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Does it pay to have a damper in a powered ankle prosthesis? A
Power-Energy Perspective
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Abstract—1In this paper we investigated on peak power
(PP) and energy (ER) requirements for different active ankle
actuation concepts that can have both elasticity and damping
characteristics. A lower PP or ER requirement is an important
issue because it will lead to a smaller motor or battery. In
addition to spring, these actuation concepts are assumed to
have (passive) damper in series (series elastic-damper actuator
SEDA) or parallel (parallel elastic-damper actuator PEDA) to
the motor. For SEA (series elastic actuator), SEDA and PEDA,
we calculated the required minimum motor PP and ER in
different human gaits: normal level walking, ascending and
descending the stairs. We found that for level walking and
ascending the stairs, the SEA concept, and for descending,
the SEDA, were the favorable concepts to reduce required
minimum PP and ER in comparison to a DD (direct drive)
concept. In SEDA concept, the minimum PP could be reduced
to half of what SEA would require. Nevertheless, it was found
that spring was always required, however damper showed ’task
specific’ advantages. As a result, if a simple design perspective
is in mind, from PP-ER viewpoint, SEA could be the best
compromise to be used for different above-mentioned gaits. For
SEDA or PEDA concepts, a controllable damper should be used.
In addition, our results show that it is beneficial to select spring
stiffness in SEA, based on level walking gait. The PP and ER
requirements would increase very slightly for stairs ascending,
and to some extent (10.5%) for descending as a consequence
of this selection. In contrast, stiffness selection based on stair
ascending or descending, increases the PP requirements of level
walking more noticeably (17-24%).

I. INTRODUCTION

O mimic the musculoskeletal structure and mechanical
function of human lower extremities in a powered
(active) ankle prosthesis, various conceptual models of this
complex biological system have been studied through dif-
ferent actuation schemes. They mainly consisted of motor
and series, parallel or unidirectional parallel springs [1-7].
The main goals of these concepts are to decrease motor
peak power (PP) and energy (ER) requirements and also
the metabolic cost of transfer to provide stable human-
like locomotion. In all those concepts, spring is a key part
in the actuation mechanisms. The stored energy in spring
during stance phase is released until push-off resulting in
the decrease of PP-ER requirements of the active ankle
prosthesis. A majority of focus has been devoted to level
ground locomotion.
In addition to level walking, everyday life involves addi-
tional activities such as going up or down uneven or sloped
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surfaces [8] (e.g. stairs, hills). In [9] it was found that only
little signs could be found that indicate an adaptation or
shift in the locomotor patterns when moving from level to
stair walking. Stair locomotion, being a common functional
activity of daily living, has been used in the rehabilitation of
the lower extremity as a motor performance test [10, 11] to
increase muscle strength and weight-bearing capabilities of
the joints. Furthermore, human muscular structure not only
shows elasticity but also damping characteristics [12—14].
Recently in a patent, damper was embedded in a powered
ankle prosthesis for absorbing impact energies [15]. For
passive ankle prostheses (mostly for adaptation to sloped
surfaces and not necessarily stair ascent-descent), the damper
was used by Mauch in 70’s in which prosthetic ankle could
adapt to the ground slope [16]. Endolite Echelon foot-ankle
is a commercially available passive hydraulic prosthesis [17].
In a recent study, a semi-active damper was added to a
passive ankle prosthesis for negotiating on sloped surfaces
to maintain stable contact and decrease the probability of
falling [18].

The analysis of biomechanical (biological) and mechanical
aspects (power-energy requirements) involved in level walk-
ing, stair ascent and descent together with investigation on
the effect of damper and spring, can advance the development
and design of powered ankle prostheses. The effect of spring
for reducing PP and ER requirements in powered ankle
prostheses is covered in literature [1-7]. A lower PP or ER
requirement is an important issue because it will lead to a
smaller motor or battery.

In this paper we investigate whether or not (passive)
damper may reduce motor PP-ER requirements in a powered
ankle prosthesis. The damper could be either in series or par-
allel to motor. To do this, we introduce two active actuation
concepts other than SEA (series elastic actuator). The SEA
was studied in literature [1,2,6,7] which provides a basis
for comparison. We calculate the PP and ER requirements
of series elastic-damper actuator (SEDA), parallel elastic-
damper actuator (PEDA) and SEA for normal level walking,
ascending and descending the stairs (for each concept and for
each type of locomotion). The SEDA could be considered as
an extension of SEA concept. The PEDA concept is based
on the conceptual Hill-type [12] muscle model that was used
in [13]. Then, we compare PP and ER of these concepts to
identify the concept that requires the minimum PP-ER for
each gait. In addition, for an SEA concept, we investigate
whether it is good to select the spring stiffness based on level
walking or stairs ascending or descending, for minimum PP-
ER requirements in an active ankle prosthesis.
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Fig. 1.

