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A Hybrid Swing-Assistive Electro-Hydrostatic Bionic Knee Design

Marco Puliti, Federico Tessari, Renato Galluzzi, Simone Traverso, Andrea Tonoli,
Lorenzo De Michieli, and Matteo Laffranchi

Abstract—The paper presents a novel, semi-active, bionic
knee design for transfemoral amputees. The research exploits a
linear electro-hydrostatic actuation (EHA) unit, in series with
a flow control hydraulic valve, to assist deambulation tasks.
High torque, low speed tasks are managed by the hydraulic
valve. Conversely, the EHA is exploited in low torque tasks,
either in actuation or regeneration mode. Traditional bio-
mechanical requirements are discussed and revised to propose
a human-centered design. Specifically, the focus is towards
amputees comfort and prosthesis fluidity over intact limb
motion achievement. The mechatronic design is optimized
exploiting a multi-objective evolutionary genetic algorithm and
validated by means of computational fluid dynamic (CFD)
numerical analyses. Additionally, estimates about mass and size
are provided. Finally, a knee prosthesis multi-body model is
used to numerically validate the proposed design.

I. INTRODUCTION

In the U.S., an estimate of 185 thousand persons undergo
an amputation of either upper or lower limb every year
[1]. Data from 2005 showed an estimate of 1.6 million
U.S. individuals living with the loss of a limb [2]. From
those figures, around 42% were major procedures, such as
transfemoral amputations (TFAs). The forecast for 2050 is
3.6 million amputees, estimating 1.5 million of major am-
putations. Accounting for TFAs, patients often walk slower,
exhibit a higher frequency of joint injuries and fall risk than
able-bodied individuals [3]-[5].

Several types of knee prostheses have been developed
to help people with TFAs restore part of the lost limb
functionalities [6]. To accomplish such tasks, passive devices
were developed at first. In those, stance-knee stability is
often achieved through a hyperextension stop. Conversely,
the swing phase is facilitated by a passive damper that yields
a variable joint impedance, useful to both avoid impact at full
knee extension and limit excessive knee flexion during swing.
Prostheses featuring such characteristics are often called
microprocessor-controlled knees (MPKs), and the Ottobock
C-leg is a successful example [7]. Fluidity, ease-of-use and
compact size are the main advantages of these devices.
However, gait asymmetries, lack of robustness and increased
metabolic energy expenditure are the main limitations.

In the last decade, research has focused on powered/active
knee prosthesis [8], [9]. Here, the knee joint features a
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powered transmission system, enabling full support for the
wearer. Unlike passive devices, these knee joints are able to
move along a predefined trajectory during the swing phase,
thus increasing the robustness of the movement. Moreover,
active knee prostheses can provide assistance for other tasks,
including stairs and ramp ascending/descending and sit-to-
stand movements [10]. Although intact limb movements
can be achieved, mass, size and noise represent relevant
limitations for amputees. In addition, the combination of high
joint impedance and artificial movement coordination often
leads to discomfort for amputees [11], [12].

To cope with such design issues, recent studies tried to
summarize the most relevant prosthesis characteristics for
transfemoral amputees [13]. Among all, amputees comfort,
prosthesis fluidity and stability are considered more relevant
than able-bodied motion achievement. In the attempt to
satisfy such requirements, a new line of research has recently
emerged, focusing on hybrid semi-active solutions [14], [15].
In these, the prosthesis features a passive damper and an
actuator, so that active power can be injected on demand.
Such reasoning mainly allows to reduce size and weight of
the prosthesis, in favor of amputees comfort and prosthesis
compactness. Currently, research on semi-active prosthesis
has mainly focused on electro-mechanical actuation [16],
[17]. Although their efficiency is remarkable, wear and
fatigue are critical aspects for high-duty cycles tasks such
as human locomotion. Moreover, their limited backdrivability
could impact the prosthesis fluidity. More recently, hydraulic
actuation has gained interest in the scientific community [18],
[19]. In this context, electro-hydrostatic actuation (EHA)
seems to be a promising trade-off between mechanical and
hydraulic actuation, since it combines their key benefits.
Hydraulically, EHAs benefit from the high power-to-mass
ratio; whereas, a quasi-rigid coupling between actuation and
load allows to attain large bandwidth dynamics and accurate
motion control [20].

