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Abstract— Hip disarticulation and hemipelvectomy are the
most severe forms of lower limb amputation, posing significant
challenges to prosthetic solutions in terms of size, biomechanical
functionality, and user compatibility. While active ankle and
knee prostheses have made spectacular progresses recently
in restoring a physiological gait, these advancements did not
percolate yet to hip prosthesis design. This article introduces an
innovative design of an active hip prosthesis displaying remote
center of motion, and range of motion and torque compatible
with the most ubiquitous locomotion tasks, i.e., walking and
stand-to-sit-to-stand transitions. The designed structure incor-
porates a tilted double parallelogram mechanism, in order to
optimize compactness and minimize internal constraints. The
proposed hip prosthesis design features minimal encumbrance,
with a horizontal size of 140 mm and a frontal width of 136 mm.
Its range of motion spans from −30° to 90°, providing a com-
fortable sitting position with existing shell design. Remarkably,
the mass of this hip joint is a mere 3.30 kg, excluding battery
and power electronics.

I. INTRODUCTION

Hip Disarticulation and Hemipelvectomy (Fig 1, left) are
the two most proximal amputation levels of the lower limb.
Fortunately, these extremely mutilating interventions are not
commonly performed. For example, they represent less than
0.4 % of all the lower limb amputations in Germany in 2019
[1]. The most frequent cause is to circumvent malignant bone
sarcomas in the pelvis, like chondrosarcomas [2].

Hip prostheses have been developed since the 70’s. The
most frequently used device is called the “Canadian prosthe-
sis” (Fig 1, right) and provides the replacement of the whole
lower limb [3]. The main component of a typical Canadian
prosthesis are a shell, fitting to the stump and transmitting
bodyweight to the prosthesis; the hip joint itself, that is
locked during the stance phase and loose otherwise; and the
femoral segment connected to the prosthetic knee module.

Although they offer an efficient solution for disarticulated
patients [4], these devices also induce several important
complications due either to bone luxation or to the prosthesis
itself (material fracture, component dislocation, etc.). Fur-
thermore, despite being sophisticated and expensive, these
prostheses do not sufficiently compensate for the lower
limb loss up to the point of restoring normal biomechanical
functions. In particular, their passive nature prevents them
to replicate the mechanical energy production of a sound
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Fig. 1. Left: Schematic representation of the remaining body after hip
disarticulation (medium red) and hemipelvectomy (red) in the frontal plane
compared to a sound body (ligth red). Right: Schematic of a leg prosthesis
with the main components of the hip module highlighted in black boxes
and other modules annotated in white boxes.

hip during ground level walking [5]. Consequently, they
are frequently rejected for different reasons: awkwardness,
intolerance of the socket, and excessive energy expenditure
to ambulate, so that only about 33% of the potential users
have a daily use of their prosthesis [6].

Recent developments in the field promote the emergence
of active solutions, i.e., prosthetic devices equipped with
a power actuator. For instance, active ankles can repro-
duce the positive mechanical work of a sound joint dur-
ing level-ground walking [5], up to normalizing the gait
pattern of transtibial amputees, both regarding kinematics
and metabolic cost [7], [8]. This has the potential to limit
the onset of biomechanics related comorbidities such as
osteoarthritis and low back pain [8]–[11].

However, these disruptive progresses regarding the restora-
tion of motor functions for lower limb amputees focused
on transfemoral and transtibial amputees, and only a few
contributions targeted hip disarticulated patients. The low in-
cidence of hip disarticulations in comparison to transfemoral
and transtibial amputations [3] likely plays a role in this
situation, on top of the intrinsic challenges associated with
the mechanical replacement of the hip and its contribution
for setting up locomotion rhythmicity for the whole leg [12].
This underscores the motivation for the design of a hip
module in this study.

In the case of ankle and knee prostheses, there is a
physical access to the joint center of motion. In contrast,
for the hip, the center of motion is located in the pelvis,
i.e., inside the shell, and is thus not physically accessible.
To comply with the biomechanics of a sound hip, the center



of motion of the prosthesis should coincide with its natural
one. It is thus compulsory to implement a remote center of
motion (RCM) in the mechanism. In order to enhance the
potential usability of the prosthesis, we further assume that
the shell should not be modified in order to be compatible
both with a classical passive prosthesis and our proposed
design. As direct consequence, the only attachment point lies
in the front of a rigid plate embedded in the bottom of the
shell. Furthermore we also assume that the prosthesis should
allow a comfortable seated position to enhance usability.
As consequence, the ideal device needs clearance below the
shell.

