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Development of a high backdrivable partially
powered Swing assistive actuator knee design: a
multiobjective optimization framework

Andrea Berettonil'2, Simone Traverso?, Samuele De GiuseppeQ’S, Carlo De Benedictis2,
Carlo Ferraresi2, Nicold Boccardo!? and Matteo Laffranchi!

Abstract—This manuscript presents a multiobjective optimiza-
tion framework for high backdrivable partially powered swing
assistive actuator knee design. The research exploits a Serial
Elastic Actuator (SEA), in parallel with a motor valves controlled
hydraulic cylinder, with the purpose of expanding the prosthesis
capabilities into the power quadrants of the power plane, with-
out sacrificing the benefits relative to existing microprocessor-
controlled-knee prostheses (MPKs), able to allow a strictly-
passive ballistic swing-phase. The mechatronic design parameters
are optimized by exploiting the multi-objective evolutionary
genetic algorithm and validated by means of a knee prosthesis
multibody model. The backdrive torque found with the described
model corresponds to a relatively low value of 2.56 Nm at the knee
joint, allowing the pursued high backdrivability of the system.

Index Terms—Transfemoral, prosthesis, partially powered,
biomechanics, amputation, backdrivability.

I. INTRODUCTION

In the United States alone, approximately 600,000 individ-
uals cope with major lower limb amputations, half of whom
have transfemoral amputations (TFAs) [1], [2], a prevalence
projected to rise more than double by 2050 and magnified
globally, ranging from 20-30 times higher [3]. Many activities
of daily living (ADL) are trickier for transfemoral amputees
compared to their aged-matched amputee counterparts [4],
[5]. TFAs, in particular, significantly impact mobility, as
patients often experience reduced walking speed, heightened
susceptibility to joint injuries, an increased risk of falls and
an asymmetric gait pattern [6]—[9].

The majority of prosthetic devices are designed with a
focus on walking on flat terrain, prioritizing the provision of
stability during weight-bearing phases and ensuring proper
knee movement during the swinging phase of walking. In
particular, given that in healthy subjects walking typically
demands negative energy expenditure, the swinging motion
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on level ground arises from inertial interaction between the
shank and thigh, characterized by low-resistance behaviour at
the knee. This phenomenon, termed ballistic motion, entails
the knee being predominantly influenced by the hip movement,
establishing inertial coupling with the prosthetic device [10],
[11].

The most common type of commercially available knee
prosthesis is a microprocessor-controlled knee (MPK), which
incorporates stance control via modulated dampers that ac-
tively vary the amount of damping from high impedance
needed for knee stability to a much lower impedance necessary
to guarantee the cited ballistic swing-phase motion. Although
these types of prostheses allow for versatile gait patterns
and stability with the capability to adapt to different walking
speeds, downward slopes, and other activities based on energy
dissipation such as stair descent and sitting down, they still
lack an actuation unit that can exert positive work to assist in
energetically positive activities such as sit-to-stand and stair
climbing. In fact, activities with slower movement compared
to walking (e.g. stair ascending) or movement in which the
ballistic inertial coupling is not achieved (e.g. sit-to-stand
activity) lead to the impossibility of reaching a desired knee
motion through hip movement. Typically, prosthetic users
adopt either a step-to or a step-over technique. In the context
of microprocessor-controlled knees (MPKs), both methods
involve minimal or no knee movement during the swing phase,
with the affected limb essentially being dragged along. How-
ever, individuals frequently resort to compensatory actions to
negotiate obstacles, such as hip circumduction, ankle vaulting,
or pelvic tilting, particularly when using energetically passive
prostheses [12].