Taking into account those factors, the proposed work
aims at combining the advantages of passive and active
devices, with the aim of yielding a highly backdrivable
prosthesis with contained mass and size, able to improve
the deambulation of transfemoral amputees. Differently from
other semi-active solutions [10], [11], this work aims at
demonstrating how a careful and well-thought definition of
the biomechanical requirements, combined with a prosthesis
actuation topology that well suits backdrivability and inte-
gration, can overcome the current limitations of lower limb
amputees.

To reach the desired objective, the authors propose a novel



prosthesis layout that consists of a motor-driven hydraulic
valve (i.e., MPK hydraulic damper), to mainly deal with
torque demanding tasks, and a linear electro-hydrostatic
actuator (EHA) to address high speed tasks. The prosthesis
will retain the desirable characteristics of a passive device,
with the possibility to inject active power when needed.
Once presented the rationale behind the biomechanical pa-
rameters selection, and the subsequent design of a custom
and integrated EHA knee prosthesis, the work will focus on
validating the performances achieved by means of CFD and
multibody simulations.

II. BIOMECHANICAL REQUIREMENTS

Considering the work from Grimmer et al. [21] as biome-
chanical reference for healthy subjects, the design objectives
can be summarized in (i) user mass, (ii) prosthesis achievable
tasks, (iii) range of motion (ROM), (iv) desired knee torque-
speed characteristic, and (v) prosthesis mass. The 50"
american men percentile was considered as target user mass,
corresponding to 78.4 kg (i.e., 63" percentile in women)
[22].

The next target concerns the EHA role in the proposed
prosthesis design. As previously stated, knee actuation can be
beneficial in different deambulation stages. Table [[] lists the
main bipedal activities, along with their daily occurrence and
metabolic cost. Level walking has the highest occurrence per
day; therefore representing the main design focus. Although
stairs ascending and sit-to-stands represent relevant actuation
tasks, their occurrence is considerably lower than level walk-
ing. Moreover, such tasks are characterized by high torque
requirements, up to 100 Nm [23], rendering a heavy and
bulky actuator. Nonetheless, these tasks would be handled
by the EHA, providing a percentage of the biomechanical
requirement for healthy subjects. On the other hand, it seems
worth designing the electro-hydrostatic actuation for the
swing phase of walking since the required torque content
is considerably lower than in stance. Moreover, high speed
braking tasks such as part of the swinging can be efficiently
exploited to regenerate part of the energy through the EHA.

On the other hand, the hydraulic valve can handle the
stance phase, in which the high damping request and the
relatively low speeds achieved do not favor the usage of
the EHA in regeneration mode. Additionally, the hydraulic
damper can be also exploited for stairs and ramp descending,
as passive devices have shown to be quite effective to cope

TABLE I: Gait cycle activities [24]-[30]

Metabolic cost
Vo2 [ml/(kg-min)]

Task Occurrence/day

Walking 1500 steps (TFA)

5500 steps (healthy)

14.2 (TFA)
9 (healthy)

Stairs ascending 47-66 stairs (healthy) 33.5 (healthy)

Stairs descending  47-66 stairs (healthy) 17 (healthy)

Sit-to-Stand (StS)  33-71 StS (healthy) 3.8 (healthy)

Fig. 1: Hybrid prosthetic knee schematic. Overall prosthesis
architecture (left). Details of the hybrid actuation scheme.
The motor-pump unit represents the EHA, whereas the flow
control valve is represented as a motorized variable resistance
(right).

with high torque tasks [31]-[33]. Finally, active and passive
sides could also work simultaneously to maximise the EHA
energy convertion.

The prosthesis schematic is presented in Figure [I| The
series connection among motor-pump unit (i.e., active) and
flow-control valve (i.e., passive) sides allows for minimizing
the number of hydraulic components. In addition, a through
rod cylinder avoids using an hydraulic accumulator.

