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SUMMARY

It is important to develop a robotic orthosis or exoskeleton that can provide back-drivable and
good assistive performances with lightweight structures for overground gait rehabilitation of
stroke patients. In this paper, we describe a robotic knee device with a five-bar linkage to allow
low-impedance voluntary knee motion within a specified rotation range during the swing phase,
and to assist knee extension during the stance phase. The device can provide free motion through
the five-bar linkage with 2-degree-of-freedom (DOF) actuation via the patient’s shank using a
linear actuator, and can assist knee extension at any controlled knee angle while bearing weight
via a geared five-bar linkage with 1 DOF actuation of the linear actuator. The kinematic transition
between the two modes can be implemented by contact with a circular structure and a linear
link, and the resultant range of motion can be determined by the linear actuator. The kinematic
weight of the device was optimized using the simple genetic algorithm to reduce the mass.
The optimization cost function was based on the sum of the total link lengths and the actuator
power. The optimization results reduced the total link length and motor power by 47% and 43%,
respectively, compared to the initial design. We expect that the device will facilitate rehabilitation
of stroke patients by allowing safe and free overground walking while providing support for stumbling.

KEYWORDS: Exoskeletons; Human biomechanics; Design; Man-machine systems; Novel
applications of robotics.

1. Introduction
A stroke, or cerebrovascular accident (CVA), is the rapid loss of brain function due to a disturbance
in the blood supply to the brain.! As a consequence, stroke patients may lose some body function,
which may severely impact their walking gait. If spontaneous recovery does not occur, the patient
will require rehabilitation.>3 Active orthoses or exoskeletons have been proposed to support gait
rehabilitation for patients suffering from paralysis as a consequence of stroke or other neurological
diseases.*

Reciprocating gait orthosis (RGO) is commonly used to support stroke patients.> RGO can support
a patient’s weight during the stance phase, helping patients with a paretic limb to walk unaided.
However, such devices can cause asymmetry of the gait because of the irregular and sudden impulsive
supports. Kobetic® proposed an active knee orthosis system with exoskeletal bracing and multichannel
functional electrical stimulation. The knee mechanism consisted of electro-mechanical joint locks to
provide upright stability only during the stance phase. However, the simple locking mechanism of
the electronic switching did not provide active assistance to the knee joint.

Jin” designed a prosthetic knee device based on optimization of a six-bar linkage to generate
trajectories that better approximate a normal gait. “Roboknee™® is a robotic exoskeleton based on a
four-bar linkage and includes an active slide-crank with a series elastic actuator. Colombo® developed
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Fig. 1. (Colour online) The prototype of robotic knee device with a five-bar linkage for stance control.

a rehabilitation system for a treadmill, where the mechanism of the knee joint consisted of a simple
four-bar linkage. Mefoued'® suggested a 1-degree-of-freedom (DOF) knee actuation system with a
chain drive controlled by a high-order sliding mode controller. Nikitczuk'! developed a knee brace
consisting of a planetary gear mechanism and variable damper component. Belforte!? used a direct
drive based on a chain mechanism with a pneumatic cylinder for knee joint support.

However, even though it is possible to augment knee support using existing 1-DOF robotic knee
systems,’ 13 it is difficult to apply the existing systems directly to patients with neurologic diseases.
Existing 1-DOF systems do not simultaneously satisfy the requirements of sufficient knee torque
to support a patient’s weight during the stance phase while providing backdrivability and low-
weight actuators suitable for wearable systems. To overcome these problems, Veneman'# designed an
actuation system for knee joints that consisted of a servomotor, a flexible Bowden cable transmission,
and a force feedback loop based on a series elastic element to supply torque to the knee joint. His
actuation system aimed to produce an impedance-controlled gait rehabilitation robot for treadmill
training. Similarly, Ackermann'® and Sulzer'® developed a powered knee orthosis that can provide
knee flexion torque in the swing phase to compensate for the gait abnormality known as stiff-knee
gait (SKG). But even though both knee actuation systems produce high torque with small impedance,
they are limited to treadmill-training applications since the actuators must be located on a fixed base.

Recent clinical studies'” of gait rehabilitation have shown that treadmill gait training is not as
effective as gait training through overground walking. In addition, reduced assistance may increase
the effectiveness of training resulting in greater flexibility of motion.!® Therefore, it is important
to develop gait rehabilitation systems that can provide high impedance for safe support as well
as low impedance for free voluntary motions while allowing overground training. The recently
introduced stance-control knee—ankle—foot orthoses (SCKAFOs)!'? allow wearers to flex their knee
when swinging the leg forward while preventing knee flexion while bearing weight. However, existing
SCKAFOs cannot provide powered knee extension assistance at any desired knee angle, which is
important for adapting to different walking conditions, such as slopes or stairs, or handling unexpected
conditions such as stumbling.