In comparison to MPKs, powered prostheses exist that are
capable of providing the full spectrum of the power plane
(i.e., both active and braking torque-speed behaviours). How-
ever, achieving such functionality necessitates a large motor
and transmission ratio, potentially leading to elevated output
impedance and audible noise, thereby posing challenges to
device acceptance. Furthermore, recent human-centred design
approaches highlight how users prioritize reliability, comfort,
low weight and cost compared to versatility [13]. Conse-
quently, ongoing research endeavours concentrate on inte-
grating advantageous features from both passive and active
technologies into partially powered prostheses, aiming to alle-



viate the limitations associated with fully powered counterparts
while acknowledging certain constraints in device versatility.
To address this design challenge, recent investigations have
delved into methodologies such as disengaging the actuation
unit from the joint or targeting specific subsets of active
tasks (i.e. partially powered). This approach yields prosthetic
devices that are more compact and lighter and emit reduced
acoustic noise in comparison to fully active alternatives that
might lead to device abandonment [14].

In this context, the authors present a layout for the actu-
ation unit of a partially powered knee prosthesis based on a
hydraulic damper and a Series Elastic Actuator (SEA), aimed
at addressing both high-speed and high-torque demands of
several motion tasks. A scheme of this layout is shown in
Fig. 1. The proposed architecture should keep the desired
features of passive systems, yet allowing to inject mechanical
power when needed. Following the exposition of the rationale
for the requirements and the subsequent selection of actua-
tion method, the authors employ a multiobjective analysis to
achieve an optimal transmission ratio. Subsequently, utilizing
multibody simulations, a backdrivability analysis has been
performed to assess the actuator’s capacity to facilitate a
strictly passive biomimetic swing-phase motion and estimate
the actuator’s power consumption.

Hydraulic damper l—

Extension spring |—

Low inertia Spring

Transmission

Joint

Fig. 1: Proposed actuation block diagram

II. REQUIREMENTS

In recent years, there has been a growing interest among
researchers in utilizing high-torque motors coupled with low-
ratio transmissions (i.e. Quasi Direct-Drive actuator (QDD)).
This motor-transmission configuration offers several advan-
tages, including reduced impact from unmodeled dynamics,
enhanced robustness, and closer approximation to an ideal
model, which facilitates the implementation of simplified
control strategies [15], [16]. However, a notable challenge
arises from the physical dimensions of high-torque motors,
particularly when they are positioned at the knee axis of ro-
tation. Placing the motor in this configuration notably widens
the space between the knee axis of rotation and the top of the
pyramid connection. This change in position affects the shape
of the prosthesis, potentially diminishing its psychological
acceptance due to a departure from anthropometric standards
[17]. Considering this distance as 26 mm in a widely used
MPK prosthesis, such as the C-Leg Prosthesis [18], we have
imposed a constraint to limit the outer diameter at 50 mm.

Looking at the different ambulation activities, walking is
usually not very demanding since it mostly involves negative

joint powers at the knee joint [19]. Level walking predominates
in daily occurrences, thus commanding primary attention in
design considerations. Although tasks involving ascending
stairs and sit-to-stands are relevant, their frequency signifi-
cantly trails behind that of level walking. However, when it
comes to going up stairs, a slow speed and increased torque
of over 1 N-m/kg is required which may lead to a heavy and
bulky actuator. However, related to this design the resistive
torque is fully provided by the hydraulic cylinder capable of
providing more than 0.55 N -m-s/(rad - kg) and a dissipative
power of 3.5 W /kg (i.e. more than 50th male percentile).

During the swing phase of walking on level ground, knee
motion is largely driven by hip motion, resulting in a ballistic
movement. As a result, knee motion can be achieved without
active power at the joint. Therefore, to realize a natural ballistic
movement, the prosthetic knee has to feature a low impedance,
by featuring low rotational inertia, damping and friction [20].
Based on prior work, to ensure swing-phase dynamics remain
unaffected by actuators and drivetrains, it is preferable to limit
the reflected inertia of these components at less than 10% of
the rotational inertia of the biological shank and foot around
the knee joint, approximately 380kg - cm? [21].

