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Abstract. Exoskeletons represent one of the most important examples of human-oriented robotic devices. This paper describes an existing
lower-limb exoskeleton designed to assist people with lower extremity
paralysis or weakness during the movements of standing up and walking.
Starting from the analysis of a real system developed about seven years
ago, a virtual multibody model was realized in order to deeply understand how the device worked and ﬁnd out some potential improvements
in the actuators control and in the kinematic design. The virtual device
was properly constrained to a human musculoskeletal model in order
to simulate a real operating condition. The analysis of the simulation
results suggested a kinematic modiﬁcation of the system and a new dynamic model was developed in order to test the new design through the
comparison of four diﬀerent models.
Keywords: Exoskeleton, Bio-Inspired Robots,
Orthosis, Gait Cycle, OpenSim Simulation.
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An exoskeleton is a particular kind of robotic device designed to be worn by a
subject in order to assist him during the execution of a motor task or improve his
motion performances. Since the late 1960s, such devices have followed a strong
evolutionary process and, after more than ﬁfty years, some scientiﬁc results are
gradually turned into real products mainly used for military [1–4] and clinical
purpose [5, 6]. Considering their clinical applications, lower-limb exoskeletons
represent multi-purpose medical devices, used to provide an eﬃcient means of
rehabilitation or walking assistance to people with lower extremity weakness
or paralysis due to neurological disease or injury. From a structural point of
view, they are mechatronic assistive devices externally applied to a subject and
working in parallel with the musculoskeletal system [7]. A detailed historical
review about lower limb exoskeletons can be found in [8], while [9] reports various
projects around the world. Fig. 1 shows some of the latest devices.
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Fig. 1. (a) Ekso Suit; (b) ReWalk; (c) Vanderbilt Exoskeleton; (d) Rex; (e) HAL

Ekso Suit [10] by Ekso Bionics is one of the most advanced exoskeletons already
on the market. It has three Degrees-of-Freedom (DOFs) per leg: two active joints
at the hip and knee respectively, actuated by two brushless DC motors, and one
passive joint at the ankle. The control system uses over ﬁfteen sensors such as
encoders and force sensing in order to assist body positioning and balancing.
The stability of the subject is maintained using a pair of crutches, which also
provide a command button to start the gait cycle when pushed. Thanks to its
adaptable measures, the same device suits diﬀerent anthropometric measures.
Argo’s ReWalk [11] is actuated by two motors per leg which control the hip and
knee movement respectively. A remote controller at the wrist is used to select
the operating mode and a pair of crutches is still used to maintain the user’s
stability. Two diﬀerent versions of the system have been developed to be used
in clinical rehabilitation centers or for everyday use. Vanderbilt Exoskeleton [12]
is a project developed by the Center for Intelligent Mechatronics of the Vanderbilt University. It has two DOFs per leg actuated by two brushless DC motors
both positioned at the thigh segment. It has a slim proﬁle and no footplates or
bulky backpack components are used. A lightweight Ankle-Foot-Orthosis (AFO)
is used to stabilize the foot, but also in this case, the stability of the subject is
maintained using a pair of crutches. It is able to automatically adjust the amount
of assistance for users who still have some muscle control in their legs, and it is
the only wearable exoskeleton that incorporates Functional Electrical Stimulation (FES) technology. A slightly diﬀerent approach was used by Rex Bionics in
developing the Rex [13]. Unlike other existing exoskeletons, the user selects the
desired movement through the use of a joystick. Because the Rex doesn’t require
the use of any additional support, the user’s hands are left free and the system
can be used even by subjects with low strength in their upper limbs. Finally, one
of the most famous exoskeletons is certainly the Cyberdyne’s Robot Suit HAL
(Hybrid Assistive Limb) [14]. Unlike the devices described above, HAL provides
both a lower and/or an upper limb exoskeleton, in order to supply and/or improve human physical capability in various ﬁelds such as rehabilitation, physical
training, heavy labour and rescue support. The most challenging aspect of HAL
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is the hybrid control strategy it uses. In fact, the bio-electrical input signals
used to command the motors are directly acquired from a series of electromyography (EMG) surface electrodes through which it recognizes the user’s motor
command and starts the desired motion. Furthermore, if not good EMG signal is
detectable, HAL can work through an alternative control strategy called Robotic
Autonomous Control [15].
This paper analyzes an existing lower limb exoskeleton, designed and developed about seven years ago, with the aim of assisting people with lower-limbs
paralysis or weakness in walking. After some years of inactivity, the present
study wants to consider the system from scratch in order to improve its functions according to the current state-of-the-art. The rest of the paper is organized as follow: in section 2 a technical description of the considered exoskeleton
and a kinematic and dynamic analysis are provided. The design phase of an
accurate model of the real system is described in section 3, while section 4 describes the simulation approach used to make the system able to reproduce the
walking motion. Section 5 provides a description of the obtained results, comparing the kinematic and dynamic behaviour of the four developed operating
models. Finally, section 6 concludes the work and presents signiﬁcant future
developments.

