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Design of a Reconfigurable Exoskeleton used
on Human Locomotion Recovery

Dumitru N., Copilusi C., Dumitru S. and Rosu E

Abstract—This paper describes a reconfigurable leg exoskeleton
designed for human locomotion system rehabilitation. The designed
exoskeleton consists of two equivalent lower limbs, a special frame
and a command and control unit. The research core was focused on
the actuation mechanism, which this can be replaced by physician
specific requirements. Thus, there were proposed two types of
actuation systems, namely linear electric motors and cam
mechanisms with rotational electric motors. The starting actuation
system solution was represented by the linear electric motors and this
needs to be improved. For this, a human gait experimental analysis
was performed in order to obtain the input data for cam mechanism
designs. Based on this, a mathematical model of the cam actuation
mechanism was developed from where the cam profiles were
obtained. The cam mechanism fits perfectly the human locomotion
system especially for knee and ankle joints. Thus it will be elaborated
and numerically processed mathematical models for cam mechanism
design respectively linear motion laws identification for linear
actuators. The obtained results, starting from theoretical analyses to a
prototype, validate both actuation systems and certify the
reconfigurable solution.
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I. INTRODUCTION

ODAY human exoskeletons design is in a continuous
growth. These are used in several domains like army,
industry, medicine and even space exploration. By considering
the ones used in medicine, several exoskeleton types were
designed especially for human walking rehabilitation. From
this category, it can be observed the ones from [1] — [8]
especially designed for persons with neuromotor disorders or
stroke accidents. Other exoskeletons like [9] — [15] where
designed for human walking temporal recovery programs in
case of persons which have to follow specific locomotion
recovery therapies after surgical interventions. By considering
this research area, it can be identified many design conditions,
namely: actuation complexity, low-cost principles, comfort
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conditions, user-friendly interface, easy-operation features.
By considering these design conditions, some of the existent
exoskeleton like [5] and [6] accomplish a part of these, others
like [9] [10] fulfill all, but they are complex ones and leads to
expensive rehabilitation programs. Also these require a special
rehabilitation team consists on a proper physician, a medical
engineer, a technician and a couple of rehabilitation assistants.

Another argument is imposed by the physician specific
requirements, which are different in most medical cases
especially for persons who need human walking assistance
during recovery and rehabilitation programs. For these cases,
human exoskeletons are characterized by complex actuation
mechanisms with a minimum number of actuators [3], [6],
[12] and [16], others were designed based on a simplified
structure with a large number of actuators and a complex
command&control system like [8], [15] and [17].

In order to have in our sight the physician needs, as input
data, a reconfigurable leg exoskeleton concept was designed,
in order to serve in two modes: one mode for rehabilitation
programs (designed for stroke accidents and some neuromotor
disorders); other mode for temporal recovery programs (after
minor injuries or superficial surgical interventions). By taking
into account these actuation solutions as a starting point, it was
needed a human walking experimental analysis for creating a
database characterized by hip, knee and ankle joints motion
laws and trajectories. The procedure for achieving this
database is described in second section of the paper and it
offers essential data for designing the reconfigurable leg
exoskeleton for both actuation systems types. Meanwhile,
there were analyzed several exoskeleton types from
mechanical viewpoints and in third section are presented two
actuation mechanisms which can be placed on the same
exoskeleton leg mechanical structure. In this way the designed
leg exoskeleton will have a reconfigurable structure and is
described in third section. The exoskeleton design starts from
an existent solution namely the one with linear electric
actuators, which this can be improved for running in a
continuous mode due to the physician requirements. In this
way two cam actuation mechanisms were especially designed
from theoretical viewpoints to a prototype model, namely one
for knee joint and other for ankle joint motions. The created
mathematical model obtained through this research leads to
cam profile analysis based on kinematical approaches. For
motion laws identification of the drive joints an inverse
kinematic analysis will be performed for cam mechanism
solution, by using as input data the proposed human
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experimental analysis. By elaborating a virtual model, this can
be analyzed based on kinematic and dynamic imposed
conditions with MSC Adams software and this is presented on
fourth section where also it is analyzed through experimental
tests. At the end several major conclusions were obtained
which characterize the reconfigurable leg exoskeleton
validation.