Based on data from healthy individuals, biological knee
provides a damping constant of approximately 1N -m -s/rad
[22], and a minimum damping constant of 0.5 N-m-s/rad [23].
To achieve our goal of designing a compliant partially powered
knee prosthesis with a lower resistive torque compared to the
biological knee joint, the choice was to consider a velocity
of about 3.3rad/s since it is the velocity used to investigate
the backdrivability analysis in the following sections. Con-
sequently, the resistive torque of the biological knee joint is
calculated by the product of the damping and the selected
speed, which is 3.3N - m.

In case of tasks featured with non-ballistic knee movement
such as swing during stair ascent, powered assistance has
been shown perturbation robustness in cases of disturbances
(e.g. stumble) [24]. Since the minimum active torque will be
computed from the following model, only the active knee angle
trajectory tracking might be identified by at least 3.5rad/s.
Overall, the requirements are summarized in Tab. L.

TABLE I: Actuator requirements.

Design Requirement Target Values Unit
Lower Bound  Upper Bound

Pyramid-to-knee distance 50 mm

Reflected Inertia 380 kg - cm?

Damping coeff. 1 N-m-s/rad

Resistive Torque 33 N-m

Active Speed 3.5 rad/s

III. OPTIMIZATION METHODOLOGY

To optimize the proposed actuation scheme we develop
a dynamic simulation framework widely used in wearable
robotics devices (e.g. [15], [25]). The simulation framework
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Fig. 2: Overview of the actuation optimization framework.

is based on a multi-step design process that, starting from the
desired knee joint biomechanics at swing flexion (SF) stair
ascending, explores all the possible configurations within a
defined parameter space. For each possible configuration, the
simulation framework computes the required motor torque,
speed, voltage and current, while also estimating the electrical
energy consumption. Fig. 2 presents the schematic of the
presented optimization framework. At the core of this method,
there is the development of a reliable model of the knee
prosthesis actuation block. In the following, the main steps
followed for the definition of the model are presented. Then,
the multi-objective optimization technique and its implemen-
tation are outlined.

A. Model

1) Biomechanics: Biomechanic data that is selected as the
input of the optimization concerns the swing flexion at stair
ascending of the 50th American men percentile (i.e. user mass
of 78.4 kg) [26], where only the kinematics data are taken
into account, whereas torque profiles are computed within the
model.

2) Mechanical domain: The prosthesis dynamics aims to
translate the problem from joint space to motor space in
function of all the components that affect the motor torque
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Fig. 3: Torque-speed requirements at stair ascending, in red
swing flexion phase.

requirement (77,). Fig. 4 highlights a simplified linear model
representation of the knee actuation block in the mechanical
domain.
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Fig. 4: Linear model representation of the hybrid knee dynam-
ics.

System dynamics is expressed by equations (1)-(3) where
only the gravity term is considered as external force (7ixt)
since the analysis is performed at the swing flexion stage
with no contact between foot and ground. The transmission
ratio between the rotary motion of the knee joint (7, w) and
the linear motion of the cylinder (F,v) is governed by the
variable lever arm length h(6y), proportional to the knee angle
as shown in equations (2). Thus, the reaction torque generated
by the passive elements is related to the variable lever arm and
spring deformation s (6y), which depends on the spring unit
length. J; is the combined inertia of the prosthesis shank and
foot about the knee joint axis described in II, .J,, is the inertia
of the motor, while the angular position of the motor and the
knee joint are 0,,, and 6y, respectively. In this manuscript, we
focus on gear ratio 7, leaving spring design for future work
to really exploit the multi-objective optimization algorithm’s
capabilities. Thus, a rigid configuration with infinite stiffness
is considered.

