankle torque

z 035
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= -035Z
2 Q
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z .

0o 20 80 100

40 60
Gait Cycle (%)
Fig. 2. Ankle angular displacement and torque of normal

walking, and data stem from [18].

walking speed, the average of which is about 1.5 m/s, and
the mean weight of subjects is 75 kg.

The dynamic stiffness, dynamic damping, and inertia
of the ankle in three different stages of walking are pro-
vided by [19-21], respectively. During the stance phase
of walking, perturbations were applied by a mechatronic
platform, termed the Perturberator Robot in [19,21], and
then the three impedance parameters of the ankle during
the stance phase were estimated using least squares esti-
mation based on (24):

Tp = Lo Opp + baOpp + k. Osp, 24)

where Tp is the torque response to the perturbation, [,
is the total inertia of the foot and other coupled body seg-
ments, b, and k, are the damping and stiffness coefficients
of impedance, respectively, 4p, 04p, and O,p are the an-
gular perturbation displacement of the ankle and its first
and second derivatives.

A wearable ankle robot, Anklebot, was applied to com-
plement the aforementioned research during the swing and
early stance phase of walking in [20]. The specific re-
search and experimental methods from the same literature
will not be reiterated in detail here. It is worth noting that
the result of inertia provided in [20] was the summation of
the inertia at the ankle and that of the Anklebot. Therefore,
to obtain the inertia at the ankle solely during the studied
period, this study estimates the inertia of the Anklebot ac-
cording to the information from [22]. In this paper, the
rotational inertia of sound ankle is regarded as the coun-
terpart of the load end, J,, because of the high similarity of
an ankle-foot prosthesis, the size and weight of which are
usually well-designed to the replaced sound segment. The
results of dynamic stiffness (Kp,.), dynamic damping
(Bankie), and inertia (J,) are merged and shown in Fig. 3.

With all the abovementioned data of sound ankle, the
torque on the load end, 7, is calculated by (25), and the
result is shown in Fig. 4. In addition, a gait cycle of an
adult is in the range of 1.0 s to 1.3 s, and the value of 7y
referred to [23] is selected as 1.13 s.

T = J20> + Bank1e 0> + Kankie 02 — Tankie- (25)
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Fig. 4. Calculation result of torque on the load end.

Second, parameters of motor and transmission are se-
lected. A 200 w motor, Maxon EC-4pole 30 brushless
305013 motor, which has a mass of 300 g and a size of
¢30 mmx98.5 mm, is selected according to the most rated
power for a brushless motor mentioned in previous litera-
ture [5,6,24,25]. The calculated damping coefficient of the
motor is 5.66 x 10~° Nm-s/rad, and the intermittent out-
put torque can reach 0.25 Nm at least. The motor terminal
resistance (R) and the motor torque constant (K;) can be
learned from the official datasheet. When a user weights
75 kg and the security coefficient is 1.5, the total reduction
ratio of the transmission needs to reach 733.5:1 and above.

Bearings

(b) SEA

Sliding

chute

(d) SE+PEA/SE+UPEA (e) PEA/JUPEA (g) UPE

Fig. 5. Conceptual models of powered ankle-foot prosthe-
sis with different actuators.

Therefore, a four-stage planetary gearbox (Once Top Mo-
tor), which possesses a reduction ratio of 594.6:1, a mass
of 490 g, and a size of 42 mm x93 mm, works together
with a pair of gears in parallel axes and a pair of bevel
gears in orthogonal axes. Finally, the total reduction ratio
ip reaches the value of 742.7:1.

Conceptual models of the prosthesis with different elas-
tic elements are shown in Fig. 5. In the model of DDA,
Fig. 5(a), the shank shell that is worked as the rack
in the prosthesis is transparent to show interior compo-
nents clearly. Similarly, the modified shell is also trans-
parent in the model of SEA, Fig. 5(b), to show two ad-
ditional bearings. The two bearings are designed in any
elastic actuators involving series spring (SEA, PE+SEA,
UPEA+SEA, SE+PEA, and SE+UPEA) because in the con-
ceptual structures of these actuators, the output shaft of
the transmission and the shaft of the ankle are divided into
different parts, and the series spring is utilized to connect
each other. On the aspect of the normal or unidirectional
parallel elastic element, one end of the torsion spring is
fixed to the corresponding shaft. The other end is con-
nected to the shell, namely the rack, by two different meth-
ods depending on the type of parallel spring, shown in Fig.
5(f) and 5(g), respectively. For a parallel elastic element
(PE), the end is also fixed on the rack; for a unidirectional
parallel elastic element (UPE), the end slides in a chute
during the operation of the prosthesis.