The human walking experimental analysis was performed
with the aid of a CONTEMPLAS Equipment [18]. This
equipment use a workflow summary described in Fig. 1 and it
has 2 high-speed cameras which can record motions with a
speed of 350 frames/second.

EXPERIMENTAL ANALYSIS OF HUMAN WALKING

Human Motion Analysis
Environment

Fig. 1 Experimental analysis workflow by using CONTEMPLAS
Equipment

The analysis principle requires the attachment of a reflexive
markers on each desired joint from the analyzed human
subject structure as it can be remarked on Fig. 2. The
TEMPLO Motion software will recognize in real time the
position, velocities and accelerations of this, when the
analyzed human subject will perform motions. The obtained
results can be useful as input data for further mathematical
models elaborations and also on virtual simulations with
specific software packages for validating the desired models.
In this way a database was created which consists of 10 human
subjects (5 male and 5 female persons) used on walking
activity recordings. The chosen human subjects have various
anthropometric data as it follows: age between 21 and 35
years old, weight between 48 and 102 kilograms, height
between 1.5 meters and 1.85 meters, foot length between 305
millimeters and 497 millimeters. Some snapshots during
recordings are shown in Fig. 3.

ISSN: 1998-4448

151

Volume 12, 2018

4

Hip joint marker M1

Phalangs marker M3

‘Angle tracking

Fig. 3 Snapshot during experimental analysis

The desired motion laws for this analysis were validated
only for a single gait, in case of hips, knees and ankles during
walking activity. The captured gait varies between 1.2
seconds to 2.4 seconds. The desired data can be exported in a
*.txt extension format that can be operated with various data
management programs.

Through the obtained database it was identified the analyzed
joints angular variations limit and these are shown in Fig. 4,
Fig. 5 and Fig. 6.

Considering the obtained graphs from Fig. 4, Fig. 5 and
Fig. 6, it can be identified the gait phases and the proper
values for writing the specific code protocols of the
command&control unit in case of the leg exoskeleton actuated
with linear actuators.
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Fig. 6 Measured limits of the ankle joint angle as a function of % for

a complete gait

Thus, the following correspondence was obtained: A-zone
for heel strike; B, C — zone for loading response and mid-
stance; D- zone for terminal stance; E- zone for pre-swing; F —
zone for toe-off; G — zone for mid-swing and terminal swing.

These results were validated after a comparative study with
similar ones from literature as in [19] and in Fig. 7 these
phases are presented in a schematic form [20].
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Fig. 7 Gait phases during human walking [20]
This remark should be addressed due to the further

research stages, where time was a variable and should be
expressed in a numerical form.
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By taking into account the research objective, there was
considered a common leg exoskeleton linkage which will
serve for two actuation systems, namely actuation through
cam mechanisms and actuation through linear electric
actuators. Thus, in Fig. 8 a first kinematic scheme of the
linkage with cam mechanisms will be proposed.

This actuation solution was generated by a kinematic
analysis of the human lower limb. This is a parameterized one
due to the anthropometric data obtained on experimental
analysis database. In Fig. 8, the following components will be
identified: 1 — cam profile for knee joint actuation; 2 — cam
follower support link; 3, 4, 5 — links for moving the knee
linkage mechanism; 6 — link connected to the tibia equivalent
segment (in point Q); 7 — cam profile for ankle joint actuation;
8 — cam follower support link for ankle joint actuation; 9, 10,
11 - links for moving the ankle linkage mechanism; 12 — link
equivalent to the foot segment; A, B, C, D, E, F, G, H, I, K,
M, N, P, O, R, S —revolute joints.

RECONFIGURABLE LEG EXOSKELETON DESIGN

Fig. 8 Leg exoskeleton with cam mechanism actuation structural
scheme

This mechanism linkage use only two rotational electric
motors placed on O and H joints. Hip joint in this case will be
actuated straight to the rotational motor placed on O joint.
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The proposed exoskeleton mechanism was analyzed from
kinematic and dynamic considerations in [8] and [9]. Some
reports with appropriate theoretical studies can be found in
[23] and [24]. Thus, the cam profiles were designed based on
human motions developed during walking by hip, knee and
ankle joints.