In this paper, we describe a robotic knee device, shown in Fig. 1, that can provide free knee motion
during the swing phase and assist knee extension during the stance phase at any desired knee angle.
Voluntary motions with minimum impedance can be achieved via a 2-DOF five-bar linkage and a
linear actuator. The proposed five-bar linkage in this paper is a novel kinematic mechanism with
one prismatic joint and thee revolute joints, which can allow a wearer to move freely the knee joint
with low impedance independent of an actuator, while the knee joint with the existing four-bar and
six-bar linkages’~'%!13 were directly connected to an actuator without permission for free movements
of the knee joint. In addition, a 1-DOF geared five-bar linkage with a linear actuator can provide the
necessary impedance for weight support. These functionalities can be implemented via a kinematic
transition through the contact conditions between the 2-DOF five-bar linkage and the 1-DOF geared
five-bar linkage. Such an active knee device requires additional linkages compared with a simple
four-bar mechanism. To maximize the benefit of the proposed device, it is necessary to minimize
its total mass while maintaining the necessary actuator performance for the required torques and
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Fig. 2. (Colour online) Concept of our knee orthosis.

angular velocities during the gait cycle. For this purpose, we used a simple genetic algorithm (SGA)
to minimize the sum of the total link lengths and the motor power by reducing the mass of the device.
This kinematic optimization scheme resulted in a significant reduction in the total mass of the system,
and hence enhanced its portability compared to existing four-bar mechanisms.

The remainder of the paper is organized as follows. We introduce the basic concepts of the system
in Section 2 and describe kinematic analyses of the device in Section 3. We provide an optimal design
scheme to reduce the mass of the system in Section 4. We discuss our results in Section 5, and present
our conclusions and directions for future work in Section 6.

2. Design Concept for Portable Stance Control

In the biomechanics of the knee, the moment required to support the weight of the human body is
generated primarily by contraction of the quadriceps. When this occurs, a reaction force is produced
by the patella ligament, which results in a moment at the knee.”>?! The conceptual design of an
active knee orthosis must be realized by taking into account the biomechanics of the knee joint. This
concept is illustrated in Fig. 2. Since the mechanical functioning of the quadriceps muscle resembles
linear movements of an actuator, the proposed knee device was designed so that the angle between
the femur and tibia links can be determined from the displacement of a linear actuator.

The design primarily aims to support the patient’s lower limb movements during the stance phase,
especially when the quadriceps muscle cannot provide the necessary knee moments to support the
body weight. When a patient can walk by himself or herself, the actuator operates in free mode with
minimum impedance due to friction at the revolute joints. For this purpose, the maximum allowable
motion ranges of the knee joint can be determined individually for each patient, and the corresponding
displacement of the quadriceps actuator can be calculated to satisfy the specified motion range based
on the kinematics of the device, as described in Section 3.

Within the specified range of motion, the wearer can move their knee joint freely with the 2-DOF
five-bar mechanism since the patella link does not make contact with the circular structure, as shown
in Fig. 3. When the patient loses gait stability and the knee angle exceeds an allowable range of motion
during the stance phase, the five-bar linkage will be changed to a 1-DOF geared five-bar linkage due
to mechanical contact between the patella link and the circular structure (see Section 3.1 for a detailed
description of the geared five-bar linkage). After contact, the knee joint angle and the shank of the
lower limb are controlled by the quadriceps linear actuator, which can provide mechanical assistance.
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Fig. 3. (Colour online) Transition from the 2-DOF five-bar linkage to the 1-DOF geared five-bar linkage due to
mechanical contact between the patella link and the circular structure.

Hence, this active knee device with contact and non-contact modes can provide additional supportive
motions as well as voluntary unrestricted motions for better gait therapy.

Although the contact mechanism is mechanically generated by the motion of the wearer, the contact
condition can also be detected electrically by measuring the currents of the quadriceps actuator with
a linear direct current (DC) motor. This contact condition can be used to evaluate whether the patient
can successfully walk within an adequate range of motion of the knee. When required, the quadriceps
actuator can provide control assistance through the geared five-bar linkage. However, if the contact
condition from the quadriceps actuator is not detected, the device does not provide any assistance,
which means that the patient can support his own weight.

