
Received January 22, 2020, accepted February 7, 2020, date of publication February 17, 2020, date of current version February 27, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2974295

Systematic Design of a Parallel Robotic System
for Lower Limb Rehabilitation

CALIN VAIDA 1, IOSIF BIRLESCU1, ADRIAN PISLA1, IONUT-MIHAI ULINICI1,
DANIELA TARNITA2, GIUSEPPE CARBONE1,3, AND DOINA PISLA 1
1CESTER, Technical University of Cluj-Napoca, 400020 Cluj-Napoca, Romania
2INCESA, University of Craiova, 200585 Craiova, Romania
3DIMEG, University of Calabria, 87036 Rende (CS), Italy

Corresponding author: Doina Pisla (doina.pisla@mep.utcluj.ro)

ABSTRACT This paper presents the design of an innovative robotic system for lower limb post-stroke

rehabilitation of bed confined patients during the acute stage of the treatment. To establish the particularities

of each targeted joint motion, experimental measurements are performed on healthy subjects. The acquired

data is used to determine the operational workspace, namely the limits of the anatomic joints motion for

the lower limb. Based on the prescribed operational workspace, an innovative parallel robotic architecture

is designed for achieving the rehabilitation of the lower limb. A detailed kinematic modelling and analysis

is carried out to demonstrate the robot capability to safely achieve the required motions. The design of the

robotic rehabilitation device is discussed in detail alongside with numerical simulations for validating its

performance while performing medically relevant rehabilitation motions.

INDEX TERMS Rehabilitation robotics, parallel robots, robot kinematics, modeling, numerical simulation,

design engineering.

I. INTRODUCTION

In recent years stroke became the third most common cause

of disability making up 4.5% of disability-adjusted life-years

(DALYs) worldwide. Around 70% of stoke survivors experi-

ence some form of motor disability and must undergo a reha-

bilitation program [1], [2]. Post-stroke rehabilitation can be

divided into three main phases: acute, sub-acute and chronic

with the acute phase being themost effective for rehabilitation

but also the most difficult to treat (see figure 1).

Robotic assisted rehabilitation devices have been widely

addressed in the last decades with several existing design

solutions [3]–[5]. Robotic rehabilitation devices for lower

human limb can be classified as based on their structure as

treadmill-based exoskeleton robots, leg orthoses, foot plate

based devices and platform based devices. Treadmill-based

exoskeleton robots are devices that use a harness-type sup-

port system to suspend the patient in an upright position. The

LokoHelp [7] is such a device which uses the treadmill as

an actuator, to guide the patient’s legs along a set walking

motion path. The patient is suspended via a harness mech-

anism and the leg is kept in the proper position via a leg
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FIGURE 1. The post-stroke rehabilitation phases.

brace system. Leg orthoses and exoskeleton based struc-

tures, are robots that encompass the patient’s affected limb

or limb segments entirely [7] [8]. HAL or Hybrid Assistive

Limb [9] is a wearable lower limb exoskeleton. Clinical and

experimental studies on this device have shown that it can

provide weight support and assist with activities of daily

living (ADL). Foot plate-based end effector systems, are

devices that guide the patient’s limb from the foot upwards.

Instead of having a joint based architecture, like exoskeletons,

that require joint alignments between the device and the

human limb, the device uses a footplate to move the leg by

simulating foot movements, this in turn moving the other leg
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joints accordingly. The Gait Trainer (GTI) [10] is a device

that uses the movements of the lower limb to stimulate

muscles and assist the patient in training. Platform-based

end-effector devices are robotic systems that use a solution

similar to that of a footplate, except these are generally made

to exercise the different motions of the ankle joint, instead of

simulating a walking pattern like footplate based structures.

The Rutgers ankle [10], integrates features such as virtual

reality, force feedback, and remote control. The mechanism

consists of a mobile platform, a fixed platform and six double

acting cylinders thus attaining 6 degrees of freedom (DOF).

Analyzing the exiting devices for lower limb rehabilitation

the authors identified a white spot in this field, namely the

rehabilitation of bed-ridden patients, which cannot be treated

in a vertical position. The aim of the paper is to present the

systematic development a new robotic device that can be

attached to the patient bed, performing rehabilitation exer-

cises for the lower limb on all the major joints: hip, knee

and ankle. The motivation of developing such robotic system

emerges from the lack of existing solutions for severely dis-

abled patients whom cannot stand, aiming to mobilize all the

major joints of the lower limb. The challenges that should be

overcome through the systematic design (consistent with the

points addressed in [2] regarding robotic rehabilitation) are:

the minimization of the active involvement of physical thera-

pists (which should diminish the consequences of a predicted

shortage in rehabilitation personnel [2]), the possibility to

provide personalized treatment programs for each patient and

the minimization of the production cost of the final robotic

device.

Following the Introduction section the paper is struc-

tured as following: In Section II the proposed design

approach is discussed; in Section III the motion intervals for

each anatomic joint are deduced through experimental data

obtained on healthy human subjects (the obtained motion

intervals are the basis of the definition of the robot opera-

tional workspace); in Section IV a novel robotic system is

proposed for lower limb rehabilitation specifically for bed

ridden patients (in the acute treatment phase), where specific

attention is addressed to kinematic modelling and singularity

analysis which in turn are used to determine the operational

workspace and validate the feasibility of the desired motion

operations; in Section V the 3D CAD model is presented,

designed in accordance to specific kinematic requirements

discussed in previous sections and the mechanism compo-

nents are detailed; in Section VI kinematic simulations are

reported and discussed to illustrate the interaction between

the active joint space and the human anatomic joints; the

design of the robotic rehabilitation device is compared with

other existing devices in (Section VII) - Discussion, showing

some potential advantages and the conclusions are illustrated

in Section VIII.