Text + Jlﬁext = Ta + Tp

ﬂexl = ﬂk (1)
ﬂm = 191(7
Tp = (Bpi + kpAx)h(6r)
Az = Sh(ak) (2)
i = 0,h(6)
Text = mgl sin(dy)
Ta = (Tmn - Jm'l.g.m)T (3)

N = NmMr

The model formulation requires the identification of pa-
rameters such as the damping provided by the hydraulic
cylinder. Fig. 5 highlights the linear pneumatic test bench
used to estimate the minimum linear damping of the retained
hydraulic cylinder, that is the one obtained at fully opened
hydraulic valve position. That resulted in a value of 3, equal
to 1274 N - s/m.

3) Electrical domain: Given the mechanical requirements,
the brushed d.c. electromechanical model was developed to
define the electrical demands as shown in equations (4):

p— Tm
tm — K
Um = imR® + KpOm + qu—;‘
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Fig. 5: A) Minimum damping characterization with a pneu-
matic test bench. B) Lever arm length and C) spring defor-
mation in functions of knee angle. Grey area represents the
walking range of motion.

To fulfil user needs requirements on limiting the distance
between pyramid to knee axis rotations, the chosen electric
machine is a TQ RoboDrive ILM50x08, 210 W servo motor.
Star serial and delta serial configurations were taken into
account both in simulation and experimentally. For the former,
since the intention is to use g-axis current as motor current to
compute the resistive heat loss, the required winding resistance
is the phase resistance that might be different from the
terminal resistance presented on the BLDC motor datasheets
[27]. In particular, the winding type highly influenced the
conversion from terminal resistance to phase resistance, thus
the terminal resistance can be scaled as shown in Equation 5;
same reasoning for inductance.
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Similarly to the mechanical domain, some parameters are
estimated from the field to identify the model prior to the
implementation of the optimization methodology. In particular,
torque constant characterization and experimental efficiency
map of the two motors have been obtained with a test bench,
Fig. 6. The requirements of having high backdrivable system
allows the choice of a star serial configuration with a higher
torque constant but with no load speed of 3300 rpm that is high
enough to perform fast activities such as swing at walking.
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Fig. 6: A) Efficiency map test bench.(B) Delta Serial motor.
(C) Star Serial motor.

B. Multi-objective optimization problem formulation

Multi-Objective Optimization (MOO) deals with problems
where conflicting objectives require finding a set of solutions
that balance multiple criteria. In MOO, the goal is to iden-
tify Pareto-optimal solutions, representing trade-offs between
competing objectives [28]. Mathematically it can be written

as:
H§n{f1<X)7f2(X)a7fm(X>}
s.t gl(X)S()) ’L:O,l,. P
hj(X)=0, j=0.1,...,q
X < X< Xy
X = [.’171,1'2, amn]T

Considering f,,(X) as the m-th objective function, g;(X) as
the i-th inequality constraint, h;(X) as the j-th equality con-
straint, and X as the vector of design variables. Additionally,
X, and Xy represent the vectors of lower and upper bounds,
respectively. These constraints define the variable space, R",
within which the algorithm searches for optimal solutions.

The presented optimization framework exploits the trans-
mission ratio as a design variable where the transmission
efficiency 7n(tr) has been estimated at 90%.

The first objective function is the reflected inertia. Only
the motor inertia is evaluated as the mass and shape of
the transmission strongly depend on the design choice and
property of the materials. The objective function is expressed

as
[1(X) = Jrep = Jin7? (©6)

where J,, is the inertia coming from the motor datasheet.
Thus, minimizing the reflected inertia leads to directly reduc-
ing the reduction ratio.



The second objective function concerns the power losses
due to Joule heating. The other sources of losses such as bear-
ing friction, air resistance, core losses due to hysteresis and
eddy current are neglected both for the difficulty of retrieving
information from manufacturer datasheet, plus Joule heating is
generally the dominant factor that leads to temperature rising.

f2 (X) = -Ploss = ZanRd) (7)

The third objective function concerns the motor efficiency
experimentally characterized as shown in Section III-A3.