2

Technical Specifications

The considered exoskeleton [16] was patented in 2006 by its inventor B. Ferrati
and represents the result of a long time development period (the ﬁrst patent
dates back to 1982). Many versions of the system were realized over the years and
the device studied here was successfully validated1 on four subjects with spinal
cord injury. Fig. 2 (a-b) show a snapshot of the exoskeleton whereas Fig. 2 (c)
represents the kinematic scheme. The system consists of two actuated orthoses
and a corset. Once worn, the system assists the user during the movements
of standing up and walking. Considering the kinematic design, the system is
characterized by a pseudo-anthropomorphic architecture. Although its design
is close to the human’s leg kinematics, the device includes only two ﬂexionextension DOFs per leg, constraining the whole motion in the sagittal plane. In
fact, each orthosis consists of a series of three segments opportunely constrained
via two purely rotary joints at the hip and knee. This design was dictated by
the desire to make the system simple and robust. The aim of the project was
not to perfectly reproduce human motion but to use a minimalistic design to
provide a simple, low-cost and useful assistive device. Each orthosis is actuated
by two ball screw DC motors opportunely linked to the thigh and shin segments
in order to convert the linear motion to a rotation of the included joint.
The kinematic design allows the upper actuator to substitute the hip ﬂexor
muscle (rectus femoris) and the hip extensor (hamstring muscles group) while
pulling and pushing respectively. On the other hand, the lower actuator acts as
the knee ﬂexor muscles (hamstring, gastrocnemius) while pulling and as the knee
1

A video of an experimental session is available at: http://www.ferrati.com/
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Fig. 2. (a) Front view of the real exoskeleton. (b) Right-side view of the real exoskeleton. (c) Kinematic scheme.

extensors (quadriceps muscle group) while pushing. The stability of the subject
is maintained using a walker, which was also designed to contain the battery
pack and the electronic components.
2.1

Kinematic and Dynamic Analysis

In order to study the physical behaviour of the real exoskeleton, a preliminary
kinematic and dynamic analysis was made. Known the angle positions described
by the hip and knee joints during a single gait cycle, the actuators forces necessary to generate locomotion were computed. Since the system was designed as
an assistive device, only slow velocities are involved in the motion. Under this
hypothesis, dynamic loads in the estimation are neglected.
The free body diagram of the system is represented in Fig. 2 (c). The l1
segment represents the thigh whereas the l2 represents the shin. θ1 indicates the
hip joint’s position with reference to the vertical direction whereas θ2 indicates
the knee joint’s position with reference to the thigh direction. Segments p1 and
p2 indicate the variable lengths of the upper and lower actuators respectively.
It is possible to calculate the length of the two actuators as function of the hip
and knee angle positions. In particular, p2 is computed by using equation 1.


π
α2 = 
2 − θ2
p2 = l22 + d2 − 2l2 dcosα2

(1)
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On the other hand, p1 is computed using equation 2.