II. THE PROPOSED DESIGN APPROACH

A stepwise methodology for the development of a new,

efficient robotic system for lower limb rehabilitation is

FIGURE 2. The stepwise process for the development of an efficient
robotic system for rehabilitation.

presented in figure 2. The first step of this approach requires

identifying the motions that have to be performed during a

rehabilitation treatment, while a patient is lying on a bed. The

next step requires identifying the motion amplitudes of each

targeted anatomic joints [12], [13]. Themotion amplitudes for

each targeted anatomic joint (hip, knee and ankle) were ana-

lyzed using healthy subjects to determine the task (operating

workspace) of the rehabilitation exercises (considering that

the exercises start with lower amplitudes but they progress

towards the values that describe healthy subjects). Using this

information a new robotic structure can be designed inte-

grating also the above defined sensors. The robot kinematic

modelling will serve to define the control equations and, in

parallel, the robot workspace and singularities.

In the next step, the safety of the robot is evaluated based

on these finding as the robot should be able to reach the

motion amplitudes defined (workspace) and to have a safe

behavior (no singularities within the operational workspace).

Using the equations from the kinematic modelling, in the next

step numerical simulations ofmedically relevant exercises are

performed to assess the robot behavior, followed by its 3D

CAD design.
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FIGURE 3. The components of the experimental bench.

III. JOINT MOTION ANALYSIS THROUGH EXPERIMENTAL

MEASUREMENTS

For the systematic definition of the robotic device operational

workspace the motion amplitudes for the targeted anatomic

joints were determined using several healthy subjects. The

motion data at this stage is used in order to define the func-

tionality of the robotic system (considering that the ampli-

tudes of motion are carefully increased with the progression

of the patient to achieve motions close to the ones of healthy

patients). The desired motions for the rehabilitation process

(which represent also the subject of the experimental mea-

surements) are:

(hip) - flexion/extension and abduction/adduction;

(knee) - flexion/ extension;

(ankle) - dorsiflexion/plantar flexion and abduction

/adduction.

The authors have identified appropriate sensors used to mea-

sure directly the motion amplitudes and performed a series of

experimental testing that aimed to evaluate:
• the motion amplitudes of healthy subjects which will be

used to define the robot range for each targeted joint;

• the sensors behavior on different subjects with different

anthropometric data;

• the sensors integration for real-time feedback in a reha-

bilitation system.
The sensors used during the experiments are provided by Bio-

metrics having all the certifications required by biomedical

applications [12]. For the experimental bench the following

FIGURE 4. Experimental measurements diagram.

equipment is used (figure 3): (1) – mobile computer for

signals processing; (2) – twin axes goniometers; (3) –medical

grade adhesive tape and elastic bends; (4) – DataLog wireless

signal transmission device; (5) – connection wires between

goniometers and DataLog. Each goniometer can measure the

motion amplitude in two perpendicular planes, enabling the

study of the limb spatial trajectory when a specific motion

is performed. The experimental process is synthetized in the

diagram presented in figure 4.

Although there are far more precise technical solutions

for tracking the anatomic joints motions, see for example

the OptiTrack package [28] (which can track markers with

precision better than 1 mm), or other camera based methods

such as in [24], the authors opted to use the goniometers

since in the rehabilitation process does not require a very high

accuracy of the robotic device (as opposed to robots designed

for percutaneous procedures such as biopsy and brachyther-

apy). As long as the goniometers are well calibrated their

use for the rehabilitation is preferred (at least according to

the kineto-therapists and medical personnel) since it is far

easier to mount the sensors on the limb (than to mount the

trackers and calibrate the camera tracking device which may

be needed if the robot is moved in other place). Moreover, the

described sensors’ system (goniometers) will be part of the

RAISE robotic system (to form closed loop control in order to

ensure the patient safety) and their use is also intended for the

patient evaluation in future stages of development (when the

robotic system will be tested in hospital environment). Based
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FIGURE 5. The positioning of the goniometers on the lower limb.

on the authors’ clinical experience for upper limb rehabilita-

tion [30], the general patient state imposes the use of sensors

that can be mounted fast, easy and reliably with a simple

setup. The experimental measurements were performed on

5 healthy subjects with the sensors positioned on the joints

of the lower limb as shown in figure 5.

The experimental results are summarized in the next table

and the signal processing is illustrated in a graphical form

for one subject for each motion. All the signals recorded

from the DataLog were processed in MATLAB, filtering the

noise (third-order one-dimensional median filter), identifying

the peaks in the signals and computing the relevant motion

parameters.

The experimental measurements were performed as fol-

lows:

• each subject was requested to perform each motion by

himself, to an amplitude which felt comfortable;

• each motion was performed with a number of 10 repeti-

tions;

• for the hip, the flexion/extension was performed from

the position presented in figure 5 requesting each subject

to raise the leg in the sagittal plane;

• for the hip abduction/adduction each subject was asked

to raise the leg to a low height in the sagittal plane,

to perform 5 lateral motions (in the coronal plane) than

to raise the leg to a different height and perform again 5

lateral motions;

• for the knee motions, each subject was asked to perform

the flexion in the sagittal plane while keeping the knee

in contact with the lying surface;

• for the ankle motions each subject was asked to per-

form the dorsiflexion/plantar flexion and afterwards the

abduction/adduction.