A couple of active hip prostheses have been developped
in the recent years; however none of them fullfiled all those
requirements. In 2009, [13] proposed an active hip and knee
prosthesis laterally mounted in order to align its rotation axis
with the sound limb, and this required connection points
below the shell. In 2018, Össur hf declared a patent for
a powered hip prosthesis also with lateral mounting [14],
necessitating shell modification, but this has not been trans-
ferred to the market yet. More recently, [15] introduced an
active hip and knee prosthesis weighing nearly 10 kg and
requiring shell modifications. Finally, an active hip prosthe-
sis with a double parallelogram mechanism implementing
a RCM has been unveiled in [16]. Yet, this design also
requires fixation points below the shell. Later, the same
design evolved to an active version requiring no modification
of the shell [17], [18]. However, no evidence that this design
allows the seated position has been provided.

The design reported in the present paper is inspired by
[16]–[18], yet with a critical change in the morphology of
the double parallelogram mechanism, such that the range of
motion and torque is compatible with walking, standing, and
sitting. The paper is structured as follows. Section II presents
the problem statement, i.e., establishes the specifications
inherent to the intended design. Section III highlights the
specific morphology of the modified double parallelogram
and its dimensioning. Section IV focuses on the integration
of the actuator in the prosthesis. A detailed CAD design of
the prototype is presented in Section V. Section VI describes
the study about mass budget for further integration of knee
and ankle modules. The paper ends with a discussion and
conclusion.

II. PROBLEM STATEMENT

Walking is the most fundamental locomotion task. There-
fore, the first step towards the replacement of biomechanical
functions is to restore the ability to walk to someone with hip
disarticulation. Emulating walking kinematics and kinetics
is the main driver of the design of the prosthesis. However,
before starting a walk, people often need to stand up from
a chair. The capacity to support this Stand-to-Sit-to-Stand
(StSiSt) transition is thus also central in our design, in
order to provide the largest possible support during these
transition tasks. Figure 2 represents the biological hip torque,
normalized to the user’s bodyweight, as a function of angular
position during both tasks (walking and StSiSt). Walking
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Fig. 2. Normalized torque vs angle relationship of a sound human hip
during a walking gait cycle and a Stand-to-Sit-to-Stand transition. Key leg
positions are illustrated.

data are directly taken from [19], while for StSiSt, the
angular profile is taken from [20] and the torque profile
has been computed by inverse dynamics using our home-
made multibody software Robotran [21] in order to account
for similar masses and segment lengths as in [19]. The
required range of motion of the hip lies thus from −20◦ in
extension up to 90◦ in flexion. The absolute torque rises up
to 1.9 N m kg−1 at the beginning of the single support phase
during walking.

Moreover this range of motion and torque has to be
delivered through a RCM mechanism, since the location
of the biological hip center of motion is not accessible. A
double parallelogram mechanism is a classical way to imple-
ment a fixed RCM. An implementation of this mechanism
embodied as a hip prosthesis is provided in Fig 3. Point l,
capturing the attachment point of the knee module, has to
rotate around point o, capturing the hip natural center of
motion. A classical straight double parallelogram (in green,
and similar to the one developed in [16]–[18]) can achieve
this kinematics via a single attachment point a to the shell.
The first parallelogram BCDE keeps ED parallel to BC. Point
F extends segment ED such that the length EF is equal
to the distance between o and B. Considering the virtual
parallelogram oBEF, one can thus see that moving the first
parallelogram makes F rotating along a circle of center o
and radius BE. The second parallelogram EFGH guarantees
that the femoral segment always stays oriented towards the
remote center o. Point H lies in the prolongation of segment
BE. Similarly as for F, point G rotates effectively around
the center o. FG can thus be extended until point l where
the knee module is attached. The lengths of the different
segments have to be selected in order to avoid collision with
the shell in the desired motion range.