3. Kinematic Analysis

3.1. Orthosis

Figure 4 shows a kinematic model of the knee device during non-contact conditions. The linkages
can be classified into bionic-based links and structural links. The length of the structural links are as
follows: .4, is the length of the connecting linkage to the quadriceps actuator, Iy is the length of the
connecting linkage to the patella ligament link, r is the radius of the circular structure, and w is the
width of the patella link.

For the bionic-based link shown in Fig. 4, S is the displacement of the quadriceps actuator, /gy, is
the length of the femur link, /y, is the length of the tibia link, /,q is the length of the patella ligament
link, and [, is the length of the patella link. The parameter A is the angle between the /,,, linkage and
the femur length, which is fixed, and 6* is the angle of the knee joint.

The number of DOFs of the knee orthosis can be determined from the mechanical contact between
the patella link and the circular structure, as described in Section 2. To analyze the kinematic behavior
of the knee device, the Griibler—Kutzbach criterion was used, i.e.,

m=3(n—1)=2ji — j, ey

Where m is the number of DOFs, n is the number of links, j;is the number of 1-DOF (full) joints, and
J» is the number of 2-DOF (half) joints.

In the non-contact condition, the mechanism is composed of five links, four revolute joints, and
one prismatic joint, so m = 2 (because j; = 5, j, = 0, and n = 5). The wearer can move their knee
joint freely and independently because the quadriceps actuator does not have an effect on the knee
joint. When there is contact between the circular structure and the patella link, the structure becomes
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Fig. 4. (Colour online) The knee device under non-contact conditions, showing the link labels and the angles
between links.

a geared five-bar linkage, as shown in Fig. 5. Contact between the patella link and the circular
structure means that the joint can be considered as a half joint with 2 DOFs: rolling and sliding. The
line that extends from the center of the circular structure to the contact point on the patella link is
perpendicular to the direction of the sliding motion of the joint. In addition, it should be noted that the
contact condition can transfer unidirectional motion for knee extension. Since the tibia link and the
circular structure are rigidly connected, knee extension can be controlled by the quadriceps actuator.
Thus, in the contact condition, the device is composed of four revolute joints and one prismatic joint,
as well as one half joint (sliding-rolling joint). From Eq. (1), the number of DOFs becomes m = 1
(because j; =5, j, = 1, and n = 6).

Figure 5 shows the knee orthosis under contact conditions. Let v, be the velocity of the quadriceps
linear actuator, F be the force, and T be the resultant torque. Angle 6. between the tibia link and
the femur link may be controlled by the linear actuator under contact conditions. The following
relationship describes the geared five-bar kinematics of the device:

b = f(S)O0° = 6. =50, 2

where S is the displacement of the quadriceps actuator. To solve Eq. (2), the position vectors of each
revolute joint described by P;, can be expressed as

—ly sin 6, + lepg cos 90)7' + (=l cos 0. — lcpg sin Gc)f,

= (
= (lega + ScOs )i + (I + SsinA)j, 3)

S =
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Fig. 5. (Colour online) Geared five-bar mechanism under contact conditions.

where angles ¢, and ¢, shown in Fig. 5 can be expressed as

lim + Ssin A
@) =tan"! <lf—|——sm) “4)
cpa T ScoOSA

and
@2 = cos™ sl (5)
\V/(lcq?1 + Scos }\)2 + (lgm + S sin A)z
The angle ¢ is given by
3
¢=§ﬂ—¢2+¢1- (6)
The position vector P5 can be expressed as
ﬁ = (lcqa + ScosA + lpt Ccos (ﬂ) ? + (lfm + SsinA + lpt sin (p) _7, @)

and the kinematic relationship between Pj and P is constrained by length of patella link, /,,;. The
relationship between the displacement of the quadriceps actuator, S, and the angle of tibia link, 6.,
can be defined as

lgﬂ = (lan + S cos A — lep €08 O; + lepi cOS @ + Iy, Sin 90)2
+ (lfm + liy cos 0. + Ssin A + lepg sin 6, 4 [ sin go)2 . 8)

Using Egs. (8) and (2) the relationship between the displacement of the quadriceps actuator and
6. can be calculated as shown in Fig. 6, where the parameters describing the linkages are listed in
Table I. The variable range indicated by 6", as shown in Fig. 6, represents the freely moving 2-DOF
five-bar linkage. As the knee angle reaches the critical angle, the motion becomes that of the 1-DOF
geared five-bar linkage. The displacement of the quadriceps actuator can determine how much of
the range of motion of the knee joint is allowed to move freely. This is one of the major benefits
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Table I. Example set of initial parameters for the robotic knee device, where A = 4.9916 rad.