For generating the cam profiles a mechanism synthesis
analysis was performed. The procedure was applied for both
cam mechanisms, namely knee and ankle actuation ones. Thus,
a summary analysis will be presented only for ankle actuation
mechanism and a detailed analysis can be found in [3, 4]. For
this, there were considered two design possibilities: one when
the foot segment is not in contact with the ground and other
when this is fully constrained. Thus, a model was defined in
Cartesian coordinates as it can be seen in Fig. 9. The
mathematical models numerical processing for the cam profile
was based on the law knee and ankle joint angle variations.
These laws have been obtained through an experimental
synthesis of the analyzed human subjects as it can be remarked
on Fig. 5 and Fig. 6.

YA

r;

o ey

Fig. 9 Cam mechanism design based on common tangency
condition

There are considered the following reference systems:

T(X, Y) - the global reference system; T;" (x’,yi’) - the
reference system joint with element i; T; (x.y;’) - the
reference system joint with element j; (Xi, Yi ), (X, Y;)- the
coordinates of points O;” and Oy’ in relation to the global
reference system T.

The position vector for M contact point depending on T’;
reference system is represented by:

r™=r7t+S"

(1)
ST =6 () V() (2)
where: d;(es) is the length of S curve radius with:
V(@) =[cose, sine, | 3)
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The cam profile annotated with “i”” will be obtained based
on cubic spline interpolation with numerical data.

The tangent vector at ““i”’, respectively “j”” in M contact
point is:

fiT da. da .Vlj(aj)-i_pj(aj) dja

i i i (5)

The common tangency condition between cam element and
cam follower can be expressed as:

"= ds’ _ dpi(ai)-V'i(ai)+pi(0£i)dV'i(ai)
de, de, de, )
ds'!  dp;(e)) dv'; (e;)

(TiL)TZ—j =0 6)
(z'il)T :(R-Z'i)T :TiT R" =

:(AOiT'i)T R’ :T'iT'Agi'RT (7)
r'iT~A;.RT-AbJ.z"j =—r'iT-A“-T'j =0 (8)

Where: 7+ - normal vector on z;; R — rotation matrix, Agj —

is the coordinate transformation matrix for crossing from local
coordinates system T’; to global one, namely T; S’M,- — is the
position vector of M point depending on T’j;. The coordinate
transformation matrix has the following form:

_[cosg, —sing,
P = |sing,  cosg, ©)
A - _C?S(D-j —sin?j
sing;  cosg, (10)
i
R=

The contact condition between cam element and cam
follower in point M is:

P M M P _
r+r +S —Sj — —rj—O (12)
Xi P M
|:yi|+p\)i'r'i+A)i'Sli -
™M P xi (13)
A ST AT y =0
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i }

x| [cosp —sing |[x" ™
y; | |sing, cosg | |y" S'™

{cosq)j —Sin(D,-] s —x7 _{Xi}zo

sing; cosg; | |ST -yt | |y, (14)
r =rf+8" (15)
x| =rcosq, (16)
y' =1, +rsing, (17)

—; -, 'Sin¢j +a)j(yj -y
—o; -1,-cosp; + @, (X; — %)

j (18)

Where: |, — cam follower length; ¢; - represents the angle
established from kinematic conditions, as it can be remarked in
Fig. 10.

a;=-¢, + arctan[

Fig. 10 Contact condition expressed in Cartesian coordinates

By taking into account the represented parameters from
Fig. 10, the contact condition in Cartesian coordinates is
represented by:

Mo M
rL+r" = rj + rj (19)
X | [cosg —sing || xM
+| : =
Yi sSing;  COS g, y IiNI
[xi} |:COS(pj —sin (pj} {xﬁ"} (20)
= —+ ) . ,
y; | |sing; cosg; ||y

X +c0sg; X7 —sing, -y -x; —cosg, -x" +sing, -y =0
H M M H M M
Y +sing, - X +cosg YT -y, -sing, - -cosg; -y =

|

el
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x" =rcosq; (22)
y™ =rsing; +, @3)
{xgcowi'x'i“”—sinq)j'y'z”—a—cowj-r.cosaj+sin¢j(l+rlsinaj):0
yi+sin¢i-x‘iM+c03¢i-y'iM—b—singoJ. ~r-003aj—coswj(l+r'sinaj):0(24)
=t (25)

Where: ¢; - cam element motion law; r — cam follower
radius; ¢; — cam follower motion law, established through an
inverse kinematic analysis [8].