The main limitation of this mechanism is that it protrudes
largely away from the volume of a biological thigh. A key
reason explaining this encumbrance is the location of the
main fixation point a, that must be near the top of the rigid
plate. Indeed, the absolute orientation of this segment —
defined as the angle β, see Fig 3 — cannot be decreased too
much if the device has to reach an angular position θ of about
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Fig. 3. Kinematic diagram of the straight (green) and of the tilted (blue)
double parallelogram mechanism attached to the rigid plate (hatched zone)
of the shell (orange). Uppercase letters represent joints and lowercase letters
represent attachment points for either the shell or the knee module.

90◦ when sitting down. For β ≤ 0◦, the mechanism would in-
deed reach a singular configuration over its movement range.
This must be avoided since no torque could be delivered
through the prosthesis in such a singular configuration. For
the same reason, the more the parallelograms are folded, the
more the internal stresses rise in their joints. Taking β > 0◦

and large enough reduces this constraint that will directly
impact the structure dimensioning. Similarly, reducing the
distance BC degenerates the parallelogram in a way that
internal stresses will rise; and reducing the distance aB is
limited by the physical space required for the connection
and the assembly.

III. TILDED DOUBLE PARALLELOGRAM

A. Conceptual principle

A modified version of the double parallelogram mecha-
nism is proposed with a tilted double parallelogram, also
depicted in Fig 3 (blue). It starts by considering a lower
attachment point a as a hard constraint, in order to decrease
the mechanism encumbrance. The vertical distance between
the center of motion o and this attachment point a is defined
by the parameter h0. Importantly, the virtual shape defined
by oBEF must keep the shape of a parallelogram, otherwise
F will not rotate about o. This is achieved by tilting the
second parallelogram in such a way that EF is parallel (and
of equal length) to oB. The offset angle βarm between BE
and EH is a free parameter that must be tuned such that the
parallelogram EFGH never reaches a singular configuration
across its movement range. As such, F, l, and o belong to the
same line, such that the kinematics of the attachment point
of the knee module l is similar to the straight implementation
previously presented.

B. Topological optimization

By comparing both mechanisms, it clearly appears that the
tilted double parallelogram is more compact than the straight
version for a given angle β and a given length lBC (distance
between points B and C). In order to make this compari-
son more quantitative, the morphology of both mechanisms
can be optimized with the objectives to minimize (i) their
horizontal size at rest while standing, i.e.,

Osize = ||oa||x + laC cosβ (1)

and (ii) the maximum shaft diameter of the double par-
allelogram joints. This shaft diameter directly depends on
the corresponding internal forces being generated by action-
reaction through the different segments. In the case of the
tilted double parallelogram, all these internal forces are
represented in a series of free body diagrams in Fig 4
(red), together with the actuation torque (green) required
to maintain the mechanism in steady-state, and the external
force and torque applied at the fixation point a and at the
connection to the knee module l (blue). Their magnitude and
orientation directly depend on the geometrical parameters of
the mechanism, on the flexion angle θ, and on the external
forces and torques applied to the prosthesis. A similar
drawing can be made for the straight double parallelogram.

These external force and torque have been derived from
inverse dynamics simulations. Next, computation of inter-
nal forces has been achieved with Robotran for both the
walking and the StSiSt tasks. By following the methodology
from [22], each joint shaft can be dimensioned, with the
following specifications: lifetime of 5 year, 4000 steps and 71
StSiSt transitions per day [23]. Each shaft minimum diameter
can then be computed as,

dmin = 3

√
32LFa

πσea
SF (2)

with σea defined as

σea =
Fa

Fm

Fa

Fm
+ Sn

Su

Sn (3)

Fm represents the mean force during the cycle and Fa the
amplitude of its variation; L is the length of the shaft; Su

is the ultimate tensile strength of the material; and Sn is its
endurance limit which depends on other factors such as the
lifetime, the temperature and the desired reliability.

The optimized parameters of the mechanism are the angle
β and the length lBC. Values of all the parameters are given in
Table I. The optimization was done with the module NSGA-
II of Optimeed [24]. Results are given in Fig 5. It clearly
appears that the tilted double parallelogram is more compact:
for a given shaft diameter, it is about 60 mm shorter.
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Fig. 4. Left: Free body diagram of the whole tilted double parallelogram.
Center and right: Free body diagram of each internal segment of the
mechanism. According to Newton’s third law, Fij = −Fji. Virtual
actuation torque is represented in green, while external (resp. internal) efforts
are represented in blue (resp. red).