The next biomechanical target is the knee range of motion.
Taking healthy subjects as reference [27], a 110 degrees
ROM is expected in deambulation, 100 for knee flexion and
10 for the extension. Concerning the knee torque-speed de-
sired behaviour, Figure [2] presents the walking gait trajectory,
qualitatively highlighting passive and active tasks. The speed
requirement is —65 rpm (6.8 rad/s) during flexion and 84 rpm
(8.8 rad/s) during extension. Such values would theoretically
allow amputees to walk up to 6 km/h, corresponding to
fast walking [34], [35]. Conversely, the maximum actuation
torque requirement is defined by the inertial load during
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Fig. 2: Knee biomechanical torque-speed profile during level

walking for a user of 78.4 kg. In dashed red line the stance

phase, while in solid black line the swing phase.



swing, representable as
Tras = Jlegakmaxa (D

in which Jj., represents the prosthesis and passive foot
inertia and @gmmq, its maximum angular acceleration. The
inertia contribution can be written as

Jleg = Mtarget (kcog kaf)27 2)

in which Mmygrger is the target mass, k.., represents the
normalized position of the prosthesis center of gravity with
respect to the knee joint and Lj_ ¢ is the average human leg
length from knee to foot joints centers. The prosthesis mass
target is set to 2 kg (including battery pack), slightly higher
than current passive knee prosthesis [36], [37]; whereas, an
average mass of 1.2 kg was considered for both a passive
foot and its shoe [38]. According to Winter’s biomechanical
data [39], Lyp_y is 0.285H, in which H is taken as the
50th percentile male human height, 1.76 m. Furthermore,
the assumption is that the prosthesis center of gravity is at
45% of the leg length, in line with sound limbs anthropomet-
rical data available in literature [22]. Finally, the maximum
acceleration during the walking gait is set to 122.17 rad/s?,
corresponding to fast walking [35]. Overall, the maximum
inertial torque during swing is

Tm,(m? = Mtarget (045Lk—f)2 Akmax = 19.8 Nm, (3)

As previously stated, the actuation target is to fully provide
torque during swing. Nonetheless, such performance can also
be exploited to provide assistance up to 61% during level
walking stance, 22% during stair ascending and 19% in sit-
to-stands, relatively to healthy subjects torque requirements
[23]. Such assumption is reinforced by recent studies, in
which it emerged that a partial assistance during those
tasks can represent a substantial benefit for transfemoral
amputees [40]. Overall, the biomechanical requirements are
summarized in Table

TABLE II: Biomechanical requirements

Description Symbol Value Unit

Maximum swing torque Trmaz 20 Nm

Maximum stance torque Tres 35 Nm
Maximum knee speed Wmaz 84 rpm
Knee range of motion AOrom 110 deg
Prosthesis mass target Mtarget 2 kg
Maximum active power Pt 65 w

III. MECHATRONIC DESIGN

The mechatronic design mainly concerns the actuation
of the knee prosthesis. The choice to use a linear actuator
allows for higher hydraulic pressures than the rotary coun-
terpart, due to better sealing capabilities. The EHA features
a permanent magnet synchronous machine (PMSM), rigidly
connected to a hydraulic gerotor. The design is performed
exploiting an evolutionary genetic algorithm (GA). The in-
puts are maximum torque, angular speed and power, whereas
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Fig. 3: Overall prosthesis transmission ratio between knee
joint rotation and electric motor rotation.

the outputs, also representing the GA fitness functions, are
the EHA size and an estimate of the overall efficiency.
Constraints on maximum angular speed and transmission
efficiency take into account backdrivability properties and
noise production. The gerotor has been modeled considering
previous analyses conducted [41]; whereas an orifice plate
analogy is used to analytically model viscous and friction
losses [42].