Finally the kinematic constraints equations for cam
mechanism design resulted from common tangency condition
and contact conditions are obtained as it follows:

o+ AT+ ST = Ay (8 =) =1, =0

—r'iT-Aj-z"ij 6

By creating a cam design algorithm with the use of
MAPLE, there were generated cam profiles. These are
represented in Fig. 11 and Fig. 12. For these, the following
input data were considered: r = 5 millimeters — cam roller
radius; x; = 107 millimeters; y;=0 — coordinates of the rotation
center of the cam; I, = 61,6 millimeters — cam follower length;
@, - rotation angle of the cam follower.

Fig. 11 Cam profile 3D model for knee actuation mechanism

Fig. 12 Cam profile 3D model for ankle actuation mechanism
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The second actuation system with linear electric actuators
was created based on the first one and it is shown in Fig. 13.
By considering the linkage notations from Fig. 8, it can be
remarked that the linkage structure is almost the same.

Fig. 13 Leg exoskeleton with linear actuators structural scheme

The input data for designing the cam mechanism were
considered the ones resulted from an inverse kinematic
analysis. For these the starting point was considered the cam
mechanism geometry depending on the exoskeleton
dimensional parameters according with anthropometric data

and human lower limb motion laws obtained through
experimental  analysis carried with CONTEMPLAS
Equipment.

A difference between the cam actuation mechanism and this
one was given by the increase of the links number (14 links)
and also there are two translational joints equivalent to the
linear actuators (A, 1 joints), for knee and ankle equivalent
joints.

In case of hip actuation joint, due to the mechanism
configuration this will be a self actuated joint due to the linear
actuator position namely A-joint. Based on the schemes from
Fig. 8 and Fig. 13, virtual models of the proposed leg
exoskeletons were designed and analyzed through numerical
simulations with MSC Adams software in dynamic modes
according with [21] and [22]. For the second actuation
mechanism proposal, from a dynamic analysis it was obtained
the force variation required for the linear electric actuators
design. Thus the proposed mechanisms can be identified
through virtual models which are shown in Fig. 14 and Fig.
15, where also the links and joints correspondence were kept
according with the structural schemes.
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Fig. 14 Virtual model of the leg exoskeleton with cam mechanism
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Fig. 15 Virtual model of the leg exoskeleton with linear actuators

The elaborated mathematical models where numerically
simulated with the MSC Adams software aid for both actuation
systems, by having as a kinematic reference element the
variation law of the knee joint resulted from the experimental
analyses. Thus it was created a kinematic simulation algorithm
under the MSC Adams environment by having in sight the
following steps: material property definition for each
exoskeleton link, with proper inertial properties assignment;
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kinematic joint definition, especially the ones for cam
mechanism with proper angular velocities of the rotational
actuators in such manner that these mechanisms should follow
the command curve during gait simulation; numerical post
processing and result evaluation. For both mechanical solutions
structure, some design criteria were imposed based on
important data considered from specialty literature reported in
[25] and [26].

In real situation for using this prototype for human
rehabilitation purposes, the proposed actuation mechanism
should be for both human lower limbs and in this case the cam
mechanisms for actuating the kinematic linkages for each
human lower limb should work with an angular advance of 180
degrees, as it can be remarked in Fig. 16.

Exoskeleton
frame

Exoskeleton
right lower
limb

Link size
adjusting
systems

Exoskeleton
left lower
limb

Fig. 16 Virtual model of the exoskeleton with cam mechanism
actuation system for both lower limbs

Thus, in Fig. 16 it can be seen the entire exoskeleton virtual
model with cam mechanism actuation. A detailed view of the
cam disposal can be observed in Fig. 17 where proper cam
mechanisms were defined under the MSC Adams environment.

imoae_1_dbai_|

RoOure i@

Fig. 17 Detailed view of the imported model in MSC Adams
environment with cam mechanism joint definition in initial phase
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In Fig. 17 it is represented a detailed view of the cams
position for each human lower limb. Also a special frame was
designed with a specific seat for placing the patient inside of
the exoskeleton. This frame has a device for size variation
with a mechanical transmission powered screw. The entire
exoskeleton was designed in a modular form with adjustable
size of each element in case of human lower limb femur and
tibia parts and it can be adjusted for patient specific
anthropometrical data.