Human ankle torque (T,,%) and angle for normal level walking (1.5m/s, [19]) and normal ascending-descending the stairs (slope 30°, [9]), with

information for biological negative (W ™), positive (W) and net work (W™¢t, J/(kg.m)) in ankle joint.

TABLE I
MAIN FEATURES OF ANKLE KINEMATICS AND KINETICS FOR NORMAL LEVEL WALKING [19], NORMAL STAIRS ASCENT AND DESCENT [9]

Gait type Max. Biological Max. Torque ROM (range of motion) stance until Speed, slope cycle time
Power [W/kg] [Nm/kg] (+ = dorsi. | - = plantar.) [°] [%] [m/s], [°] [sec]
Level walking 32 -1.53 +7,-21 65 1.5m/s 0.98
Stair Ascent 2.55 -1.27 +14,-20 68 0.48m/s (30°) 1.41
Stair Descent -2.85 -1.11 +18,-24 65 0.57m/s (30°) 1.19

II. FUNDAMENTALS AND METHODS

The ankle kinematics and kinetics of able-bodied sub-
jects during level walking, stairs ascending and descending
were obtained from [9, 19]. The data correspond to healthy
subjects with about the same height, body mass and age
group. A comprehensive information on the procedure for
experiments, data acquisition and analysis can be found in
those references.

A. Human gait in level walking, stairs ascent and descent

Before designing a powered prosthetic ankle for daily
activities, it is necessary to understand human locomotion in
different conditions like level ground, ascending or descend-
ing the stairs. Human gait involves recurring patterns of foot
(leg) movements, rotations, and torques. In Fig. 1, the ankle
torque and ankle angle are shown in a gait cycle, together
with information about negative, positive and net work of
the ankle joint for the above-mentioned gaits. In addition,
the main characteristics of human ankle biomechanics for
those three gaits are shown in Tab. I. The ankle torque Ty,x
is normalized to body mass. The gait cycle starts with foot
contact and ends with the next contact of the same foot. Note
that the absolute value of ankle joint net work in ascent or
descent is noticeably higher than level walking. In addition,
there is one peak in ankle torque for level ground locomotion,
however for stair ascent-descent there are two local peaks
which are mainly due to weight acceptance and propulsion.
The range of motion (ROM) increases from level walking

to ascent and reaches the highest in stair descent. The ankle
torque T, is converted to ankle force Fi,; using lever
arm and system geometry (Fig. 2a). The length x, (Fig. 2)
is calculated by using ankle angle [9,19] and geometrical
dimensions (see Fig. 2a, also [6,7]).

B. Power requirements of SEA

For SEA (Fig. 2b), power calculation is discussed in [1].
Here, we briefly mention it and focus more on the other
actuation concepts in this paper. The transmission type in
powered ankles are mainly ball screw [1-3] and we also
base the calculations on this type of mechanism. The required
motor power P,, for SEA is [1]

F ank
K. ) ey

where K is the stiffness of the series spring.

P, = ank({rg +

C. Power requirements of the series elastic-damper actuator
(SEDA)

Also mentioned in section I, the SEDA concept (Fig.
3) could be considered as an extension of SEA [1]. The
required motor power P, is obtained by the multiplication
of motor Force Fj, and ball screw nut velocity [20]. The
ankle force, motor force or nut velocity in general could be
positive (to the left) or negative (to the right, Fig. 3). Like [1]
we assumed if T, is negative, F,; is negative (T, is
known, Fig. 1). In SEDA, F,,; and F},, have similar absolute
values but different signs (Newton’s third law). Therefore,
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Fig. 2. Schematic view of (a) the powered ankle with dimensions used for
calculations [6,7] and (b) model of series elastic actuator SEA [1].
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Fig. 4. Model of parallel elastic-damper actuator (PEDA).

we have shown them in different directions in Fig. 3. To be
dynamically correct for the equations [20], as we took the
left direction positive, the nut velocity could be represented
by z, but with opposite sign, note x, is a distance and
when elongated, z, is naturally positive, but nut velocity
would be negative according to the selected positive-negative
directions. We chose this method to be similar to the method
presented in [1]. Therefore

P, =—-F, %, 2)
Using Fig. 3 the length z, (see also Fig. 2) is obtained as
Ty =2y +Tqg+ s (3)
For spring and damper we have
Fonk = —Caq “4)
Foni = Ks(dos — x) 4)

where C; is the damping coefficient, K is the series spring
stiffness and dy; is its free length. Using Eq. 3-5, for ©, we
have .