The data presented in Table 1 represents the following:

(Hip): in case of Flexion/Extension the minimum, maxi-

mum, average, median and standard deviation of the ampli-

tude peaks is computed;

in case of abduction/adduction, which has been measured

at two different heights, the average values and the stan-

dard deviation is computed for the motions in the coronal

plane (C) and Sagittal plane (S);

TABLE 1. Experimental data of the upper LIMB measurements.

(Knee): for the knee flexion motions the minimum, maxi-

mum, average, median and standard deviation for the ampli-

tude peaks are computed;

(Ankle): for each ankle motion the average values and

the standard deviation for the amplitude peaks have been

computed.

Figure 6 illustrates an example of the experimental data

processed in MATLAB [17].

IV. RAISE – AN INNOVATIVE PARALLEL ROBOTIC

SYSTEM FOR LOWER LIMB REHABILITATION

In [14] a novel parallel robotic system was introduced with

the capability of mobilizing all the large joints of the lower

limb following feasible ranges of motion: hip, knee and

ankle. Based on the discussions with medical experts (kineto-

therapists and neurologists) several enhancements where

made:

• The total number of motions at the level of the lower

limb has been increased;

• The motion amplitudes where extended to support a

wider range of exercises;
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FIGURE 6. Motion curves for the hip motions of the human Subject 1.

TABLE 2. Motion ranges of raise robotic system.

• The mechanical structure was designed to allow simple

and accurate geometric variations based on the anthro-

pometric patient data;

• The robot design was achieved in such a way to allow

the use of two RAISE system side by side (mirrored) to

allow the support for both limbs.

Themotion capabilities (i.e. the operational workspace) of the

new enhanced parallel structure - RAISE, are summarized, in

terms of motion types and amplitudes in the Table 2. Regard-

ing the motion amplitudes, for safety reasons, the maximum

values are set below the capabilities of a ‘‘healthy person’’,

defined together medical experts using the experimental data

presented in section III.

A. GEOMETRIC AND KINEMATIC MODELLING OF THE

RAISE ROBOTIC SYSTEM

In order to develop the robotic system for rehabilitation the

kinematics of the human lower limb must be considered. It is

well established that the motions performed by the anatomic

joints are far more complicated than simple rotations in basic

mechanisms achieved via revolute or spherical joints (for the

knee joint see for example [3]). However, the authors opted

to use a simple kinematic model for the lower limb, namely

the limbwas approximated as being a URU kinematic linkage

with a universal joint (U) describing the hip, a revolute joint

(R) describing the knee and a universal joint (U) describing

the ankle (only 2 degrees of freedom are intended for the

rehabilitation of the ankle using the proposed robotic system).

FIGURE 7. Kinematic scheme of the hip and knee rehabilitation module.

This simplification was possible due to the following reasons:

i) the proposed robotic system contains a specific kinematic

chain on which the lower limb is mounted (similarly to an

exoskeleton) with its mechanical joints placed adjacent, or

as close as possible, to the anatomic human joints; ii) the

lengths of the links of the kinematic chain on which the limb

is mounted are adjustable to create modularity (i.e. adjust

to anthropometric variations), therefore the alignment of the

mechanical joints with the anatomical joints is achievable; iii)

the anchor elements placed on the RAISE robotic system are

compliant (there is no fixture between the anchor elements

of the mechanism with the lower limb segments), therefore

during the rehabilitation exercises the lower limb is not forced

into specific motions that may produce injury. The reasoning

of choosing this simple kinematic model for the lower limb

is also discussed in [29].

The initial conceptual solution for the RAISE robotic sys-

tem was designed with 4 DoF (degrees of freedom), achieved

using two coupled rehabilitation modules. The first mod-

ule was a 2 DoF planar parallel mechanism, targeting the

flexion/extension of the hip and knee joints; and the second

module was a 2 DoF spherical mechanism, targeting the

flexion/extension and adduction/abduction of the ankle joint.

The mechanism was slightly redesigned to extend its func-

tionality, but the modularity of the system was kept. A third

DoF was added for the hip and knee rehabilitation module,

namely the hip abduction/adduction. Consequently, the hip

and knee rehabilitation module became a 3 DoF parallel

spatial mechanism (Fig. 7), while the ankle module remained

a spherical 2 DoF RR mechanism (Fig. 8).

Having the kinematic schemes of the two modules of the

robot the structural synthesis can be achieved using the for-

mula derived by Plitea [15]:

M = (6 − F) · N −
∑

i=1..5

(i − F) · Ci, i = 1..5 (1)
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FIGURE 8. Kinematic scheme of the ankle rehabilitation module.

where: M – represents the degree of mobility for the mech-

anism; F – the mechanism family (defined as the total num-

ber of common constraints for all the mechanism elements

which respect to the 6 possible motions in space), N – the

number of mobile elements and Ci – the number of joints of

i-class (where the class is defined as the number of motion

restrictions introduced by a joint – e.g. a revolute joint is of

class 5, a spherical joint is of class 3). A further condition

imposes that all the terms should be positive. For the hip

and knee rehabilitation module, the numerical values of the

parameters in (1) and hence, the degree of mobility is:

F = 3, N = 9, C5 = 12 ⇒ M = 3 (2)

Thus the mobility degree of the first module is three,

corresponding to the number of independent motions that will

be performed with it. For the ankle rehabilitation module the

degree of mobility is:

F = 2, N = 3, C5 = 4 ⇒ M = 2 (3)

To derive the geometric and kinematic models a set of

coordinate frames were introduced (both fixed and mobile).