TABLE I
PARAMETERS USED IN THE OPTIMIZATION OF THE DIFFERENT

IMPLEMENTATIONS OF THE DOUBLE PARALLELOGRAM

Fixed Parameters

Name Value Name Value

wpla 37.5 mm hpla 97.1 mm
h0 72 mm βarm 55°
laB 25 mm lCD 160 mm
lEH 35 mm lol 430 mm
SF 2 SU 638 MPa
Sn,StSiSt 227 MPa Sn,walking 191 MPa
L 10 mm

Parameters being optimized

Name Range Name Range

β [1°, 25°] lBC [10 mm, 50 mm]

Extra parameters being optimized with the actuated mechanism

Name Range Name Range

γ [0°, 20°] lDK [20 mm, 80 mm]
r [1.2, 3] ls [1 mm, 4 mm]
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Fig. 5. Pareto front capturing the minimum largest shaft diameter of the
joints and the smallest horizontal size from the optimization of the straight,
tilted, and tilted with actuator double parallelogram.

IV. DESIGN OF THE ACTUATOR

In this section, a motor and transmission to actuate the
kinematic structure defined in the previous section is de-
signed. The prosthesis needs to follow the kinematics and
the torque reported in Section II. Integrating a gearbox in
the volume of the prosthesis is not considered as a favorable
option since it would need to deliver up to 150 N m (for an
80 kg user) and would significantly impact the device mass.

As an alternative, we decided to implement a transmission
with a powerscrew directly actuating one of the device
segments (Fig 6, top left). A motor is attached to the part
DEF and is coupled to the powerscrew via a belt. This
powerscrew translates (x) a carriage which is connected
to the bar CD with two extra joints, denoted I and K,
and a connecting rod. Moving the carriage will change the
length ID of the triangle IDK and therefore its angles, and
eventually the angle of the prosthesis θ.

The geometrical parameters of this transmission are lDK, r
(the ratio between lKI and lDK), γ (the angle defined between
DE and the axis of the carriage DI) and ls (the lead of the
powerscrew). The force exerted by the powerscrew and the
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Fig. 6. Top left: Schematic of the crank handle transmission embedded in
the tilted double parallelogram with its four geometric parameters: lDK, r,
γ and ls. Top right: Free body diagram of the tilted double parallelogram
embedding this actuator. Bottom: Free body diagram of each internal
segment of the mechanism. Actuation forces are represented in green, while
external (resp. internal) efforts are represented in blue (resp. red).

position of the carriage can be expressed as,

F =
1

ar

cos(θ − γ)

tan(φ) cos(φ− θ + γ)
(τknee + lol × Fknee) (4)

x = a sin(θ − γ) + ar cos(φ) (5)

with φ = arcsin
(

cos(θ−γ)
r

)
, while the corresponding motor

torque and velocity for this non-backdriveable transmission
are:

ω =
2π

l
ẋ (6)

τ =
Fl

2πη
+

Iω̇

η
(7)

I represents the inertia of both the motor and transmission,
while η denotes the efficiency of the transmission. The ideal
motor would be the lightest one satisfying two conditions:
both the maximum velocity and the RMS torque of the motor
during a task should be smaller than nominal values reported
in the datasheet.

One of the lightest motors being compatible with these
requirements is the EC 60 flat 200W 48V (Maxon, Sachseln,
Switzerland). Adding this actuator to the mechanism also
changes its free body diagram (Fig 6) and thus the Pareto
front capturing the minimal size and shaft diameter (Fig 5,
red). The parameters for the double parallelogram were
consistent with those reported in Section III, while the sup-
plementary parameters to be optimized are also documented
in Table I. With the incorporation of the actuator, the shaft
size can be reduced to 12 mm, a standard dimension for
various mechanical components. This establishes the value
for all optimized parameters as: β = 20.5°, γ = 15°, lBC =
42 mm, lDK = 47 mm, r = 1.43 and ls = 3 mm. The selected
powerscrew is the MTSBRV14 (Misumi, Schaumburg, USA).