Ly 248 mm w 56 mm
Lepu 65 mm It 217 mm
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Fig. 6. (Colour online) Relationship between the quadriceps actuator and knee angle.

of this mechanism: the knee angle can be automatically locked by adjusting the displacement of the
quadriceps actuator to prevent the knee from buckling due to the patient’s weight.

3.2. Force and velocity

It is necessary to define the relationship between the force of the actuator and the resultant torque at
the knee joint for the geared five-bar linkage under contact conditions. This torque can be used to
assist the stance stability of the patient. The force and torque relationship can be defined using the
free-body diagram shown in Fig. 7. The contact position, (x., y.), defined by the circular structure and
the patella link, can be determined using the geometrical relationships of a line and a circle. The term
a shown in Fig. 7 is the reaction force from the circular structure to the patella link at the contact
point. The coordinates of the contact point can be defined by the following two equations:

(xe +weos (p = T/a)) tan (¢ = T/) = (ve +wsin (¢ = 7/p)) =0 ©)

and
- E:ai E:S_(fz;z)j;&) = (e +wsin (¢ = 7/p)) = —lim — Ssink — (—fa?l (; iif;g) . (10)

If (x., y.) is re-defined using Cp, the force relationship in Fig. 7 can be expressed by

—Fpyx + Rcos (¢ + 7 /5) = —F, cos (A — 1), (11)
—Fp,y + Rsin (¢ +7/5) = —F;sin(A — 7)), (12)

and
p2C, x C, + paps x F, =0. (13)
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Fig. 7. (Colour online) Free body diagram of the knee orthosis.

Using these relationships, we arrive at

C, (xc — pay)sin (@ =+ T[/2) -G, (.VC - sz) CcOos ((P + 7[/2)
= (p3y - pZy)Fs COsS ()V —7)— (p3x - pr)Fs sin ()\ - 7'[) . (14)

If Fy is given, the diagram shown in Fig. 7 can be described using Egs. (11), (12), and (14). The
moment T generated by force ﬁ from the quadriceps actuator can be calculated from

=

Fy = —F), (15)

and the moment T can be expressed as
T =7t x F,. (16)
which can be expressed in terms of the link lengths, i.e.,
T = Fp y(=lpsing + lepn cos0) — Fp (=l cos 0 + Lepg sin ). (17)
Since the maximum range of knee angles in a normal gait pattern during the stance phase is less than
20°, 2 we can determine the force of the quadriceps actuator required to realize the necessary torque

to support a patient during the stance phase in that angle range. Additionally, the angular velocity of
the tibia link controlled by the quadriceps actuator can also be obtained by using Eq. (8), i.e.,

.06, dS
6 = R——
ds dtr

(18)

4. Kinematic Optimization for Light Weight

The knee device described here requires more linkages than existing systems, which use a four-bar
linkage,”-? and contains an additional circular structure to generate the contact condition. It is desirable
to reduce the total length of the linkages of the knee device to reduce the total mass of the device. In
addition, the appropriate actuator power should be determined to provide the necessary torque and
angular velocity required for support. In this section, an optimization scheme is described for the link
lengths and motor power.
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Table II. Parameters used in the SGA optimization.

Population 100
Maximum number of generations 50

Crossover chance, P, 0.85
Mutation chance, P, 0.05

Table III. Boundaries of the design parameters vector, Q.

Variables range of Q and its initial values

Iy (248 mm) lepu (65 mm) loga (110 mm) It (217 mm)

M) gV g gV o) gV PGS

10 350 10 400 10 400 10 400
lpy (175.87 mm) lfm (419 mm) N (320 mm/s) F,(150 N)

g gV g0 gV g gV MO gV

10 400 100 410 10 300 100 999

Note: A = 4.9916 rad.

4.1. Genetic algorithm
Since the performance of the knee device is highly non-linear (due to the many linkages), it is
not straightforward to determine the optimal kinematic parameters. Thus, Holland’s SGA?? was
used to determine the optimal design. The SGA algorithm has been successfully applied to design
optimization of a 6-DOF haptic device,?® as well as to assembly algorithms with path planning for
active haptic guidance.*?

The variables in the optimization are the linkage lengths lfy, Ly, lepa, lpu, and Ip; ¥ + w; S; and the
actuator specifications Fy and S. Table II shows the parameters used in the genetic algorithm.