Firstly, for the hip and knee rehabilitation module, the OXYZ

coordinate frame is a fixed one with its origin coincident with

the intersection axes of the universal joint Rh (see Figure 7),

and O’X’Y’Z’ is a mobile coordinate frame with its origin at

the ankle rotation point Ra. Secondly, for the ankle rehabilita-

tion module, the O’X’Y’Z’ serves as a fixed coordinate frame

(as the two rehabilitationmodules are coupled together) while

O’’X’’Y’’Z’’ is a mobile one, both having the origin Ra

(Figure 8).

The kinematic model of RAISE enables the definition of

the motion equations at the level of each actuator for the

generation of medically relevant trajectories for the targeted

joints of the lower limb.

For the kinematic modeling of RAISE, Table 3 introduces

a set of notations for the geometrical parameters of the struc-

ture.

To describe the motion of the hip and knee rehabilitation

module four kinematic chains are defined as follows:

1. The first kinematic chain is a UR linkage with all

the three rotation motions being free. It starts at the

rotation axes intersection of the universal joint Rh (or

the origin of the fixed coordinate frame) and ends at the

point Ra (or the origin of the moving coordinate frame).

TABLE 3. The geometric parameters of the raise robotic structure.

This UR linkage actually serves as an exoskeleton

which guides the trained limb using anchor elements

which are mounted on the mechanism links (see

Section V);

2. The second kinematic chain is a PRR chain with

one active linear motion (actuated by q1 through the

prismatic joint P1) along an axis parallel with OZ of

the fixed frame, and two free rotation motions (through

the revolute joints R11 and R12) around axes parallel

to the OX axis. Actuating this kinematic chain varies

the angle αhip_l which in turn produces the abduc-

tion/adduction on the hip;

3. The third kinematic chain is a PPR chain with: one

free linear motion (through the prismatic joint P21) on

a horizontal direction (in the OYZ plane of the fixed

coordinate frame); one active linear vertical motion

(actuated by q2 through the prismatic joint P22) along

an axis parallel with the OX axis of the fixed frame;

one free rotation motion around an axis parallel with

the OYZ plane through the revolute joint R2 (which is

linked with the first kinematic chain). Actuating this

kinematic chain will change the angle αhip_v which in

turn produces the flexion/extension of the hip;

4. The forth kinematic chain is identical with the third

one. It is a PPR chain with one free linear motion

VOLUME 8, 2020 34527



C. Vaida et al.: Systematic Design of a Parallel Robotic System for Lower Limb Rehabilitation

(see above) through the prismatic joint P31, one active

linear vertical motion (actuated by q3 through the pris-

matic joint P32), and one free rotation through the

revolute joint R3 (which is also linked with the first

kinematic chain). Actuating this kinematic chain will

change the angle αknee which in turn produces the flex-

ion/extension of the knee (while q2 remains constant

that is).

Since different patients may have different limb segment

lengths (referred to as anthropomorphic variables), the total

lengths of Lthigh and Lleg must also be adjustable. A possible

solution is to allow the lengths l1 and l2 to be adjustable before

the rehabilitation exercises. The design of the robotic system

accounts for the anthropomorphic variables (further details

are presented in Section V).

The ankle rehabilitation module (Figure 8) is an RR

mechanism with spherical architecture actuated by the active

joints q4 and q5. Through the actuation of q4 the angle αank_l

varies which in turn produces the abduction/adduction of the

ankle join. Furthermore, through the actuation of q5, the angle

αank_v changes which induces the flexion/extensionmotion of

the ankle.

In order to solve the kinematic model for RAISE, one

must underline that, in the rehabilitation process, the kineto-

therapist which sets up the exercises will never configure the

robot based on the coordinates of certain points of interest but

rather by setting angular amplitudes for the parameters which

correspond to the motions of the lower limb. Thus, in the

kinematic model, the authors will determine the equations

that establish a relationship between these angles and the

values of the active joints. For the first active joint (q1)

can be calculated using the law of cosines in the triangle

V0V1V2 where the lengths of the two sides are known as

fixed geometric coordinates and the angle V0V1V2 as input

parameter. From the two corresponding solutions, knowing

that the angle must be lower than π
/

2 the smaller value is

used, thus:

q1=LB · cos
(

αhip_l
)

−
√

L2B · cos(αhip_l)2−L2B+L2angle (4)

The second active joint is:

q2 = LO + l1 · sin
(

αhip_v
)

(5)

The coordinates of the point Rk are:










XRk = Lthigh · sin
(

αhip_v
)

YRk = Lthigh · cos
(

αhip_v
)

· sin
(

αhip_l
)

ZRk = Lthigh · cos
(

αhip_v
)

· cos
(

αhip_l
)

(6)

Moving on to the knee, the coordinates of the point R3 have

the following expressions:










XR3 = XRk + 12 · sin(αhip_v + αknee)

YR3 = YRk + 12 · cos(αhip_v + αknee) · sin
(

αhip_l
)

ZR3 = ZRk + 12 · cos(αhip_v + αknee) · cos
(

αhip_l
)

(7)

Thus, the coordinates of the third active joint are:

q3=LO+Lthigh · sin
(

αhip_v
)

+12 · sin(αhip_v+αknee) (8)

The coordinates of the ankle joint, Ra are:










XRa = XRk + L2 · sin
(

αhip_v + αknee
)

YRa = YRk + L2 · cos
(

αhip_v + αknee
)

· sin
(

αhip_l
)

ZRa = ZRk + L2 · cos
(

αhip_v + αknee
)

· cos
(

αhip_l
)

(9)

The last two active coordinates, based on the fact that the

second module is a spherical one, have simple expressions:

q4 = αank_v (10)

q5 = αank_l (11)

Using (4) ÷ (11), the implicit functions of the mechanism

can be defined, in order to compute the Jacobi matrices A and

B. Thus a system of five equations can be written:

f1 : q1 − LB cos
(

αhip_l
)

+
√

L2B cos(αhip_l)
2 − L2B + L2angle

f2 : q2 − LO − l1 sin
(

αhip_v
)

f3 : q3 − LO − Lthigh sin
(

αhip_v
)

− 12 sin(αhip_v + αknee)

f4 : q4 − αank_v

f5 : q5 − αank_l (12)

The A Jacobi matrix which represents the partial deriva-

tives of the five implicit functions with respect to the input

parameters, namely the five angles of interest will have to

following expression:

A =













A11 0 0 0 0

0 A22 0 0 0

0 A32 A33 0 0

0 0 0 −1 0

0 0 0 0 −1













(13)

where:

A11 = − sin
(

αhip_h
)

LB−
cos(αhip_l)L

2
B sin(αhip_l)

√

L2B cos(αhip_l)
2−L2B+L2angle

A22 = − cos(αhip_v)l1

A32 = cos
(

αhip_v
)

Lthigh − cos
(

αhip_v + αknee
)

l2

A33 = − cos(αhip_v + αknee)l2

The second Jacobi matrix, B, is obtained calculating the

partial derivatives of the implicit functions (12) with respect

to the active coordinates. Thus, the B matrix is a 5×5 identity

matrix.

The kinematic model for velocities is calculated using

the well-known matrix identity between the velocities of the

input angles and the ones of the active joints [16]:

A · Ẋ + B · Q̇ = 0 (14)

Considering that the input values for the velocities of the

joint angles are known it results:

Q̇ = −B−1 · A · Ẋ (15)
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The analytical expressions for the five active joints veloc-

ities are:

q̇1 =
− sin(αhip_l)LB − cos(αhip_l)L

2
B sin(αhip_l)

√

cos(αhip_l)2L
2
B + L2angle

α̇hip_l

q̇2 = cos
(

αhip_v
)

l1α̇hip_v

q̇3 =
[

cos
(

αhip_v
)

Lthigh + cos
(

αhip_v + αknee
)

12
]

· α̇hip_v + cos
(

αhip_v + αknee
)

12α̇knee

q̇4 = α̇ank_v

q̇5 = α̇ank_l (16)

The time derivative of (14) leads to the following matrix

expression:

A · Ẍ + Ȧ · Ẋ + B · Q̈+ Ḃ · Q̇ = 0 (17)

Considering as known the values for the joint angles accel-

erations, from (17) it results:

Q̈ = −B−1 ·
(

A · Ẍ + Ȧ · Ẋ + Ḃ · Q̇
)

(18)

Introducing the following notations:

Aa = cos(αhip_l) · L2B − L2B + L2angle

w1 = −
cos(αhip_l)LB − cos2(αhip_l)L

4
B sin

2(αhip_l)

2
√

A3a

−L2B
sin2(αhip_l) − cos2(αhip_l)√

Aa

w2 =
− sin(αhip_l)LB + cos(αhip_l)L

2
B sin(αhip_l)√

Aa
(19)

The analytic expressions of the five equations that charac-

terize the accelerations of the active joints are:

q̈1 = w1 · α̇2
hip_l + w2 · α̈hip_l

q̈2 = − sin
(

αhip_v
)

l1α̇
2
hip_v + cos

(

αhip_v
)

l1α̈hip_v

q̈3 = − sin
(

αhip_v
)

Lthighα̇
2
hip_v

− sin
(

αhip_v + αknee
)

12
(

α̇hip_v + α̇hip_l
)2

+
(

cos
(

αhip_v
)

Lthigh + cos
(

αhip_v + αknee
)

12
)

α̇hip_l

+ cos
(

αhip_v + αknee
)

12α̈knee

q̈4 = α̈ank_v

q̈5 = α̈ank_l (20)

B. SINGULARITIES ANALYSIS AND WORKSPACE

GENERATION FOR THE RAISE ROBOTIC SYSTEM

A simple way to study the singularities of the mechanism is

to evaluate the vanishing points of determinants of the Jacobi

matrices. While in the case of matrix B the determinant is 1,

the determinant of matrix A has the following expression:

det(A) = sin
(

αhip_l
)

LB cos
(

αhip_v
)

l1 · cos
(

αhip_v + αknee
)

× l2



1 −
cos(αhip_l) · LB

√

cos(αhip_l)2 · L2B + L2angle



 (21)

FIGURE 9. Hip and Knee module workspace.