⎧
a = l12 + c2
⎪
⎪
⎪
⎪
⎪
h = h21 + h22
⎪
⎨
ξ1 = arcsin ac
⎪
δ1 = arcsin hh1
⎪
⎪
⎪
⎪
α = π − θ − ξ − δ1
⎪
⎩ 1 √ 2 1 2 1
p1 = a + h − 2ahcosα1

(2)

After computing the actuators lengths, some angles values for the lower and
upper structures can be easily deduced by using equation 3 and 4 respectively.

β2 = arcsin pd2 sinα2
(3)
γ2 = π − α2 − β2

h2 +p21 −a2
β1 = arccos
2hp1
(4)
γ1 = π − α1 − β1
Considering the forces acting on the system, FG1 and FG2 represent the forces
due to the gravity at the thigh’s and shin’s Center of Mass (COM), whereas
F1 and F2 stand for the upper and lower actuators forces. m1 and m2 are the
approximate weights of the thigh and shin segments applied in their COM respectively. The forces supplied by the shin and thigh actuators are computed as
in 5 and 6 from a simple torque balance with respect to the knee and the hip
center respectively.
m2 g l22 sin (θ1 − θ2 )
(5)
F2 =
l2 sinβ2
m1 g l21 sinθ1 + m2 g l1 sinθ1 + l22 sin (θ1 − θ2 )
F1 =
(6)
hsinβ1
Equations 5 and 6 show how to obtain the upper and lower actuators forces as
function of the θ1 and θ2 hip and knee angular positions.

3

Modelling

The implementation of a virtual model provides considerable advantages to the
analysis of a device, such as unnecessary creation of a physical prototype of the
system to test some variation in its conﬁguration, early acquisition of more technical knowledge, reducing design time and costs and achievement of a better
quality in the ﬁnal product. In this perspective, virtual modelling is a useful
tool both in the initial phase of functional design, in the mid-term evaluation
of the alternatives and in the ﬁnal kinematics and dynamics veriﬁcations. Starting from these considerations, all the physical features of the real system were
imported in a simulator in order to study its dynamic behaviour and verify the
eﬀectiveness of some potential improvement without making any changes to
the existing prototype. Considering the human-machine interaction involved in
the use of an exoskeleton, the OpenSim2 [17] simulator was chosen to implement
2

Freely available at: https://simtk.org/home/opensim
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and analyze the model from a biomechanical point of view. It is an open-source
multibody dynamics engine developed by the Stanford University to implement
mathematical models of the musculoskeletal system and create kinematic and
dynamic simulations of human movement. By using the OpenSim built-in tools
and a human musculoskeletal model provided within it, four diﬀerent models
were implemented, in order to study the behaviour of the system in diﬀerent operating conditions and in particular the interactions that are generated between
the human musculoskeletal structure and the exoskeleton.
– The ﬁrst model represents the kinematic and dynamic characteristics of the
existing exoskeleton. It is considered in order to examine the behavior of the
device without the presence of a user.
– The second model diﬀers from the previous one because of the adding of a
human subject. This model uses an accurate musculoskeletal human model to
reproduce the actual device operating condition, studying how the presence
of a subject modiﬁes the results previously obtained.
– The third model constitutes an improvement of the existing system. In fact,
after the simulation of the real system model, a new multibody model was
realized, adding an active DOF at the ankle joint in order to achieve a greater
similarity in the gait kinematics (the real system doesn’t have any DOF at
the ankle).
– The fourth model adds the musculoskeletal model of a user to the modiﬁed
virtual system.
3.1