Thw
f5(X) = = = ®)
Umim
Design constraints should be defined to bound the algorithm
search space. First, the maximum current limit strictly depends
on the electronic board used that imposes a maximum current

of 15 A. Thus, the first constraint is formulated as
g1 (X) = —lm — lmaz < 0 (9)

The second constraint is related to the winding voltage limit
that intrinsically limits the maximum reachable speed, the
choice was at 24 V.

92(X) = —Um — Vmazr <0 (10)

The third constraint is based on the maximum efficiency of
the motor physically tested that corresponds at 71 %.

(11)

To conclude, the fourth constraint is related to the maximum
reflected inertia previously defined in Section II that corre-
sponds to 380kg - cm?.

94(X) = —dJdref — JrefMaa: <0

C. Optimization Results

g3(X) = —Nm — Nmax <0

(12)

Genetic algorithm was initialized with a population size
of 200 chromosomes, with 100 as the maximum algorithm
iterations and a tolerance in constraints and objective functions
of 1073 and 10, respectively. The geometric constraint
chosen to limit the possible transmission ratio is:

5 <7 <100 (13)

Fig. 7 presents the Pareto front of the algorithm versus the
transmission ratio design variable. By the intersection of two
planes, we identify heuristically a set of optimal transmission
ratios that span between 28 and 36 and correspond to reflected
inertia lower than 100kg - cm? and a motor efficiency greater
than 50%.

IV. VALIDATION

The result of MOO leads to the identification of the theoret-
ical optimal value for the transmission ratio. Then, the actual
mechanical design of the gearbox comes into play to achieve
feasible solutions that eventually fulfill that requirement. In
general, the retained range of transmission ratio previously
derived might be achieved with a compound gear based on
the structural characteristics of the planetary gearbox.

Efficiency [%)]

M L 10
Power Losses [W] 2

“s0 " Reflected Inertia [kgem?]

Fig. 7: Pareto front of the MOO problem. Two planes were
used to identify a possible range of transmission ratios.

To validate the actuation choice, the actuation model has
been developed exploiting the MATLAB Simscape environ-
ment. The choice was to use the transmission value identified
in the previous section (i.e. 36:1) with two reduction stages
of 6:1. The decision is based on two possible reasons. First,
it is important to evaluate the worst-case scenario among the
optimal conditions, as this can provide validation for lower
gear ratios. On the other hand, this transmission ratio can be
compared with the experimental and analytical results from
Zhu etal. [29] that accurately estimate the backdrive torque
(eq. (14)). This estimation takes into account the combined
motor inertia and other rotating inertia within the transmis-
sion, as well as velocity-dependent terms derived from motor
characterization in Section III-A3, eq. (15).

(Temf + Tn)T + Jtot'l.?.k
Nr

T, = (14)

m

K,R%

The planetary spur gear, constructed using MISUMI stock
parts with a chosen modulus of 0.5, was designed to limit
the radial dimension to the outer stator diameter. Table II
highlights the parameters of one planetary transmission stage.

Temf = Kt Tn = KtiO (15)

TABLE II: Parameters of the planetary gearbox.

Sun | Planet | Ring

Modulus 0.5
Gear width [mm] 5
Material medium carbon steel

Number of planets 3
16 | 32 | 80

Number of teeth

The corresponding gears, with the chosen motor, were
drawn and imported in a Simscape environment. To validate
the overall actuator backdrivability, the prosthesis has been
modelled horizontally on a benchtop to eliminate the gravity
effect, fixing the knee joint-ring gear to the bench (i.e. trasmis-
sion frame), and leaving the prosthesis body-final planetary



carrier (i.e. trasmission output) free to be externally rotated.
A load cell, oriented perpendicularly to the longitudinal axis of
the prosthesis, has been integrated into the prosthesis body to
measure the acceleration-related component of the backdrive
torque model. The analysis was performed by externally
imposing on the prosthesis frame a rotation of £60deg at
a cadence of 3 seconds.