Fank + Fank
Ks Cd

based on Eq. 2 the required motor power P, is calculated
as

(6)

Ty =Tg+

Fank Fank:
Ks Cd

we discuss this further at the end of subsection D.

Pm: ank (xg_'_

) 9

D. Power requirements of the parallel elastic-damper actu-
ator (PEDA)

The PEDA concept (Fig. 4) is based on the conceptual
Hill-type [12] muscle model that was used in [13]. Using
Fig. 4 we write (Newton’s second law, note Fj,; is known,
in Fig. 4 the direction of motor or ankle force are shown for
an arbitrary moment)

Fm:_(Fank"_Cd:tN) (8)

and
Fank - Ks(dOS - ws) (9)

where C; is the damping coefficient, K is the series spring
stiffness and dy; is its free length. From Fig. 4

Ty =1Ts+ Ty (10)
based on Eq. 9 and 10
Fll’ﬂ
2g = (dos = %) + 2 (11)
therefore z, is )
F,
by = g+ (12)

using Eq. 2 together with Egs. 8 and 12, the required motor
power P, is

Fank
K

The required motor energy F,, is the integral of absolute
required motor power over a cycle time (see Tab. I)

En :/|Pm\dt

Human ankle gait power can be both negative and positive [9,
19]. When it is negative, a resistance motion is applied to the
ankle, and when it is positive, a propelling motion is applied
[1]. A motor unit cannot typically provide negative power [1,
20], therefore it must provide power to both resist and propel
human motion [1,20]. Therefore, we considered absolute
values of PP and ER requirements in this study (see [1]). For
this reason, an absolute value in Eq. 14 is used. In Eq. 7 and
Eq. 13, the required motor power F,, is dependent on spring
stiffness K, and damping coefficient Cy. The F,; and x,
are obtained by human ankle data [9,19] and geometrical
dimensions of actuation concept (Fig. 2a or [6,7]). Thus,
stiffness K; and damping coefficient C; become the only

Py = (Fank + Cao ) (24 + ) 13)

(14)



parameter that would influence the required motor power. For
spring stiffness a range of 1kN/m to 500 kN/m (1 kN/m step
size) was considered and for the damping coefficient a range
of 25 Ns/m to 50 kNs/m (25 Ns/m step size) was selected.
For each combination of K;-Cy, the required motor power
was obtained based on Eq. 7 and Eq. 13. Then the results
were compared between K;-Cy combinations and then the
K,-Cy values that result in minimum PP (peak power) or
ER (energy) requirements were selected. A same method and
range was used to determine minimum ER requirements for
different actuation concepts and gaits.

IIT. RESULTS

The power calculations are done both for the case the
motor is assumed as an ideal power source, and the case
when ball screw efficiency, motor inertia and efficiency are
also taken into account. Aside from rising the required peak
power (which is important from design perspective), taking
into account system efficiency or inertia was not changing
the nature of the findings. Thus, in this section we show
the results for the case when motor is assumed as an ideal
power source. This is also close to these studies [1, 12, 14],
in that, makes the results more general and independent of
the electromechanical properties of an actuation concept.

This section is divided in two subsections. As first ap-
proach, we searched for the minimum motor PP requirements
(approach PP) and as second approach we searched for the
minimum motor ER requirements (approach ER) of the SEA,
SEDA and PEDA actuation concepts in normal level walking,
ascending and descending the stairs. Their corresponding
energy (for PP approach) or peak power (for ER approach)
requirements are also discussed in this section. Calculations
are done based on previous section and the results will be
compared here. Furthermore the values of spring stiffness
and damping coefficients which minimize motor PP or ER
are tabulated in Tab. II-III. Body mass is taken 75kg.

A. Comparison of minimum motor PP (and their corre-
sponding energy) requirements

For this approach, the minimum required motor PP and
their corresponding energy requirements are shown in Fig.
5 (for SEA, SEDA and PEDA concepts and for previously
mentioned gaits). The K4-Cj values for this approach are in
Tab. II.