4.2. Cost function
The cost function for the optimization can be defined as

Z Lgen F N
> Linitiat  Fsyy  Sinitial

min f =( +SP+GP>, (19)

where Liyiia represents the initial set of all linkage lengths listed in Table I, L, is the union set
composed of linkages created by the SGA (L) and the initial posture condition (S, R), and Fg and
S are the chromosomes related to the power of the quadriceps actuator. The first term of Eq. (19)
aims to reduce the total linkage length and the second term is related to minimize the power of the
quadriceps actuator. The specification penalty, SP, and the geometrical penalty, GP, can be defined as
follows:

3 , 10 ,
Penalty = SP+GP = ) r; (gﬁ?) +> (gﬂ?),
X 0)
g! = max(0, g).

SPis related to the required performance of the knee device and GP deals with the kinematic feasibility
to avoid singular configurations.

4.3. Kinematic feasibility, boundary conditions, and constraints
The range of the linkage lengths, initial posture, and constraints of the mechanism configuration must
be considered to obtain feasible optimizations.

4.3.1. Boundary of the linkage lengths (side constraint). The length constraints of the design variable
vector, O, to adjust the system boundaries are listed in Table III. O must satisfy the following
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relationships:

Q= {qu(L) =q = q(U)}Q: LyU {S’ Fs}Ly = {lp, leﬂ? lcqas Zpt: lptl: L} (2D

The maximum ranges of the linkages were selected based on typical human body size. The actuator’s
specifications (S, Fs) were a power of less than 300 W, which follows from 300 mm/s x 999 N and
is almost the same as was used for Roboknee’s actuator speed (280 mm/s).’

4.3.2. Initial posture determination algorithm. Under contact conditions, the length » 4+ w must
be considered as a kinematic constraint for a feasible design because the r + w link (or R-link) is
closely related to the initial displacement S;,;;;,; of the quadriceps actuator. The length of the R-link
and initial displacement of the quadriceps actuator, L,;, can be found using an incremental numeric
method based on Eq. (8) when 8, =0, i.e.,

Riy = f (Sinitialg)» Lai) , Wheref, =0°, i=1,2,.... (22)

To obtain feasible sets of solutions and to avoid those sets that may result in useless configurations as
shown in Fig. 8, the maximum value of the search range about S,y can be determined as follows:

max (Sinitial(i)) < (i + ltb)/ cos A*: (23)

Among the sets [{set};] ensuring kinematic feasibility, the set {siniia, R}* for optimal design can be
selected from the minimum of the summation of links as follows:

[{Z Set}({):| = Sinitiale, T K@)

i=1,2,3,...,

{Sinitial + R}(;) = min ([{Z Set}(i)i|> ;

Lgen = {Sinitial» R} U Ly 24)
Finally, L., can be composed from the lengths of L,; in Eq. (21).

For example, if L, is randomly determined according to the genetic algorithm (an example is listed
in Table IV), the length of the R-link can be expressed as shown in Fig. 9. The “proper initial posture
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Table IV. Example set of link parameters, L,;, from the SGA, where A = 4.9916 rad.

Iy, 775591 mm [y 217.4803 mm
lepw 728346 mm [y 95.9843 mm
lepa 579528 mm  lp,  370.0787 mm

Section with no solution

~
E 160 1 : : ) :
S 10} ! E .
p— : 1 :
120 1 1
min([{z set}m] !
100} ! -
80 I® : .
ol Proper intial i
o posture sets
40+ Sets of useless .
solution
?I iSearching | s
of_jrange i o 1
o H
oo 200 300 400 500 600 700

800
Sintial (mm)

Fig. 9. (Colour online) Example of the searching process to find sets of R and Sinigal-

sets” in Fig. 9 are those that are feasible and secured within the increment boundary condition (Sipitial
< 465.67 mm), which was determined from Eq. (23). When the initial condition of the searching
range was set to 100 mm, Siyiia1 could be determined for 141 mm, and consequently R = 87.0633 mm
according to Egs. (22) and (24), as shown in Fig. 9. It should be noted that Ry ¢ in Fig. 8 is too short
to properly connect links and there are no solutions in Fig. 9, while Ryess in Fig. 8 causes too large
lengths of Sinita as shown in Fig. 9 and it is not adequate for real implementations.