Eq. (4) captures one advantage of this transmission which
is its non-linearity: this allows to have a high transmission
ratio and therefore high torque when it is the most needed,
i.e., at the beginning of the single support phase, see Fig 7.

V. PROTOTYPE

After having determined the main parameters of the device
structure and actuator, this section overviews the first version
of the detailed design, as depicted in Fig 8.

The structure is essentially composed of flat aluminium
rods (AW7075-T651), shaped to prevent any undesired col-
lision and to achieve the most compact configuration in a
seated position. The kinematic structure is replicated on both
the left and right sides with connecting parts to enhance
rigidity in the frontal plane. This duplication allows the
natural placement of the motor 9 , powerscrew 7 and
carriage 8 between these mirrored parallelograms. The base
3 connecting the prosthesis to the shell can also be placed

in this central space. The pyramidal adapter 4 provides
adaptability in thigh length by allowing the selection of
different femoral tube lengths to connect to the knee module.
The part IDEF is also divided into 2 physical components
for facilitating the fabrication and to improve the compacity
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Fig. 7. Transmission ratio (red) of the actuated mechanism and maximum
required normalized torque (blue) as a function of its angular position.

with a fully foldable mechanism.
The carriage incorporates four linear ball bearings for

guidance on two parallel shafts 6 running alongside to
the powerscrew. The motor is connected to the powerscrew
through a pair of pulleys 10 , safeguarded by a cover. The
prosthesis range of motion spans from −30° up to 90°, and
is mechanically constrained by the carriage stroke. End-of-
motion switches 5 are placed to detect these events. The
motor includes a rotary encoder to measure the prosthesis
angle relative to the shell, and an absolute encoder can be
positioned at joint B for closed-loop control of the prosthesis
and/or data acquisition. All joints consist of 12 mm steel
(C45E) shafts and ball bearings (joints D, F, G) or plain
bearings (joints B, C, E, H, K, I).

Fig 8 further provides an idealized representation of the
shell 1 and its regular attachment point 2 . Using our
CAD software, the transmission is estimated to weight 1.7 kg
and the double kinematic structure (excluding the base)
is estimated to weight 1.09 kg. This prototype has been
fabricated and assembled (Fig 9) and its measured mass is
3.30 kg, excluding the mass of a battery and of the drive
electronics. This is of course more than the 0.88 kg of a
typical passive module [25].

VI. TOWARDS COMPATIBLE KNEE AND ANKLE
MODULES

A challenge for current active knee prostheses is their
compatibility with ankle modules. During the swing phase,
the prosthetic knee has to accelerate and decelerate both the
mass of its own moving parts, and the remote ankle module.
Having a too heavy ankle prosthesis could thus limit the
knee and disrupt its proper functioning. For the hip, a similar
problem exists, but this time with the requirements that
the hip should be powerful enough to accelerate/decelerate
both the knee and the ankle during the swing phase. In
order to evaluate the compatibility of our designed prosthesis
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of the prosthesis: 1 simplified shell representation, 2 rigid plate attachment point, 3 base, 4 pyramidal adapter, 5 micro-switch, 6 guiding rails,
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Fig. 9. Views of the prototype. Left: sagittal view. Right: Frontal view.

with other devices, an artificial leg (Fig 10, left) has been
simulated to follow the same kinematics as the one used
for our design and with potential knee and ankle modules
combined as a whole prosthetic leg. The length of each
segment (lh: 430 mm, lk: 430 mm and la: 180 mm) are taken
from [26] considering a male subject and the center of mass
of each prosthetic module is placed at their corresponding
joint except for our hip module where it is placed according
to the CAD (200 mm below the RCM). Simulations did not
consider the inherent inertia of each module.

Required hip torque to move this artificial leg is computed
using inverse dynamics, again with Robotran. We ran this
simulation considering a set of knee and ankle masses in the
following range: from 0 to 2.6 kg for the ankle, and from
0 to 6 kg for the knee. The exploration of this space leads
to the results given in Fig 10, right. All combinations inside
the dashed line are compatible with our hip module, since
they require a RMS actuation torque during the swing phase
below the one that the motor can deliver through our module.