A.l: Level ground walking

For level walking, in Fig. 5 and Tab. II, SEA concept plays
the key role for minimum required PP. The damper values
for SEDA and PEDA suggest that for minimum required PP,
damping characteristic is not desired. Therefore, the optimal
ultimate configurations of either SEDA or PEDA is already
an SEA for level ground walking.

For this gait (and also stair ascent), in SEDA or PEDA
concept we could not reach a result in the range mentioned
for damper, so we decreased the lower limit and increased
the upper limit, even in this condition the result was always
at the limit. Therefore, we wrote those numbers shown in
Tab. II (i.e. to O or to oo, also in Tab. III).

A.2: Ascending the stairs

For ascending the stairs, shown in Fig. 5 and Tab. II,
similar to level ground walking, SEA concept again plays the
key role for this gait and for a minimum required PP, damper
is not required. The required stiffness value is less than the
level ground case. The required minimum PP increased by
13% and the corresponding energy requirement increased by
247% compared to level walking.

A.3: Descending the stairs

Shown in Fig. 5 and Tab. II, for descending the stairs,
the results are very different in comparison to previous two
gaits. Here, the damping characteristics are required and lead
to a minimum PP which is even less than SEA concept. The
SEDA concept plays the key role for this gait. For SEDA,
the required minimum PP and the corresponding energy
requirement decreased roughly 50% and 26% respectively
with respect to SEA. For PEDA, the minimum required
PP has decreased about 23% however its corresponding
energy requirement has increased about 22% with respect
to SEA concept. SEDA concept required the least stiffness
and highest damper values for this gait (Tab. II). Damper
value in PEDA is less than SEDA concept, in contrast its
stiffness value is more.

For the minimum PP approach, the stiffness reaches the
highest value in level walking (Tab. II). In addition, it seems
elasticity is required for all gait types for a minimum required
PP, however damping shows ’gait specific’ advantages. The
SEA concept requires more PP for descending the stairs
than ascending. In fact, SEA requires its highest PP and its
lowest stiffness during descent. The stiffness value gradually
decreases from level walking to stair descent in all actuation
concepts.1

B. Comparison of minimum motor ER (and their corre-
sponding peak power) requirements

For this approach, the minimum required ER and their
corresponding peak power requirements are shown in Fig. 6
for SEA, SEDA and PEDA concepts and for level walking,
ascending and descending the stairs. The corresponding K-
C, values for this approach are in Tab. IIL
B.1: Level ground walking

In this approach, for level ground walking, shown in Fig.6
and Tab. III, SEA concept plays the key role. No benefit is
found for having damping characteristics. Like minimum PP
approach, in minimum ER approach, the optimal ultimate
configurations of either SEDA or PEDA is already an SEA
for level ground walking. Compared to minimum PP ap-
proach, for ER approach in this gait, the energy requirement
decreased nearly 1.5% however the corresponding peak
power requirement increased nearly 8.9%.

B.2: Ascending the stairs

For ascending the stairs (Fig. 6 and Tab. III) we see similar

trend like minimum PP approach, i.e. SEA concept plays the

n comparison to a direct drive (DD) concept (i.e. when actuator is
consisted of only a motor without spring and damper), minimum required
PP decreased nearly 58% for level walking, 40% for ascending (both by
SEA concept) and 72% in descending (by SEDA concept).



THE OBTAINED REQUIRED STIFFNESS-DAMPING VALUES FOR DIFFERENT ACTUATION CONCEPTS IN DIFFERENT GAITS, APPROACH: MINIMUM PP.

TABLE I

Gait level ground walking Ascending stairs Descending stairs
Stiffness [kN/m] Damping [kNs/m] K Ca K Ca Ks Ca
SEA 80 0 68 0 64 0
Actuation concept SEDA 80 to oo 68 to 0o 45 15.5
PEDA 80 to 0 68 to 0 62 2.2

Level walking

Stair ascent|

I sEA
I SEDA

Stair descent

PEDA

1.5 1

Peak Power [W/kg]

Fig. 5.

0.5

Energy Requirement [J/(kg*m)]

walking, ascending and descending the stairs, approach: the minimum required motor PP, see also Tab. II.

THE OBTAINED REQUIRED STIFFNESS-DAMPING VALUES FOR DIFFERENT ACTUATION CONCEPTS IN DIFFERENT GAITS, APPROACH: MINIMUM ER.