Bodies, Joints, and Actuators

The ﬁrst modelling step was to virtually reproduce all the mechanical parts
using a CAD software. Starting from an accurate measurement of the actual
components of the system and the identiﬁcation of their materials, an accurate
virtual reconstruction of each piece was processed. For each body the mass, the
position of the COM, and the inertia matrix were computed. In particular, according to the convention used by OpenSim, the inertia matrix calculation was
made with respect to a reference frame positioned at the origin of the absolute
reference system of each part, and not respect to the COM. After the simulation of the actual system, a new virtual model was designed adding a ﬂexionextension ankle joint. The real system model and the modiﬁed one are shown in
Fig. 3(a-b).
Within these models, each joint establishes a parent-child relation between
two bodies. Three type of joints were used to deﬁne the relations between the
components. A Weld Joint introduces no DOF and fuses two bodies together;
this type of joint was used to deﬁne the relations between the corset body and the
ground, between the corset rod and the corset body and between both the thigh
and shin rods and their bootlegs. A Pin Joint introduces one coordinate about
the common z-axis of the parent and child joints frames. Pin joints were used
to deﬁne the hip and knee joints, and in the modiﬁed model for the ankle joint
too. The geometry of the three joints is shown in Fig. 3(c). Finally, a Custom
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Fig. 3. CAD models of the real (a) and ankle-modiﬁed (b) systems. The reference
frames for each DOF are given. Geometry (c) and range of motion (d) of the hip, knee
and the ankle hinge joints. (e) Forces applied to the model of the real system.

Joint is used to specify 1-6 coordinates and a custom spatial transformation. It
was used to deﬁne the musculoskeletal model’s joints. The force of each actuator
was represented by using a vector applied to the extreme points of each linear
motor, as depicted in Fig. 3(d). This assumption allowed to use a simple pointto-point linear force model, which describes a force between two ﬁxed points on
two bodies. The force value is calculated as the product of an optimum strength
value and a control value, while the associated sign is intended positive if it
increases the distance between the extremities.
3.2

Constraints

Once the deﬁnition of the exoskeleton’s virtual model was completed, the code
for the human musculoskeletal multibody model was integrated as shown in
Fig. 4. The aim was to get a complete model of the human-machine interaction
in order to simulate with good approximation the system’s actual operating
conﬁguration. To do this, a preexisting human musculoskeletal model provided
by OpenSim was used. It comprises the physical model of both the lower limbs,
the trunk and the head of a subject 175 cm tall and weigh 75 kg with 23 degree
of freedoms and 91 muscles.
The human model was properly modiﬁed to ﬁt the constraints imposed by
the virtual device. In particular, the following changes were made.
– The joint between the human torso and the ground was replaced by a constraint between the pelvis and the exoskeleton’s corset in order to reproduce
the structural relationship between the trunk of the subject and the top of
the system.
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Fig. 4. Details of the Coordinate Coupler constraints within the ankle modiﬁed model.

– The DOFs were appropriately modiﬁed to respect the constraints imposed
by the system on the human musculoskeletal structure.
– As the exoskeleton was designed to help people with lower-limbs paralysis
to walk, the muscles of the lower extremities were disabled, delegating the
actuation task to the exoskeleton’s actuators only.
– To reproduce the kinematic constraints that occur when the device is worn,
four-to-six constraints were added between the subject and the system’s
models. Since the use of the exoskeleton makes the movement of the subject’s
lower limbs equal to that of the device, a Coordinate Coupler type constraint
was used to make the ﬂexion-extension of the user’s joints (hip, knee and
ankle) dependent to the rotation of the system’s corresponding DOFs.

4

Simulation

After the modelling phase, the motion behaviour of the four implemented models
was analyzed. The kinematic and dynamic simulations were carried out using an
OpenSim tool, called Computed Muscle Control (CMC). The CMC’s purpose is
to compute a set of muscle excitations (or more generally actuator controls) that
will drive a dynamic model to track a set of desired kinematics [18]. In order
to obtain a new eﬀective force control for the real exoskeleton prototype, the
gait cycle movement was considered and the actuators forces were computed.
The data used in the simulations were obtained properly sampling the gait cycle
data provided by OpenSim, which are widely validated in literature and freely
provided with the software. A gait cycle of duration 4 s and a sampling time of
0.4 s was considered. Once the simulation is successfully completed, the CMC
returns the experimental results for the eﬀective joints’ positions, velocities and
accelerations, the generalized forces produced by the actuators to generate the
motion, the actuators powers and speeds, the position errors of the joints and the
actuation control values. In particular, one of the aims of the present work was to
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use the CMC tool to calculate the force of each actuator necessary to move the
generalized coordinates along the desired trajectory. At this stage of the work,
the simulation conditions didn’t include any contact model, neither between the
feet and the ground, nor between the subject’s hands and the parallel bars.
For now, ground reaction forces have not been computed. The control strategy
used by the CMC consists in the combination of a proportional-derivative (PD)
controller and a static optimizer.