From (21) there are three cases when the determinant of

matrix A vanishes, as the remaining factors have always

values greater than 0:

1. sin
(

αhip_l
)

= 0 ⇔ αhip_l = 0- the first singularity

would correspond to the case when the leg is straight meaning

that the robot would start in a singular position; in the CAD

design, which is the subject of the next section a distancing

element was introduced to avoid this singularity which was

thus eliminated;

2. cos
(

αhip_v
)

= 0 ⇔ αhip_v = ±π/2- the second singu-

larity corresponds with the case when the thigh is lifted with

90◦ in either direction, but this value is outside the motion

amplitudes imposed by the medical experts so this singularity

condition is outside the operational (task) workspace;

3. cos
(

αhip_v + αknee
)

= 0 ⇔ αhip_v+αknee = ±π/2 - the

third singularity corresponds with the case when the lower

segment of the limb is vertical (parallel with the OX axis of

the fixed coordinate system), which introduces a condition

that has to be avoided within the operational workspace of

the robot.

C. WORKSPACE

For the workspace analysis, a mapping has been done to study

the correspondence between the values of the input angles

and the values of the active joints for the hip-knee module,

illustrated in Figure 9.

The red points represent the values of the input angles

with the limits defined in Table 2. The blue points represent

values outside those limits, while the green points represent

singular configurations. These plots illustrate that only the

third singularity is present within the operational workspace

of the robot.
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FIGURE 10. Hip and Knee module operational workspace.

FIGURE 11. The operational workspace for the ankle module.

Figure 10 represents the hip-knee workspace determined

as a pint cloud with values varying between the limits defined

in Table 2, while Figure 11 represents the workspace of the

ankle module (red line - dorsiflexion/plantar flexion and blue

line adduction/abduction) which based on the equations of the

Jacobi determinants is singularity free.

V. CAD MODELLING OF RAISE

The robotic system (Figure 12.a) has two coupled mod-

ules (first for the hip/knee exercises and the second for the

ankle exercises) mounted on a wheeled-frame to facilitate

the device transportation. The anchor parts placed on the UR

exoskeleton, and on the ankle module allow the mounting of

the lower limb.

The second kinematic chain actuated q1 (illustrated in

detail in Figure 12.b), performs the hip adduction/abduction

motion by guiding the first kinematic chain as follow-

ing; under the actuation of the rotary motor (1), the (ball)

screw/nut mechanism (2) produces linear motion on the

sledge (3) which slides on the rail (4). The motion of

the sledge (3) produces in turn the change in the αhip_l

angle, since the link (5) moves the rail-frame (6) around

the vertical rotation axis of the universal joint (7). The

link (5) consequently has at its extremities two revolute

joints (8).

The motion of hip flexion/extension (by varying the αhip_v)

is performed under the actuation of q2 (through the third kine-

matic chain illustrated in Figure 12.c), which induces linear

motion from a rotatory motor (9) through a (ball) screw/nut

mechanism, towards a sledge (11) (attached to the nut) which

slides on a rail (12). The upper extremity of the rail (12) forms

a revolute joint (13) with the link be-tween the universal joint

(7) (aligned with the hip) and the revolute joint (14) (aligned

with the knee). The length of the link is adjustable before

the exercises (to compensate the anthropomorphic variations)

since the sledges (15) can be slid on the rail (16) adjusting the

distance between the universal joint (7) and the revolute joint

(14). The mechanical element that links the revolute joints

(13) and (14) also has the anchor part for the upper segment

of the lower limb (using also a revolute joint to allow the free

rotation motion of the anchor element for compliance reasons

to avoid trauma on the patients limb).

For the hip flexion/extension motion, while the rail (12)

is lifted (or lowered), the rail must also slide horizontally

(since the revolute joint (14) is constrained to move in a

circle around the horizontal rotation axis of the universal

joint (7)). To achieve the horizontal motion of the rail (12),

an assembly of two sledges mounted back to back is used

(with perpendicular linear motion directions as illustrated

in Figure 12.d). The assembly contains the sledge (11) with

the rail (12) sliding through it (actuated by (9)), and a second

sledge (17) sliding on the rail (6) (as a free linear motion).

The motion of the knee flexion/extension is performed by a

combination of both the active (prismatic) joints q2 and q3
(through the third and fourth kinematic chains illustrated

in Figure 12.c). The forth kinematic chain functions exactly

like the third one, with the rotary motion from the motor (18)

inducing a linear motion on the rail (19) (through a screw/nut

(20)) which slides vertically through a sledge (21). Similarly

with the third kinematic chain (actuated by q2 with the motor

(9)), the rail (19) forms a revolute joint (22) at its upper

extremity.

While the rail (19) is slid up and down, the angle αknee

between links connected into the revolute joint (14) (adjacent

to the knee) changes (provided that the motor (9) is not

actuated). Just like in the third kinematic chain, a horizontal

motion of the rail (19) is necessary (since the revolute joint

(22) is constrained to move on a circular path around the

revolute joint (14)). The same approach with an assembly

with two back to back sledges was used, the first allowing the

actuated linear motion of the rail (19) through the rail (21),

and the second one sliding freely on the rail (6).
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FIGURE 12. RAISE rehabilitation robotic system (CAD representation).

The anchor parts for the lower segment of the limb are

mounted on the rail (23) also using a revolute joint for com-

pliance reasons (to avoid trauma during the rehabilitation

exercises). The rail (23) is mounted on the sledge (24) which

allows the length variation of the exoskeleton link adjacent to

the lower segment of the patients’ limb (before starting the

rehabilitation exercises).