From a kinematic point of view, the prosthesis is connected
to thigh by means of a ball joint; whereas it is integral with
respect to the shank. As it is possible to notice from Figure
on the left, the hydraulic cylinder creates a variable lever
with the knee rotation center, proportional to the knee angle.
In addition, the transmission ratio between cylinder cross-
section area and gerotor volumetric displacement allows
to convert rotary into linear motion. The combination of
these kinematic aspects defines the overall transmission ratio,
presented in Figure [3| as function of the knee ROM. Its
maximum value, 75 : 1, corresponds to a knee flexion of 36
degrees. The hydraulic cylinder stroke is 57.5 mm and an
estimate of the EHA volume is 60 cc. The electric machine
is a TQ RoboDrive ILM38x06, 110 W servo motor. The
maximum angular speed is 10500 rpm (1100 rad/s) and its
peak torque is 0.302 Nm. Since its duty cycle would be
relatively short, it could be operated up to 0.9 Nm, for a
short time period. Its maximum efficiency is 88%, with a
mass of 53 g.

Conversely, the gerotor machine is a positive displacement
hydraulic component, featuring a 6 — 7 teeth configuration
corresponding to inner and outer gears, respectively. Such
device is compact and characterized by low wear and noise if
compared to external gear units. Its volumetric displacement
is 1.25 cc/rev, with a maximum pressure differential of 25 bar
(2.5 MPa) in nominal conditions. The outer diameter is 26
mm, with an axial length of 13 mm. The actuator solid model
is presented in Figure @ By placing the manifold (2 in Figure
M) as close as possible to the pyramidal joint, the prosthesis
center of gravity is close to the knee joint, thus diminishing
the inertial load. Overall, the mass break-down for the knee
prosthesis is summarized in Table The estimated total
mass is 1.7 kg, 15% below the biomechanical assumption.



Fig. 4: Hybrid knee prosthesis. 1) Pyramidal knee joint; 2)
EHA and valve manifold; 3) Battery; 4) Shank; 5) Hydraulic
cylinder; 6) Prosthesis chassis; 7) Passive foot.

Such forecast would further decrease the required torque
during swing, while improving the fluidity of the device.
To summarize, Table [[V] presents the prosthesis performance
estimate.

IV. RESULTS

The presented semi-active knee prosthesis design is vali-
dated through CFD simulations and considering a leg multi-
body model. Simulations are performed in two operating
conditions. In actuation, the electric machine is imposing
torque and angular speed (i.e., motor operations), whereas
the gerotor behaves as hydraulic pump, resisting such load.
On the other hand, when either braking or regenerating, the
gerotor acts as hydraulic motor and the electric machine is
resisting the load (i.e., generator operations). To account for
both conditions, the I and II quadrants of the torque-speed
plane where considered. Simulations have been performed
within the Simerics PumpLinx environment, considering
torques from 0 to 25 Nm, equally spaced, and a —85 to
85 rpm (—8.9 to 8.9 rad/s) interval for the knee angular
speed. A fluid density p of 840 kg/m® and a dynamic
viscosity pf of 9.4 kPa/s characterize the fluid considered.
In each simulation, the 3D fluid model is simulated for
an angular motion transient equal to 4 hydraulic chambers
between gears, to avoid effects related to initial conditions.
To account for viscous and friction losses, the gerotor radial
clearance was set to 10 um, whereas the axial one to 15 um,
both uniformly distributed. Results are depicted in Figure

TABLE III: Estimate prosthesis mass brake-down

Component Mass [g]
Hydraulic cylinder 400
Electro-hydrostatic actuation 200
Prosthesis cover 600
Battery pack 350
Screw, bolts and misc. 100
Hydraulic valve 50
Total mass 1700

TABLE IV: Hybrid knee performance estimates

Feature Value
Max. active torque 19.8 Nm
Max. knee speed 84 rpm
Max. active power 0 W
Min./Avg./Max. transmission ratio  10/40/75

Bl presenting the extrapolated efficiency maps. For each
simulated point, the efficiency is calculated as
Ty wy

lom Ap Qg7 lov Tywg

“4)

for both motoring 74, and pumping 74, operations. As it is
possible to notice, the maximum efficiency is around 75%
in both operating conditions and not all the simulated points
are efficient due to mechanical and viscous losses. Overall,
the gerotor machine is performing adequately in the required
torque-speed specifications, with compact size and contained
mass.