Virtual simulations were performed for an equivalent time
of 2.4 seconds when a complete gait was achieved. Also the
exoskeleton frame was fixed in space and the ground contact
was not considered. For this case, important data were obtained
after the results post processing and through these the
proposed actuation mechanism was validated. Thus, in Fig. 18,
Fig. 19, Fig. 20, Fig. 21 and Fig. 22 it can be remarked
comparative results between both lower limbs for a complete
gait.

Ang'e (deg)

100
e s 10 15 0 25
Analyses: Last_Run Tima (sec)

Fig. 18 Acquired motion law for exoskeleton knee joint
(continuous line for right limb, dotted line for left limb) vs. time

[}
Analysis: Last_Run Time (sec)

Fig. 19 Acquired motion law for exoskeleton ankle joint
(continuous line for right limb, dotted line for left limb) vs. time

500 - - ===
-100.0

1500

Length jmm)

2500 - - ! . . . - ! !
00 05 10 15 20 25
Analysis. Last_Flun Time {sec)

Fig. 20 X- component trajectory variation for point R (continuous
line for right limb, dotted line for left limb) vs. time
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Fig. 21 Y- component trajectory variation for point R (continuous
line for right limb, dotted line for left limb) vs. time

The angular amplitude variation in case of knee joints
reaches a value of 19.75 degrees for right limb and 16.98
degrees for left limb. These values respect the variation laws
for knee joint during walking in case of a healthy person, both
it can be remarked a difference between them due to the
missing patient payload.

Other comparative results can be remarked in case of ankle
variation motion laws obtained through virtual simulations of
the proposed mechanism in case of R joint, according with
Fig. 8 for both exoskeleton limbs.

These results are represented by the translation
displacements for specific markers attached on R joint which
corresponds with ankle joint, for analyzing the leg extremity
motion. In Fig. 19 it is shown the ankle joint motion law for
both exoskeleton lower limbs virtual model where it can be
remarked an angular amplitude between -4.75 to 36.23
degrees and also this corresponds with a ankle joint motion
law for a healthy human subject in case of walking activity.

Other important results are represented by trajectory
components on X and Y axis of the coordinate reference
systems as it can be shown in Fig. 20 and Fig. 21. On these
diagrams it can be observed that the feet rise with a maximum
displacement of 50 millimeters and the half gait length for a
single exoskeleton limb of 125 millimeters.

For a kinematic analysis of the ankle joint actuation
mechanism, the reference system will be placed in H joint.
Thus, it can be remarked that there were obtained similar
results for R point displacement, which demonstrates that the
cams were well designed, based on cam command curvature
obtained through kinematic synthesis of the analyzed linkages.

By having in sight the obtained diagrams for R joint, which
corresponds to ankle joint, it can be remarked that there is no
difference between the motion amplitudes, due to the cam
angular advance mounting of 180 degrees. Another aspect,
which can be remarked in Fig. 17, is that in case of the right
lower limb, the cam element is in a continuous contact with the
cam follower command curve, meanwhile for the left lower
limb the cam is in contact with the cam follower on the circular
profile of the base circle. In this way it can be explained the
cam advance position for left lower limb and between the
curves for R joint, when the cam follower is situated on cam
base circle.
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IV. RECONFIGURABLE LEG EXOSKELETON PROTOTYPE
ANALYSIS

By considering the virtual models validation through
simulations, there were defined some technological parameters
for choosing the proper actuators. These parameters are
represented by torques for cam mechanism actuation and for
the second actuation mechanism it was identified a
technological force used on choosing proper linear actuators.

Thus, two prototypes were elaborated with the proposed
actuation systems as it can be remarked in Fig 22 and Fig. 23.