Based on these 3D models, the rotational inertia on the
load end (J;) that is converted the inertia of transmission
components to the final output shaft is 9.61x 107> kg-m?.
The J; will be utilized in every elastic actuator because
the influence of elastic elements can be ignored by their
lightweights. After meeting the requirement of the mean
ankle height of about 70 mm [26], the total height of the
model is 189 mm. The foot part is Flex-Symes 7™ (Ossur)
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Table 1. Optimized parameters of elastic actuators with
the optimized peak mechanical power.

Ky Kp 6p Oup
(Nm/rad) | (Nm/rad) (rad) (rad)

SEA 971.8411 - - -

UPE+SEA | 958.1301 | 242.4056 - 0.1310
PEA - 318.7666 | -0.1649 -

UPEA - 352.2373 - -0.1445
SE+PEA | 1145.0762 | 316.6147 | -0.1750 -

SE+UPEA |39723.4047| 357.2695 - -0.1428

[27] without a socket adapter.

3. RESULTS

3.1. Optimization of peak mechanical power

With minimizing the peak mechanical power of the mo-
tor, the result of PE+SEA, where the stiffness of parallel
spring Kp is zero, means PE+SEA cannot provide better
optimization than SEA. Parameters of other elastic actua-
tors with effective optimization are shown in Table 1.

Regarding the performance of DDA as the standard
(100%), the motor performances of elastic actuators are
compared in Fig. 6. On the aspect of optimized power
maximum, for basic actuators with a single elastic ele-
ment, the optimization degree of parallel spring (PEA,
73.06% & UPEA, 74.27%) is considerably better than that
of series spring (SEA, 53.66%). Further optimization of
the additional elastic element based on the basic actua-
tors is slight. In comparison with the performance of basic
actuators, UPE+SEA is 1.38% better than SEA, and the
additional series springs in SE+PEA and SE+UPEA im-
prove 1.37% and 0.08% of PEA and UPEA, respectively.
On other facets, series spring can reduce the maximum
and standard derivation of motor angular velocity, for the
best example as UPE+SEA. Parallel springs contribute to
the optimization of peak motor torque, and especially the

I SEA mmmmm UPE+SEA PEA UPEA mmmmm SE+UPEA mmml SE+PEA e=@== DDA
100% o ° o o =
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Power Maximum Torque
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Fig. 6. Motor performances of elastic actuators with the
optimized peak mechanical power.

UPE can reduce more than 60% peak torque in UPEA and
SE+UPEA. The mean energy consumption powers of all
elastic actuators are in the range from 62.12% to 76.39%
relative to that of DDA.

In the case of the peak mechanical power being opti-
mized, the output characteristics of torque, angular ve-
locity, and mechanical power of the transmission in one
gait cycle are compared to the data of sound ankle in
Fig. 7. There are two different and obvious features on
the torque correlated to sound ankle. First, DDA, SEA,
and UPE+SEA need more torque. In comparison with
DDA, SEA almost cannot provide any optimization of
the torque, and UPE+SEA decreases the torque incon-
siderably during the gait cycle of 30% to 50%. Second,
PEA, SE+PEA, UPEA, and SE+UPEA show an evident
offset characteristic towards to positive direction, which
stems from the preload generated by the negative equilib-
rium position of parallel springs. Then, the angular veloc-
ity during the stance phase (about 0 to 60% of gait cycle)
can be optimized significantly by the low-stiffness series
springs in SEA, UPE+SEA, and SE+PEA, although there
is an extra fluctuation during 30% to 50% gait; other actu-
ators cannot achieve any optimization of velocity related
to DDA. Finally, from the perspective of power, the per-
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Fig. 7. Output characteristics of transmission with the op-
timized peak mechanical power.
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formance of DDA becomes worse than that of the sound
ankle during the whole period. In the 45% and 60% gait,
all elastic actuators perform much better than DDA and
sound ankle; however, in other phases of gait, there are
obvious differences. The powers of SEA and UPE+SEA
fluctuate acutely according to the abovementioned fluctu-
ation of velocity; the power fluctuations of PEA, UPEA,
and SE+UPEA are evenly distributed in the whole gait;
SE+PEA possesses both features of fluctuations.