Finally, we assessed the viability of our hip module with
existing knee and ankle active devices. In particular, inte-
grated ankle and knee prototypes such as the Open Source
Leg [27], the Utah Bionic Leg [28] and the CYBERLEG
Beta prosthesis [29], are all compatible with our design.
We also validated compatibility with combinations taken
from the catalogue of the main manufacturers: the Empower
(active ankle module) with the Genium X3 (recommended
passive knee) from Ottobock, and the Power knee (active
knee module) with the Pro-Flex XC-Torsion (recommended
passive ankle) from Össur. The combination from Össur lies
inside the compatibility region, while the ankle module from
Ottobock is too heavy when associated with their knee to be
compatible with our hip module.
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Fig. 10. Left: Geometrical parameters of the artificial leg. The subscripts
p, h, k and a correspond respectively to the pelvis, hip, knee and ankle.
Right: RMS torque value during the swing phase of the walking gait for
different masses of ankle and knee. The dashed line represent the current
limit of the prosthesis. The markers depict existing prostheses: Open Source
Leg (OSL) [27], Utah Bionic Leg (UT) [28], CYBERLEG Beta prosthesis
(CL) [29], Power Knee and Pro-Flex XC-Torsion from Össur (OS), Genium
X3 and Empower from Ottobock (OT).

VII. DISCUSSION & PERSPECTIVES
The proposed hip module based on the tilted double

parallelogram brings unique features as compared to state-
of-the-art solutions.

A. Compactness

In comparison to the hip module presented in [18], the
most recent and advanced hip module to date and that
relies on a straight double parallelogram mechanism, our
proposed design displays better compactness. Specifically,
the size along the x-axis in the sagittal plane of the kinematic
structure of [18] is reported to be 142 mm, whereas ours is
notably smaller, i.e., 113 mm. Even the size of the furthest
point on our prototype (bottom of the pulley cover in a
standing position) is 140 mm. These sizes depend on the
parameters of the rigid plate (hpla, wpla), which were not
provided in [18]. The length (y-axis) of the module of [18] is
415 mm, while ours is 380 mm. Although the width (z-axis)
of the hip module in the frontal plane of [18] has not been
found in the corresponding publications, the width of our
design is 136 mm, and thus safely meets their requirement
of 146 mm.

B. Seated position and shell modification

The study presented in [18] did not provide evidence of
the possibility to reach a seated position or to perform StSiSt
transitions with their design. However, it is noteworthy that
their module does not require modification of the shell which
should allow reaching a seated position. More critically, other
designs like those reported in [13]–[16] involved modifica-
tions to the shell, in particular through the addition of other
connection points at the bottom of it, potentially impacting
the ability to sit comfortably.

In our design, careful consideration was given to comply
with the seated position and to guarantee clearance under
the shell. By maintaining the integrity of the shell, we aim
at enhancing the potential usability of our module by people
currently using state-of-art devices.



C. Future developments
A functional prototype has been assembled recently, val-

idating the RCM implementation and the angular range of
motion. The primary objective of this prototype is to provide
a first functional validation of the specifications. In particular,
rig-based experiments will be conducted to assess both the
kinematic and torque ranges, allowing for a comparison with
the desired trajectories. The following step will be to design
a closed-loop controller for walking and StSiSt transitions.
Finally, design updates will focus on the integration of a
battery pack and control electronics.

VIII. CONCLUSION
This paper introduces a tilted double parallelogram mecha-

nism and transmission for an active yet compact hip prosthe-
sis. Tilting of the most distal parallelogram unlocks critical
design constraints, enabling a decrease in the horizontal size
and the internal forces inside the mechanism, as compared to
a standard straight double parallelogram. Providing actuation
through a powerscrew, instead of through a direct rotational
actuation and a gearbox, not only further decreases internal
forces but provides a high transmission ratio when needed.
These design choices have successfully resulted in a light
(measured weight of 3.30 kg) and compact hip module
(140 mm x 380 mm x 136 mm) with a range of motion from
−30° to 90° and with no need of modifying standard shell.
While experimental validation of the prototype is pending,
preliminary studies on its integrability with knee and ankle
modules show promising prospects.
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