Rotational actuator for Cam component for

hip joint and knee cam
knee actuation

| Cam follower - 1 )

Cam component for
ankle actuation

; Cam follower - 2

Rotational actuator for
ankle cam

Fig. 22 Leg exoskeleton prototype with cam actuation mechanisms
and rotational electric motors

For the first leg exoskeleton type there were chosen DC
Motors of 24V and a nominal torque of 40Nm. In case of the
second leg exoskeleton type there were used two linear electric
actuators, respectively for knee actuation joint a SMC LEY- 32
Series linear electric actuator with a technological force of 707
Newton and a motion linear displacement of 200 millimeters.
In case of the ankle joint, the adopted linear actuator was a
Firgelli 856 type with a technological developing force of 70
Newton and a motion linear displacement of 125 millimeters.

These actuators used for second solution where chosen by
considering the payload of each human lower limb. Thus, on
the hip joint the load is in some gait phases equal with the
human subject. As regarding the ankle joint actuator namely
Firgelli 856, this was chosen as a small actuator due to the
accomplished task, respectively it has to lift off the foot fingers
when the foot is in the air.

The leg exoskeleton mechanical structure for both solutions
was manufactured from aluminum alloys (N AW 2017
ALCU4MGSI type), and the command&control system was
designed with an ARDUINO Mega 2560 Board equipped with
a microcontroller ST7 type from SGS-THOMSON. The
mechanical structure was also designed with additional devices
for links dimensional adjustment in order to adapt the leg
exoskeleton to any human subject with a height between 1.50
meters and 1.85 meters.
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The ARDUINO board was used only for linear actuators
motions and in case of actuation mechanism based on cams, it
was necessary to add a microcontroller for controlling the
rotational DC Motors.

Command
& Control
Unit

Knee linear
actuator

Guidance
wheel

Ankle linear
actuator

Support
frame

Fig. 23 Leg exoskeleton with linear actuators prototype

Between these two electronic components an electronic
switch was placed in order to activate/deactivate the
microcontroller by changing the actuation mechanisms. All
linear actuators power supply was assured through one 24Volts
DC accumulator. A command&control unit hardware was
placed on the back of the exoskeleton frame as it can be
observed in Fig. 23, and a detailed view of the hardware unit is
shown in Fig. 24. Also the exoskeleton was equipped with
proximity sensors in order to identify the limits between the

Volume 12, 2018

ARDUINO

Mega 2560
Board

Fig. 24 Exoskeleton hardware unit for command and control

The proximity sensors role is to maintain the exoskeleton
orientation, which in this case this is assured by placing and
additional support which carries the whole exoskeleton
structure and the patient on three wheels and one of these can
be rotated free around an angle of 360 degrees. This can be
remarked in Fig. 24.

For exoskeleton functionality principle, the angular
variation of the human lower limb main joints identified in
Fig. 4, Fig. 5 and Fig. 6, there were identified the maximum
and minimum values corresponding to each gait phase. These
represents the programming variables used as input parameter
when a proper code protocol was written for Arduino Board.
A part of it is shown in Fig. 25. This is a simple programming
algorithm and it was loaded into Arduino storage memory. A
diagram, which represents the Arduino program architecture,
is shown in Fig. 26.
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Fig. 26 Algorithm for exoskeleton command&control
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In diagram from Fig. 26 it can be identified a variable and
function series which can be summarized in main commands as
it follows: C1-[Do: L; (0 to 100) and L, (-10 to 56); while
Ri=R,=delay of 100]; C2-[Do: L, (100 to 5) and L, (56 to 5);
while R;=R,=delay of 95]; C3-[Do: L; (5 to 0) and L, (5 to 0);
while Ry (0 to -50) R; (0 to -52)]; C4-[Do: L;=L,=delay of 50;
while R; (-50 to 0) R, (-52 to -10)]; C5-[Do: L;=L,=delay of
100; while Ry (0 to 100) R, (-10 to 56)]; C6-[Do: L,=L,=delay
of 95; while R; (100 to 5) R, (56 to 5)]; C7-[Do: L, (0 to -50)
and L, (0 to 52); while Ry (5 to 0) R, (5 to 0)]; C8-[Do: L, (-50
to 0) and L, (-52 to -10); while R; =R, = delay of 50].