5

Results

The actuators forces for the four considered models were computed in order to
obtain the necessary values to make the system accurately reproduce the desired
gait cycle3 . The graphs in Fig. 5 and Fig. 6 present the simulation results for
the real device model and the virtually modiﬁed prototype, respectively. For
both cases, the exoskeleton only (green line) and the human-constrained system
(blue line) are compared to each other. Joint angle positions and actuators forces
are expressed in Degree and Newton respectively. Time is measured in second.
The reference trajectories (dotted line) correspond to the validated OpenSim
walking data.

Fig. 5. (a) (c) Angle positions of Hip and Knee joints. (b) (d) Correspondent Upper
and Lower actuators forces. The green and blue lines represent the simulation results
for the non-constrained and human-constrained models, respectively.

3

A video of the simulation is available at: http://youtu.be/WO9Z--nrwwc
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Fig. 6. (a) (c) (e) Angle positions of Hip, Knee, and Ankle joints. (b) (d) (f) Correspondent Upper, Lower, and Ankle actuators forces. The green and blue lines represent the
simulation results for the non-constrained and human-constrained models, respectively.

The graphs in Fig. 5 describe the experimental joint angles and the actuators
forces obtained by the simulation of the actual device model and its humanconstrained version. It can be noticed that the experimental joints positions are
the same for both the models and slightly deviate from the reference trajectory.
However, the overall trend is followed and the approximation is acceptable for
the intended purposes. Considering the forces produced by the upper and lower
actuators, the maximum absolute values correspond to the maximum ﬂexionextension of the hip and knee joints. The obtained values are in line with the
results of the dynamic analysis. As expected, the presence of a user in the second
model (blue line) increases the actuator forces necessary to move the system.
However the trend is quite the same for both the conﬁguration.
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After simulating the real system’s model, the improved virtual prototype was
tested in order to verify the eﬀectiveness of adding an active degree of freedom
at the ankle joint. The simulation results are represented in Fig. 6. As in the
previous case, the joint trajectories are suﬃciently accurate for the intended purpose. The ankle joint’s plantar-dorsal ﬂexion is quite diﬀerent from the reference
trajectory in the maximum values but is still acceptable. The upper and lower
actuators forces don’t signiﬁcantly change respect to the previous models. As
expected, the ankle actuator’s force is lower than the other two and the presence
of a user signiﬁcantly increases the values. The simulation results for the modiﬁed system conﬁrmed the importance of the ankle joint to make the locomotion
more natural.

6

Conclusion and Future Works

A real exoskeleton designed to assist people with lower-extremity paralysis or
weakness was analyzed in detail. The aim of the work was to realize a virtual multibody model of the described device in order to study its behaviour
and consider interesting design modiﬁcations. The model was implemented in
a biomechanical simulator called OpenSim and the virtual device was properly
constrained to a musculoskeletal model provided by the software itself. Considering a gait analysis data set, a dynamic simulation of the system was performed
in order to compute the actuators forces necessary to make the joint angles follow the desired gait pattern. After simulating the actual exoskeleton’s model, a
new virtual prototype was designed adding an ankle joint. The modiﬁed model
was simulated using the same approach and the new forces values were compared with the previous one. In conclusion this work has provided an original
way to analyze the behaviour of a robotic exoskeleton within a biomechanical
simulation platform. A realistic force control was estimated to make the device
correctly move. The modelling approach allowed to test potential improvements
of the existing system. As a future work, it would be interesting to apply the
so found results to the real exoskeleton in order to verify the eﬀectiveness of
the present approach. The current results didn’t consider the ground reaction
forces between the human feet and the ground. The development of a ground
contact model for the virtual device would improve the accuracy of the analysis.
Finally, to make the gait cycle more natural, it would be interesting to increase
the number of DOF of the system.
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