As illustrated in Figure 16, the ankle rehabilitation module

is spherical mechanism, mounted on the rail (23) through

the frame (a). For the adduction/abduction motion, the frame

(a) has the rotatory motor (b) mounted, which rotates a sec-

ond frame (c) around an anteroposterior axis. Furthermore,

the frame (c) has the second rotatory motor (d) mounted,

which produces rotation motion around a mediolateral axis

of the link (e) (through pulleys and a timing belt). The sole

support (f) is linked with (e) at the inferior extremity through

a rail/sledge mechanism (g). This is to allow compliance for

the rehabilitation exercises (as the center of rotation of the

ankle may move during the exercises since the ankle is not

a perfect spherical articulation). Finally, the sole support has

two anchor parts, one for the toes and the second for the heel.

VI. KINEMATIC SIMULATION

A numerical simulation has been performed based on the

kinematic models derived in Section IV (using the Matlab

software [17]) where a set of six consecutive values were

defined as inputs for the joint angles resulting in a set of

motions defined by physical therapists, to generate simple

and combined motions for the lower limb. Between each two

sets of intermediary points the robot would stop to enable a

better evaluation of each component and the correspondence

between the angular values and the motion at the level of

the active joints. Table 4 presents the joint angles used in

the simulation. As geometric and motion parameters, the fol-

lowing equation introduces the numerical values used which
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FIGURE 13. RAISE ankle rehabilitation module (CAD representation).

TABLE 4. The input data for the simulation software.

correspond to a person with a height of 180 cm.

l1 = 390 [mm], l2 = 190 [mm],

Lthigh = 550 [mm],

L0 = 265 [mm], Lleg = 530 [mm],

Langle = 380 [mm],

LB = 520 [mm]

vmax _hip = 5 [◦/s], vmax _knee=4 [◦/s],

vmax _ankle = 3 [◦/s]

ahip = 10 [◦/s2], aknee=8[◦/s2],

aankle = 6[◦/s2] (22)

The motion is numerically simulated, using the kinematic

equations determined before, with a break between each step

(where the motion speed is reset to zero). Figure 14 illustrates

angular displacements, speeds and accelerations at the level

of the joints while Figure 15 illustrates the corresponding

values for the active joints of the robot.

VII. DISCUSSION

It is widely understood that the kinematics of the anatomic

joints are more complicated that simple revolute or spheri-

cal joints used in mechanism science (e.g. methods for the

kinematic modeling for the knee are presented in [3]). For

the robotic assisted rehabilitation one challenge is to develop

robotic systems that comply with the kinematic requirements

of the limb (either through mechanical design of through

adequate control). Since in the RAISE robotic system there

is no fixture between the anchor points and the mechanism

(since compliant elements are used in the design) the motion

of the anatomic joints will comply with the motion of the

kinematic chain of the robot (which mounts the lower limb).

Consequently, the simple design of the RAISE robotic system

should still be capable to perform the rehabilitation exercises

is a safe and efficient manner, with the advantages of modu-

larity, simplicity of design and lower implementation cost.

Precision is not critical for the rehabilitation exercises

(knowing the joint angle displacement is less important

than joint compliance, especially when safety is considered)

whereas the proper support of the limb through anchor ele-

ments is. In the acute phase, stroke patientsmay losemuscular

tonus and the anatomic jointsmust be handled carefully. In [5]

the authors investigated a cable robot and showed how it

should perform for the lower limb rehabilitation. Although

the solution has appropriate workspace and a reduced cost

of implementation it has only one anchor element (below the

knee) whereas RAISE has two anchor elements to control the

knee (which, according to the authors’ and kineto-therapists’

opinion, offers a safer control). Moreover, even if there are

rehabilitation clinics that have access to a consecrated device

for gait rehabilitation such as LokoHelp [6], Lokomat [22],

The Gait Trainer [10], in the acute stroke stages, these robotic

systemsmay not be usable since the patient motor capabilities

may be highly affected. A device which allows the early gait

rehabilitation of bedridden stroke patients (such as RAISE or

the devices——-ones found in [20], [27]) should offer therapeutic

benefits.

Exoskeletons for lower limb rehabilitation were also inves-

tigated in the scientific literature. The most predominant

mechanical architectures are the serial ones (or the open chain

ones such as the RRR rehabilitation exoskeleton in [23]) and

the closed loop chain ones (see [7], [8]). The advantage of the
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FIGURE 14. The angular displacements, velocities and accelerations at the level of the human joints.

FIGURE 15. The angular displacements, velocities and accelerations at the level of the active joints of the
robot.

serial ones is the larger workspace and kinematic simplicity

whereas the advantage of the closed loop ones is that the load

of the kinematic carried by the kinematic chains is reduced

(as opposed to a serial chain where e.g. the base actuator

must carry all other actuators). The RAISE robotic system

is designed based on a closed loop (parallel) mechanism

which reduced the load that the actuators must carry, but

it also has a serial spherical mechanism for the ankle joint

rehabilitation. Since RAISE is designed for the rehabilitation

of the bedridden stroke patients, the emphasis on the ankle

mechanism is not required when the load is considered (since

the sole of the foot will not touch the floor). Other example of

exoskeleton rehabilitation device is found in [24] where the

authors used wire based actuators. However the device does

not provide the rehabilitation for the ankle joint.

Analyzing other review papers which classify robotic sys-

tems for lower limb rehabilitation [11], [18], [19], [25], [26]

the authors did not identified any robotic systems which

approach the patient in the way presented in this paper.