Where: L, — left knee linear actuator; L, — left ankle linear
actuator; R; — right knee linear actuator; R, — right ankle linear
actuator.

By considering that the exoskeleton is applied on human
subjects, there were taken automatic safety decisions
represented by two modes namely: each exoskeleton joint has a
mechanical limitation; the patient has an easy access to a
switch for power of the exoskeleton in case of emergency
breakdown.

Thus, both leg exoskeleton types were experimentally
tested and the obtained results were compared with the ones
obtained on database with the aid of CONTEMPLAS
Equipment. Also some experimental tests were performed on
human subjects with locomotion problems at the level of left
lower limb. The outputs for these tests can be remarked as a
comparison results in Fig. 27, Fig. 28 and Fig. 29. These results
were filtered with an algorithm encapsulated on
CONTEMPLAS - Templo Motion software.

The experimental analysis was performed in the same
conditions as the ones applied on healthy subjects. Through
this both solutions can be validated.

In case of diagram from Fig. 27, it can be observed that the
angular variation of both solutions is not so smooth for these
particular cases like in case of an analyzed healthy subject.

Another remark is that the angular variations are in the
range limit mentioned for the hip variations upper and lower
limits as it is shown in Fig. 4. Moreover it can be observed a
smooth curve for the solution with linear actuators, but the
value range is smaller than in the second case namely cam
mechanism.
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Fig. 27 Measured limits of the hip joint angle as function of %
gait phase for the reconfigurable exoskeleton
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Fig. 28 Measured limits of the knee joint angle as function of %
gait phase for the reconfigurable exoskeleton
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Fig. 29 Measured limits of the ankle joint angle as function of %
gait phase for the reconfigurable exoskeleton

For the knee joint comparison analysis, the range limit
values are appropriate with the ones developed by a healthy
subject in case of linear electric actuators solution. Also it can
be remarked a small delay due to some clearances between
links.

For the analyzed ankle joints, the obtained values are
appropriate for both proposed solutions. For cam mechanism
solution, the range is higher than the other with linear actuators
solution. Also in Fig. 29 it can be observed that the obtained
curve for linear actuator is not smooth and also can be
remarked some small gaps due to the clearances between the
ankle actuation mechanism links.

By considering the outputs after this experimental analysis
it can be observed that the functionality of the linear actuators
have a small deviance due to the precise motion control input
data.

Other remark is the one that the obtained angular variations
results are in the same motion range with the ones of healthy
humans which means that both actuation system solutions are
validated and meet the physician requirements.

V. CONCLUSION

A conceptual design is presented for a reconfigurable leg
exoskeleton used in human walking rehabilitation.

By referring to human walking characteristics a leg
exoskeleton mechanism has been conceived with as kinematic
structure whose mechanical design can be used for two
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rehabilitation purposes as an exoskeleton wearable by patients.

The proposed leg mechanism has been identified with a
process of adjusting a linkage based on two actuation
mechanisms, namely cam mechanisms and linear electric
actuators system.

A database was created in order to identify of human joints
upper and lower limit.

There were designed and numerically simulated with MSC
Adams software both exoskeleton proposed constructive
solutions in a 3D mode when the actuation will be performed
with cam mechanisms or linear electric actuators.

Based on the obtained analyses a command and control unit
was designed for adapting the general mechatronic system at
the human locomotion rehabilitation imposed requirements.

A prototype was elaborated and analyzed with capabilities

for motion of hip, knee and ankle. In particular, the knee and
ankle motions are obtained by proper cam mechanisms for
persons with stroke or neuromotor disorders. Also these
mechanisms can be replaced with linear electric actuators and
the modified leg exoskeleton can be used for persons which
follow temporal walking recovery programs after minor
locomotion injuries.
The obtained prototype was validated through a comparison
experimental analysis and both actuation mechanisms can be
successfully used on human locomotion purposes on the same
exoskeleton mechanical structure.

The reconfigurable exoskeleton is characterized by a
flexible interface which can be easy adapted to any
anthropometric data of the analyzed human subjects.
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