To validate the knee prosthesis design, a leg multibody
model has been developed exploiting the MATLAB Sim-
scape environment. The electric machine is piloted with a
torque command and modeled through a power loss map
in the four quadrants of the torque speed plane. Likewise,
the gerotor is modeled by means of 2D efficiency look-up
tables. On the other hand, the hydraulic valve behaviour is
represented through an efficiency look-up table as function of
pressure differential and volumetric flow rate. The simulation
considers a stride time of 1.5 s, corresponding to a walking
speed of 3.4 km/h (assuming a stride length of 1.42 m,
obtained considering a 1.78 m subject - 50th percentile man
[23]). Figure [6] presents a schematic of the control strategy
implemented. The direct loop features a PID controller,

Efficiency [%] Efficiency [%]
0 20 40 60 80 0 20 40 60 80

Knee torque [Nm]

-80 -60 -40 -20 20 40 60 80
Knee speed [rpm] Knee speed [rpm]
Fig. 5: Hydraulic gerotor unit CFD simulation results. On the
right side, the overall efficiency when working as hydraulic
pump. On the left side, the overall efficiency when operating
as hydraulic motor.



taking the error between reference, considering healthy
subject data [23], and extrapolated, simulated through the
multibody model, angles as input. Its output is a torque
reference to command the electro-hydrostatic actuation. The
PID has been tuned by first linearizing the model and then
accounting for closed loop stability and adequate robustness
and performance.

Finally, a state machine is used to differentiate swing
and stance. Namely, in stance, the controller is disabled,
the EHA is idling and the angle reference is set to zero.
The hydraulic valve opening, 6,, is triggered to be in fully
closed position, to resist the stance load. The latter is taken
from healthy subjects biomechanical data and represents the
torque transmitted from the leg to the knee joint. Figure
presents the error between reference (i.e. 0 degrees) and
simulated angles. A positive error represents a knee flexion.
Its average value, 2.79 degrees, is mainly related to the valve
leakage flow rate, 0.2 1/min. Nonetheless, such behavior can
be considered beneficial to initiate the subsequent swing
phase [34]. The peak knee torque during stance is around
40 Nm, resorting in a maximum pressure differential of 50
bar (5 MPa) at the valve ends.

Conversely, the EHA torque command is enabled during
swing and the hydraulic valve is switched to a fully open po-
sition. In this state, the EHA is working both in actuation and
breaking/regeneration modes to accommodate the torque-
speed requirements of Figure 2] The comparison between
reference and simulated angle is highlighted in Figure
There is an adequate tracking of the reference knee trajectory,
with an average tracking error of 1.49 degrees.

Finally, it is worth investigating the power consumption
during the gait cycle. Figure [9] presents the EHA power
consumption over the swing cycle, highlighting its root mean
square (RMS) and mean values. The RMS is 17.75 W,
whereas the average is 14.6 W. Its peak value is 48 W, cor-
responding to the condition of maximum knee acceleration.
The peak current consumption corresponds to 2 A, when the
system is supplied by a 24 V battery pack. As it is possible to
notice, the last part of the swing is characterized by negative
power consumption. Precisely, such interval represents the
end of the leg extension in which the knee requires braking
to approach heel strike. From an EHA point of view, negative
power could represents energy regeneration since the gerotor
machine behaves as hydraulic motor and the electric machine
as generator. Since the efficiency of the actuation cannot
be unitary, only part of such mechanical power can be
effectively transformed in electric power.

0
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Fig. 6: Prosthesis preliminary control strategy.
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Fig. 7: Knee angle variation during stance phase.