TABLE III

The calculated required minimum peak power (PP) and their corresponding energy requirements for SEA, SEDA and PEDA in level ground

Gait level ground walking Ascending stairs Descending stairs
Stiffness [kN/m] Damping [kNs/m] Ks Ca Ks Cy K Ca
SEA 66 0 40 0 44 0
Actuation concept SEDA 66 to co 40 to oo 38 17
PEDA 66 to 0 40 to 0 44 to 0
Level walking M
Stair ascent I sEA
I SEDA
Stair descent I : : PEDA
\ \ \ \ \ \ ] \ \ \ ]
2 1.5 0.5 0 1

1
Peak Power [W/kg]

Fig. 6.

0.5
Energy Requirement [J/(kg*m)]

The calculated required minimum energy (ER) and their corresponding peak power requirements for SEA, SEDA and PEDA in level ground

walking, ascending and descending the stairs, approach: the minimum required motor ER, see also Tab. III.

key role for this gait as before and damping is not required.
On the other side, the required stiffness value is less than
the level ground case. The increase of required peak power is
nearly 25% however the increase for ER is nearly 248% with
respect to level ground walking. A Comparison to minimum
PP approach (Fig. 5-Ascent) shows, for stair ascent gait in
minimum ER approach, the energy requirement decreased
nearly 1.4% and the corresponding peak power requirement
increased nearly 21%.

B.3: Descending the stairs

The SEDA concept plays the key role for this gait (Fig. 6
and Tab. III) similar to what we observed for the minimum
PP approach. The decrease of peak power is nearly 42.8%
and for ER it is 23% with respect to SEA. For PEDA concept,
in minimum ER approach, very slight advantage was found
with respect to SEA concept and already it behaves very

similar to SEA. This is the opposite of what was observed
in minimum PP approach (see Fig. 5-Descent and Tab. II).
For SEDA concept, the required stiffness in this gait is the
least between all actuation concepts. It is similar to the trend
seen in minimum PP approach.

For the minimum ER approach, the highest stiffness value
belongs to level ground walking (like the minimum PP
approach) and the highest required peak power or ER is for
ascending the stairs. Except for SEDA, the stiffness values
decreased from level walking to ascent, and increased from
ascent to descent (Tab. III). In SEDA, the stiffness decreased
gradually from level walking to descent. Like minimum PP
approach, elasticity is always required, however damping
shows required-notrequired behavior.



IV. DISCUSSIONS

A. Approach for the minimum PP requirements vs. Approach
for the minimum ER requirements

We found that in the approach for minimum required mo-
tor ER, the ER requirements are ’in general’ only slightly less
than the corresponding energy requirements of the approach
for minimum required PP. In contrast, the corresponding peak
power requirements increased more noticeably (Figs. 5 vs. 6).
For example for ascending gait, for minimum ER approach
(Figs. 6), the energy requirement decreased about 1.4% in
comparison to minimum PP approach (Figs. 5), but the
corresponding peak power requirement increased nearly 21%
(see Figs. 5-6). Therefore, using the minimum PP approach
seems a better solution for selecting the K,-C; values.

In Fig. 5, minimum PP and energy requirements in stair as-
cent increased with respect to level walking. One explanation
could be that the center of mass is displaced both horizontally
and vertically. In addition, the range of motion for the ankle
joint is higher than level walking (Tab. I). For descent, the
center of mass could use the gravity for downward motion.
The passive damper also helps reduce required PP during
part of stance phase where there is the first peak in ankle
torque (Fig. 1). This could be an explanation why a lower
power was required in SEDA in comparison to level walking.
A main reason for higher energy requirements is because of
the passivity of the damper. It will be discussed more in
subsection IV-E.

B. Use of SEDA for the mixed gait (ie. level walk-
ing+ascent+descent)

For stair descent, SEDA concept had the least PP re-
quirements (Fig. 5). In this subsection we compare its PP-
ER requirements and investigate whether we could use this
concept for all above-mentioned gaits.

In Fig. 7 we have shown the PP and corresponding energy
requirements of SEDA concept for those gaits. The K-Cy
values are selected from Tab. II, based on discussion in IV-A.
Comparing Fig. 7 with Fig. 5 shows that for level walking
and ascent the minimum PP requirement increases 189% and
87% respectively in comparison to SEA concept (see Fig. 5).
Increase is also seen for corresponding energy requirements.
It suggests that for power-energy issues, using SEDA concept
for the mixed gait is not good.