After examining the device’s passive walking capabilities,
we analyzed its power consumption in different conditions.
This included assessing the power consumption at the knee
actuator during swing flexion while ascending stairs through
simulation and the power usage by the hydraulic valve motor
during walking and idle periods through experimental mea-
surements.

V. RESULTS

Figure 8 presents the backdrive torque as estimated by
the multi-body model. This estimation revealed a similar
behavior to that reported in [29] with a root-mean-square
(RMS) dynamic backdrive torque of 2.56 N - m. Other than
that, to increase the accuracy of the model, also the linear
passive elements (7}, in Section III-A2) were incorporated,
increasing the resistive torque by 15%, resulting in an RMS
value of 2.94 N - m. This validates the device’s ability to walk
passively and suggests the potential for energy regeneration,
as well as the implementation of simplified control strategies
(e.g. no need for transparency control).

To explore the motor capabilities in stair ascending mode,
another simulation was conducted, where the actuator was
commanded with a torque reference and a desired trajectory
(i.e. knee angle trajectory at swing flexion) was imposed on
the knee joint. The simulation highlighted an average power
consumption of 204 W with an average current of 8.5 A per
stride, considering a commercial LiPo battery (24 V nominal,
1.5 A-h capacity, 129600 Joule). Additionally, during the char-
acterization procedures, we measured the power consumption
related to the off-the-shelf hydraulic valve motor (Faulhaber
1016MO09SR model) powered at 9V corresponding to an av-
erage power of 0.96 W and current 0.11 A per walking stride.
Furthermore, we measured the overall system consumption in
an idle state, with all the motors enabled but not moving. As a
reference, we considered the daily occurrences of walking and
stair climbing of healthy subjects [30] and a 14-hour duty cycle
as the total daily power consumption. The analysis, resumed in
Table III, shows that the retained knee prosthesis can operate
for almost 2.5 days of usage. However, this calculation does

TABLE III: Daily power consumption.

Activity Walking Stair ascent-SF  Idle state ~ Total
Occurrence/day 5500 steps 47-66 stairs -

Average Current [A] 0.11 8.5 0.07

Average Power [W] 0.96 204 0.86

Elapsed time [s] 1.41 0.24 -

Energy per stride [J] 1.35 48.96 -

Overall Energy [J] 7425 3231 49536 60192

not include other ambulation activities, like going downstairs
and transitions from sitting to standing, which could affect the
prosthesis’s total energy usage.
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Fig. 8: Backdrive torque model compared with [29] showing
a 2.56 N - m dynamic backdrive torque.

VI. CONCLUSION

This study presents the development of a high backdrivable
partially powered actuator knee design. The device capitalizes
on the established advantages of traditional MPK prostheses
while facilitating swing assistance without compromising pas-
sive quadrant behaviors in the torque-speed plane. Addition-
ally, it enables strictly passive ballistic swing-phase motion.
The proposed device incorporates a series elastic actuator at
the knee joint, featuring a high torque density motor with a
limited outer diameter to minimize the pyramid-to-knee-joint
length. It also integrates a low-ratio, backdrivable transmission
connected in parallel to a hydraulic damper equipped with flow
control valve. This combination allows for the exploitation
of the passive architecture during high torque braking tasks
and the injection of active power when needed. In particular,
other than providing the full torque range during swing, such
actuator may also exploit assistance up to 17% during stance
extension at stair ascending and 15% in sit-to-stands, relative
to healthy subjects requirements [31]. First, this manuscript
presents an optimized framework for depicting an optimal
transmission ratio using an evolutionary genetic algorithm for
multi-objective optimization. Then, a multibody model of the
chosen actuator was implemented to validate the proposed
design.

Results showed the prosthesis capability similar to a MPK
prosthesis able to walk passively concurrently with the possi-
bility to inject power on demand. Future works will focus on
the experimental validation of the proposed high backdrivable
partially powered actuator.
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