3.2.  Optimization of mean energy consumption power

With minimizing the mean energy consumption power
of the motor, the results of UPE+SEA and SE+UPEA,
where the stiffness of series spring Ky limits to positive in-
finity, refer to these two kinds of elastic actuators perform
as a UPEA. Parameters of other elastic actuators with ef-
fective optimization are shown in Table 2.

Fig. 8 shows the motor performances in diverse particu-
lars of elastic actuators in comparison with DDA (100%).
UPEA achieves the most degree of optimization, and
the mean energy consumption of UPEA is only 43.27%
of DDA; however, its peak mechanical power is more
than three-time worse than its optimized peak mechani-
cal power in the first optimization objective as abovemen-
tioned. PEA is the worst to optimize the objective, and it
can only reduce 31.46% energy consumption. However,
almost an extra 10% reduction is obtained by SE+PEA.
Meanwhile, the peak mechanical powers of PEA and
SE+PEA are 43.49% and 46.73% of DDA.The perfor-
mances of SEA in two optimization objectives are similar.
The optimized mean energy consumption power is only
0.02% better than that under the situation of optimized
peak mechanical power, and the difference of power max-
imum between both optimizations is 1.37%. PE+SEA im-
proves the performance of energy consumption of SEA
by about 5.04%. UPEA does the best in reducing the peak
torque, and SEA is still preferred in optimizing velocity
characteristics with the optimized energy consumption.

Similar to the first optimization objective, when the
mean energy consumption of each actuator is optimized,
three output characteristics of transmission, that is, torque,
angular velocity, and mechanical power, are shown versus
the counterparts of the sound ankle in Fig. 9. The com-

Table 2. Optimized parameters of elastic actuators with
the optimized mean energy consumption power.

Ks K» Op Our

(Nm/rad) | (Nm/rad) (rad) (rad)
SEA 1001.6424 - - -
PE+SEA | 1006.6253 | 25.2982 - -
PEA - 202.4897 | -0.2143 -

UPEA - 1033.1387 - 0.0086
SE+PEA | 1542.0911 | 133.0659 | -0.1990 -
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Fig. 8. Motor performances of elastic actuators with the
optimized mean energy consumption power.
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Fig. 9. Output characteristics of transmission with the op-
timized mean energy consumption power.

parison of Fig. 7 and Fig. 9 indicates some differences.
At the point of torque, the tendency of optimization from
PEA and SE+PEA doesn’t change a lot, but the degree of
optimization changes to a large extent. UPEA reduces the
value of torque and even changes the direction of that dur-
ing the period of UPE operation. On the aspect of velocity,
the optimization degree of SE+PEA decreases lightly than
that shown in Fig. 7.The addition of parallel spring makes
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PE+SEA have better optimization of energy consumption,
although a little part of the optimization of velocity is sac-
rificed. Finally, UPEA is the only one in which the power
tendency is changed considerably to become much similar
to the counterparts of DDA and sound ankle. Other elastic
actuators keep their features showed with the optimized
peak mechanical power.

4. DISCUSSION

The selection and evolution of a 2-DoF vibration sys-
tem in this study make it possible to analyze and optimize
seven kinds of typical elastic actuators at one time. The
dynamic models with inertia on the load end also make the
analysis closer to the actual operating condition. There-
fore, the dynamic models can be applied at different walk-
ing or running speeds as long as that the corresponding
parameters of the sound ankle are available.