However, a similar solution (with respect to RAISE robotic

system) was found in the literature, the NEURObike [20],

which has only 3 DoF working as a planar mechanism,

whereas RAISE brings a total of 5 DoF, adding the lateral

motions at the level of the hip and ankle. Moreover, a robotic

device for lower limb rehabilitation was presented in [27]

capable of performing a limb motion for both knee and hip
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FIGURE 16. CAD model of RAISE in a mirrored configuration attached to a patient.

joints simultaneously. The advantage of the RAISE robotic

system over the one in [27] refers to the anchor elements

of RAISE (since the robotic system from [27] has only one

anchor element at the level of the ankle).

Although the experimental data for the motion ampli-

tude has no significance in evaluating the efficiency of the

RAISE robotic system (since it was acquired from healthy

patients), it provides relevant information about the oper-

ational workspace which in turn helps in developing the

mechanical design of the robot. Moreover, in contrast to

other motion monitoring solutions (such as optical track-

ing devices [28] which are harder to mount and calibrate),

the biomedical system of sensors (which is medically certifi-

cated and straightforward to use) used for experiments can

be used for the initial evaluation of the patients, the real-

time monitoring of the patients during the exercises and for

providing a database that can evaluate the progress in time

for each subject. In addition, the experiments revealed spe-

cific motion particularities where e.g. the hip flexion motion

has components in both the sagittal and coronal planes (see

figure 6). In order to increase the safety while decreasing the

risk of anatomic joint stain, these particularities of the move-

ment should be considered when defining the rehabilitation

exercises using RAISE robotic system (or even other robotic

systems which are designed for bed ridden patients).

Despite the fact that the RAISE robotic system develop-

ment is not yet in the evaluation stage for the motor reha-

bilitation exercises (for patients with neuromuscular disor-

ders), the authors believe that the design is feasible for the

rehabilitation exercises. This is due to two main aspects:

first, the preliminary numerical results for the rehabilitation

exercises show that RAISE is able to manipulate the lower

limb in the defined ranges ofmotionwithout entering singular

configurations; second, by comparing the RAISE robotic sys-

tem concept with state of the art systems some specific advan-

tages were pointed (discussed early in the section) which may

be summarized as: increased number of controlled DOFs,

increased number of anchor elements, operational workspace

to allow multiple exercise set-ups and modularity. Moreover,

the cost of the robotic system when it reaches a maturity

level of TRL 9 (commercial stage), by the authors estima-

tions, should be lower than 150.000 Euros, which according

to MAR [2] is one characteristic that defines an efficient

rehabilitation device for the lower limb.

RAISE has been designed as a simple robotic system

attachable to almost any bed. The solutions for the right

and left leg are symmetrical allowing also the use of a

dual robot configuration (figure 16). The use of an external

system of sensors for both local muscle activity and joints

amplitudes and systemic parameters allow the use of any

human robot interaction strategies including the mirrored

approaches, making the robot usable for all the rehabilitation

stages [21], each having specific HRI with medical relevance.

The link lengths of RAISE are adaptable allowing the robot

to be configured for the patient anthropometric data without

any performance hinder.

A 3D scaled mockup (1:5) of the RAISE robotic system

(for the right leg) has been achieved using 3D printing tech-

nologies, to validate the initial concept (figure 17).

The kinematic approach is different with respect to the

classical systems where the mathematical model defines the

relation between the active joints and the end-effector coor-

dinates. In this case the kinematics establish simple rela-

tionships between the body joints and the robot’ actuators
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FIGURE 17. 3D scaled mockup (1:5 ) of RAISE for the right leg.

which allow straightforward programming of any exercises

which are defined by amplitude (angular) variations of the

articulations. This is true since the kinematics of the robotic

system is strongly correlated with the patients’ lower limb

joint motions (this result regarding the motion parameteri-

zation was also discussed in [29]). Some differences may

exist between the value of the angle of the patient’s joint

and the value of the mechanism revolute joint angle (adjacent

to the patient limb joint). However, as previously pointed,

accuracy is not a priority in the rehabilitation task and this

discrepancy may be monitored by the body mounted sensors

(e.g. goniometers).

The singularities analysis, validated also in [29] has shown

that RAISE can work in a singularity free workspace while

providing sufficient motion amplitudes for each body joint.

This is also shown numerically for a simulated rehabilitation

task. Motions can be achieved individually for each body

segment and combined in any possible configuration without

interference.

VIII. CONCLUSION

The paper presented the systematic development of an

innovative parallel robotic system for the rehabilitation of

the lower limb for bed-ridden patients (RAISE). At first

the motion amplitudes were determined for each targeted

anatomic joints of the lower limb (hip, knee and ankle)

by analyzing the motion capabilities of healthy subjects

and the experimental data served as a design basis for the

robotic system. After a mechanism synthesis, the kinematics,

singularities, and operational workspace were determined

analytically. Since the operational workspace has only one

singularity (which has little effect on the exercises but must

be avoided nevertheless) the authors believe that the pro-

posed robotic system should be feasible (safe wise) for the

rehabilitation process. Moreover, the RASIE robotic sys-

tem presents important features which are also desired in

robotic rehabilitation (according to kineto-therapists) such as:

adequate control points for the anatomic joints, modularity,

good usability and compliant mechanism for the limb seg-

ments anchor. Numerical simulations were also performed to

initially evaluate the robotic system design, i.e. to determine

if it can perform the exercise motions (defined by the experi-

mental data on healthy subjects). The results demonstrate the

technical feasibility of the proposed design.

Further work is intended for the prototyping of the RAISE

robotic system, evaluating its medical feasibility in a set of

clinical trials where all the physiological data relevant to the

medical process are taken into consideration (joint angles,

motion amplitudes, exerted torques, etc.).
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