Additionally, the power consumption related to the hy-
draulic valve motor should be accounted. Considering an
off-the-shelf gear motor compliant with the hydraulic valve
requirements (i.e., Maxon DCX10S model), an estimate of
the peak power consumption is 1 W/stride. Overall, the
theoretical average power consumption during one walk-
ing gait is around 10 W/stride. Such power corresponds
to an energy expenditure of 14 J/stride. Since the knee
prosthesis would be supplied by a 24 V battery pack, the
energy consumption in terms of current is 0.16 mAh/stride.
Considering a commercial LiPo battery with a capacity of
1500 mAh, the knee prosthesis could perform around 9000
strides per battery charging cycle, corresponding to almost 2
days of usage considering healthy subjects data [23]. Such
computation represents a best case scenario since the power
consumption related to the prosthesis embedded electronics
has not been considered. Moreover, such computation does
not account for other deambulation tasks, such as stairs
ascending/descending and sit-to-stands that could impact the
overall prosthesis energy consumption.

V. DISCUSSION

The baseline for the knee prosthesis design concerned a
revision of the biomechanical requirements of healthy sub-
jects, favoring amputees comfort and prosthesis fluidity over
mechatronic performance. Level walking was considered the

0 T T T T
Measured
——Reference i

Angle [deg]
2

60 . . .
0 20 40 60 80 100

Swing [%]

Fig. 8: Knee angle comparison during swing. Reference

angle (black curve), measured angle (blue curve).
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focus of the design since its occurrence per day is the
highest when compared with other deambulation tasks. The
aim was to enhance the swing phase by providing active
power through an electro-hydrostatic actuation unit. On the
other hand, a microprocessor controlled hydraulic damper is
exploited to attain stance tasks, in which high torque content
is required. The EHA design was numerically validated with
a CFD analysis of the gerotor hydraulic machine. Results
were presented in both motoring and pumping operations,
showing a satisfactory performance of the hydraulic unit
with a maximum efficiency of 75%. The optimized design
yielded a compact, yet performant device in the required
torque-speed working region.

Then, to validate the overall knee prosthesis, a leg multi-
body model was developed. A state machine was imple-
mented to differentiate the two main walking tasks: stance
and swing. In the former, the EHA is idling; whereas, the
hydraulic valve is fully closed in order to resist the artificial
leg load. Results showed a maximum knee flexion of 4.5
degrees and a maximum braking torque of 40 Nm. Con-
versely, during swing, the hydraulic valve is fully opened, the
EHA is commanded with a torque reference and a desired
trajectory is imposed to the knee joint. The simulation
showed a contained tracking error (RMSE = 1.48 degrees)
between desired and simulated knee angle, with an average
energy consumption of 14 J/stride. Although such value is
contained, the power electronics energy consumption has not
been considered in the computation. Finally, the estimates in
terms of mass, 1.7 kg and size, 60 cc, are contained and
comparable with state of the art passive prosthesis devices

[7].

VI. CONCLUSION

The aim of the presented paper was to design a bionic,
semi-active knee prosthesis for swing assistance. The device
is composed by an hydraulic damper featuring a flow control
valve, serially connected to an electro-hydrostatic actuation
unit. Such combination allows to benefit from the passive
architecture during high torque braking tasks and inject
active power on demand. First, a CFD validation of the

mechatronic design was presented. Then, a multibody model
of the developed bionic limb was implemented to validate
the proposed design over a walking gait cycle.

Results showed the prosthesis ability to recreate intact
limb movements with contained energy consumption per
stride. Such achievement seems promising, yielding a knee
prosthesis with a mass comparable to commercial micro-
processor knees. The proposed design had the objective to
find a trade-off between intact limb motion achievement and
amputees comfort, intended as reduced prosthesis weight and
size. Concurrently, the possibility to inject active power on
demand strongly increase the robustness of the prosthesis.
Possible limitations are related to unmodelled parameters and
external disturbances that were not included in the multibody
simulations. Those could be accounted considering an overall
safety factor in the prosthesis design. Additionally, the con-
trol strategy objective was to perform a numerical validation.
Therefore, more sophisticated and effective strategies could
be investigated. Finally, future works will focus on the ex-
perimental validation of the proposed semi-active prosthesis
architecture.
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