The solution procedure of dynamic models in this work
is not based on any specific control system. From the
open-loop calculation of optimization, the results of angu-
lar velocity and torque that are needed from the output of a
motor and transmission only provide a reference to select
and confirm the type and specification of components. If
an appropriate closed-loop control system is engaged, the
actual performance from motor and transmission may be
further optimized.

According to the results obtained in the optimization
of peak mechanical power, UPEA and its derivative,
SE+UPEA, possess the best degree of optimization. Es-
pecially, the degree of UPEA is higher than the same ac-
tuator called DD+UPS in [12] under similar conditions.
The difference may be caused by the preload of UPE be-
ing able to exist in this study; hence, the further opti-
mization is achieved. Different from the relationship of
UPE+SEA, PE+SEA, and SEA in [12], it is found that
the addition of parallel spring in PE+SEA cannot provide
obviously better results because the addition of parallel
spring will counteract a part of the achievement of veloc-
ity optimization from series spring. The optimized results
of SEA, PEA, and SE+PEA and the counterparts by the
method of the strict-restricted case in [13] are closed to
each other, and the inconsiderable difference may come
from the impact of different driver mechanism. On the as-
pect of minimizing the mean energy consumption power,
the similarity between the results of UPEA, PEA, and
PE+SEA in comparison to SEA and the counterparts in
[12] is showed up. However, because there is no specific
calculation method of energy consumption in [12], it is
impossible to analyze the reason concretely for the differ-
ences.

When the results from two different minimizing objec-
tives are compared, it is showed that, except two results
of SEA are analogous, the unconformity happens in PEA,
UPEA, and SE+PEA. An example of UPEA is that, when

peak mechanical power is minimized, the peak mechan-
ical power and the mean energy consumption power are
107.18 W and 40.54 W, respectively. However, when the
mean energy consumption power is optimized to 28.24 W,
the peak mechanical power gets much worse to 361.74 W.
Therefore, it is necessary to make a trade-off between the
two features, namely between the size of the motor and
the capacity of the battery in the prosthesis.

Other performances can also be regarded as the selec-
tion criteria of elastic actuators. About the optimization
of peak torque, the UPEA or SE+UPEA provides a favor-
able solution when the utilization of a prosthesis requires
greater torque output, e.g., the off-board experiment pros-
thesis [28,29] or the prosthesis for the users with a great
weight. The standard deviation of motor speed reflects the
acuteness of the variation of angular velocity. In general,
the variation of motor speed may cause mechanical vibra-
tions in the prosthesis that makes its wearers uncomfort-
able. Therefore, in this case, SEA or UPE+SEA that pos-
sess the lowest standard deviation can be applied in some
transitional products for new users of a prosthesis.

5. CONCLUSION

This study constructs the dynamic models of seven
kinds of typical elastic actuators applied in powered ankle-
foot prostheses based on a 2-DoF vibration system. Two
objectives that are to minimize the peak mechanical power
and mean energy consumption power of motor are opti-
mized, respectively, with the selected parameters of phys-
iology and walking. Optimized characteristics of motor
power and corresponding characteristics of torque and an-
gular velocity of motors in elastic actuators are compared
to the counterparts of DDA, while output characteristics
of transmission are also contrasted with the data of sound
ankle. The results of this study contribute to understand
the optimization mechanism of different elastic elements
in the corresponding elastic actuators and provide a valid
reference to the selection of an elastic actuator during the
design of a powered ankle-foot prosthesis.

The future work will include but not limit to several as-
pects. First, different elastic actuators will be applied to
the new design of powered ankle-foot prostheses for dif-
ferent target users, according to their advantages. During
the process of design, the results of this study will be fur-
ther verified by bench-top and clinical experiments. Sec-
ond, the dynamic models of elastic actuators will be im-
proved further to involve more elements, such as damping
of elastic elements and frictional force inside the whole
system, so that the analysis will be closer to the actual sit-
uation in some cases that need high accuracy. Third, differ-
ent and more complicate working conditions of the ankle-
foot prosthesis, such as running or crouch walking, will be
considered to explore whether elastic actuators will per-
form differently. Finally, if possible, applications of elas-
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tic actuators compared in this study will be explored in
more fields, such as transfemoral prosthesis, exoskeleton
orthotics, or other medical robots.
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