C. The spring stiffness to use in case of an SEA

For level walking or stair ascending, SEA had the least PP
requirements (Fig. 5). If an SEA is going to be used for all
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Fig. 8. The (close-up view of the) variation of calculated required PP with
respect to stiffness, SEA concept, based on Eq. 1, see also Tab. II-Fig. 5.

gaits, then it would be important to know which spring to use
in it (according to Tab. II, to select either from level walking,
stair ascending or descending). To know this, in Fig. 8, we
have shown the close-up view of the graphs for required
PP versus spring stiffness in SEA for above-mentioned gaits
based on Eq. 1. By these graphs we can investigate the effect
of spring change on the change of required PP in SEA for
those gaits. Based on Tab. II, we consider the range 60-80
kN/m. We see in Fig. 8 that for ascent gait, the required PP
in this range is very slightly changing.

If we take K,=68 kN/m (the corresponding stiffness in
stair ascent in Tab. II), we see that for stair descent, the
corresponding required PP changes very slightly with respect
to its minimum required PP, but for level walking the
corresponding required PP increases to nearly 1.58 W/kg,
17% more than its minimum required PP which is 1.35 W/kg.

If we take K,=64 kN/m (the corresponding stiffness for
stair descent in Tab. II), the required PP of level walking
would be nearly 1.68 W/kg, an increase about 24% with
respect to its minimum PP which is 1.35 W/kg.

If we take K,=80 kN/m (the corresponding stiffness in
level walking), we see that for stair descent, the required PP
would be nearly 1.76 W/kg, an increase about 10.5% with
respect to its minimum PP which is over 1.59 W/kg. Hence,
if the user often uses the active ankle prosthesis for a normal
level walking, it is better that we select spring stiffness based
on level walking and avoid the increase of required PP which
was about 17-24%.

. L
I Asc
C—Des

4 3.5 3 25 2
Peak Power [W/kg]
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Energy Requirement [J/(kg.m)]

Fig. 7. The calculated required PP and corresponding energy 'IF’ SEDA actuation concept is used for level walking, ascending and descending the stairs,

Ks=45kN/m, C3=15.5kNs/m, see Tab. II.
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PP requirements, see also Tab. II and Fig. 5.

A more challenging design perspective is that the system is On the other side, [14] discussed that damping charac-
capable to change its stiffness by means of a mechanism. By  teristic is embedded in human muscular structure and it is
this way, system will always work in minimum requirements  required for stability and adaptivity of muscular activities.
mode for any type of gait. These two points raise a question about the functionality
of the damper in ankle. It might show that damper has an
’on demand’ or ’task specific’ functionality i.e. when it is

In Fig. 9, motor force (A) and &, (B) are shown for required it comes into action, otherwise it is off. Having
SEA, SEDA and PEDA in stair descent gait (approach for  these points in mind, we probably can use a SEDA or PEDA
minimum PP, see also Fig. 5 and Tab. IT). In Fig. 9A, because  concept instead of an SEA, that its damper is controllable
of damper, PEDA requires less force in comparison to SEA  (i.e. a controllable damper). By this method, damper could
(or SEDA) in parts of the gait cycle which there is a need  be off when not required (for example a normal walking)
for the first peak ankle force (see also Fig. 1). On the other  and be on when required for example for stair descent or
hand, in Fig. 9B, the &, of SEA and PEDA are very similar ~ when a sudden stop of ankle motion is required. A point
to each other (It could be also understood by seeing that  for a variable damper is the control effort used for such a
their K, values are close to each other, according to Tab. Il purpose. This could be a continuation to this study.
and using Eq. 12) . According to Eq. 2, the required motor
power would be less as a result.

In PEDA concept, Fig. 9A, in swing phase, nearly af-
ter 65%, because of the existence of the passive damper,
motor uses force in order to regulate the total force of
the ankle joint. This regulating requires motor power and
hence increases energy requirements in comparison to SEA.
This is in agreement with Fig. 5-Descent in which PEDA
required more energy than SEA. In fact because of this
matter, PEDA would require quite high power during swing
too (for example see the motor force and %, at 83%). This
disadvantage could be removed, if the damper in PEDA be
controllable. This will be discussed in the next subsection.

For SEDA concept, the motor force is the same however o
is less than SEA (or PEDA) for some part of the In contrast, for PEDA it is from 0 to 2.2 kNs/m. It
gait cycle. According to Eq. 2, this results in reducing the  Mcans tl}at a controllable dampe.r in PEDA could be Off
required peak motor power. Unlike PEDA, as motor force is  [0f @ Zait cycle (e.g. level walking) or for a part of gait
very negligible in swing for SEDA, power is consequently cycle (e.g stair cllescent). and consquently we could avoid
negligible in this phase, and hence in total, energy require- ~ CNergy consumption for it. Therefore, in this respect, a PEDA

D. Effect of damper on PP-ER requirements

One important point, is that energy in damper is dissipated.
An efficient design approach is that to have a mechanism that
could have a same effect (reducing F;,, or &, Fig. 9) like
damper but instead could use this effect to generate energy
out of that (energy harvesting). By this approach, instead of
wasting energy, it could be stored and provided for other
joints or other occasions that there is a need for.

In Tab. II, we see that the interval of damping value in
SEDA is from 15.5 kNs/m to co. It means that, if we would
have a controllable damper in SEDA, it should be always
“on’ to change damping coefficient between the limits of the
interval for different gaits, meaning that there is always a
need for controlling it and providing energy for this purpose.

Tn

ment is also less than SEA (see Fig. 5-Descent). concept might be more favorable from design perspective for
powered ankle prosthesis.
E. Use of damper According to IV-C, it was concluded that finally K ;=80

The main objective of this study was to investigate on the  kN/m was a better compromise to be used in SEA. Based
effects of spring and passive damper on the PP-ER require- on previous paragraph, if we want to have a PEDA concept
ments in an active ankle prosthesis during level walking, based on this SEA, that could have a controllable damper
stair ascent and descent. We didn’t find benefit for having for descent gait, there remain two parameters. One is the
a damper in a powered ankle prosthesis for level walking damper coefficient and the other is the gait percent in which
and ascent, in contrast, for stair descent it had benefit for = the damper should get ’off’. For PEDA concept, we have
minimum PP or ER approach. According to these points and  done the simulation (based on Eq. 13, for stair descent), and
the result from I'V-B, from the PP-ER perspective, this means it was found that a damping coefficient of ~1.98 kNs/m
in general a damper might not be required. would be required from 1-44% of the gait cycle. After 44%



the damper could be off until 100% of the stair descent gait.

In this case, the required PP and the corresponding en-
ergy requirement would be 1.28 W/kg and 0.5 J/(kg.m)
respectively. Compared to PEDA concept at Fig. 5-Descent,
the required PP would increase only 4% but the energy
requirement would decrease nearly 33%. From IV-C, we
see an SEA required nearly 1.76 W/kg for stair descent
at ;=80 kN/m (Fig. 8). It means by using PEDA in the
above-mentioned way, required PP decreases by 27% in stair
descent in comparison to SEA (Fig. 8).

By this approach, it might be possible to have a powered
ankle prosthesis that though not perfect, but would work
in a compromise condition for all gaits. For level walking
and stair ascent it is an SEA and for stair descent, with a
controllable damper, it would reduce energy requirements.

Previously mentioned, a more efficient and challenging
design approach is to have controllable spring and damper
in the system. This makes the system operate with minimum
requirements for all gaits.

V. CONCLUSION AND FUTURE WORK

In this paper we investigated whether or not a passive
damper would reduce peak power (PP) and energy (ER)
requirements in an active ankle prosthesis. To do this, aside
from SEA, we introduced SEDA and PEDA concepts that
other than spring have damper in series or parallel to motor.
We calculated the minimum PP-ER requirements of these
concepts in normal walking, ascending and descending the
stairs. We found that like spring, a passive damper could
also have a major role to reduce PP-ER. But, we found
that it was favorable for descent gait and SEDA had the
least PP-ER requirements. However, for a mixed gait of level
walking+ascent+descent still an SEA concept was the best
compromise regrading power-energy issues. On the other
side, studies showed that damping is required for stable mus-
cular activities. This raises a question for the functionality
and control method of the damper in muscle to provide
stability and adaptivity for the human gait. Therefore, we
suggested to have a controllable damper together with SEA.
By this approach, it might be possible to have a powered
ankle prosthesis that would work in a compromise condition
for all gaits. For level walking and stair ascent it is an SEA
and for stair descent, with a controllable damper, it would
reduce energy requirements in comparison to an only SEA
system.
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