4.3.3. Range of motion and power constraints (SP). Equation (25) indicates that the angle range
should be larger than 50° and the angular velocity should be less than 1.35 rad/s, and that the torque
should be less than 35 N m for knee angles in the range 0° —20° . The desired specifications were
selected for stance-phase support of a patient with a body weight of 73 kg and a height of 174 cm,
and for a gait velocity of 1.12 m/s.?®

3
SP="10% (g}
i=1

a _ max(6,)
@ =15

(2):1_% 0° <0 <20°
8q 135radjs 0 =0 =20

@ _ W@ oo g < o0 25
84 35Nm( < 0e = 20°). ()

4.3.4. Geometric constraints (GP). To guarantee feasible solutions, a geometry penalty was applied
to avoid singular configurations and unfeasible mechanism by non-convex shape, satisfying possible
contact conditions. The following constraints ensure the P position vector is located in the triangular
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Fig. 10. (Colour online) Geometrical constraints: (a) Singular and non-convex shape avoidance condition; (b)
unfeasible mechanical contact condition.

area shown in Fig. 10(a) so that the knee device can avoid singular configurations:

10
GP =107 (gy2)
i=4

8 =p3, —ln, &2 =lqu— ps,

89 =lopu — |P1, 03|, 8 =l — |P1, P3| (26)
gf]s) = |P1 ﬁ3| < (lcptl + lptl)
The following constraint guarantees feasible solutions for mechanical contact:
) —- — -
8, =p2i <Xci <p3i
27

10y _ - — —
8 =P2J <XYcJ <D3]

The unfeasible contact conditions are shown in Fig. 10(b).
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Table V. Results of the optimization process.

I (mm) lcptl (mm) lcqa (mm) lpt (mm)

Initial 248 65 110 217
Optimized 257.52 21.61 38.83 145.99

lyg (mm) Iy (mm) S (mm/s)  Fy (N)

Initial 175.87 419 320 218.8
Optimized 169.30 145.09 106.36 374.71

4.4. Parameter encoding

The genetic operator and fitness were calculated based on binary strings, and the solution space was
based on variables such as link lengths, actuator stroke velocity and force. The range of valid solutions,
including Q, was transformed to natural number variables called chromosomes in the coding space,
where g; is the element of Q that is initialized in the range of the valid solution, the binary string s;
is calculated by binary encoding of g;, and the length of chromosome /; is calculated as follows:

2o e (] ) 1]
X; =q; or h;,

where d; is the digital resolution. To carry out the optimization using a genetic operator, we must
initialize the variables. This group of variables, P(k), was defined as the set of N-tuple at the kth
generation, i.e.,

Pk) = [s1(k),  s2k), ..., sn(K)] (29)

Where s;(k) is the ith set of system variables (i.e., chromosomes) and N is the size of the group.

The initial group P(0) was created using a random number generator. The total number of variables
was 2000 and the number of chromosomes created by the crossover was P.N = 85. The number
of mutations in each generation was P, NI = 100. The multi-objective function satisfies the desired
constraints for feasible solutions and minimizes the mass of the device via the optimization process,
as shown in Fig. 11.

4.5. Optimization results

Table V shows the optimization results using the SGA process. These satisfy all the constraints in
Egs. (11)—(13). The relative size of the kinematic models of the initial design and optimal design are
compared in Fig. 12. The initial design parameters were selected by trials and errors and satisfying Eqs.
(8) and (21) and (25)—(27) for kinematic feasibility, boundary of the linkage lengths, the specification
penalty (SP), and the geometrical penalty (GP) constraints, respectively. The slight variations of the
initial values did not change the final results of Table V. For initial value design for optimization
convergence, we suggested the initial posture selection scheme explained in Section 4.3.2 since the
initial values in Table I did not converge due to many design parameters of the proposed kinematic
device. The initial posture selection scheme could reduce eight design parameters into six design
parameters with the minimum link lengths (the R-link) as shown in Fig. 11 and it finally allowed the
SGA algorithm to converge the initial values in Table I into the optimization results in Table V. The
relative size of the kinematic models of the initial design and optimal design are compared in Fig. 12.
The kinematic parameters from the optimization also satisfy the required actuation performance, as
shown in Fig. 13.

In the initial design, the summation of the link lengths, including the initial displacement of the
actuator and the radius of circular structure, was 1768.87 mm. The summation of the link lengths of
the optimal design was 930.45 mm, which represents a reduction of 47.4%. The actuator power that
is equal to force x velocity was also reduced to 40 W, which is a 43% reduction of the initial motor
power. It should be noted that the resultant maximum power of 40 W from the optimization is much
less than the 160 W of Robonee.’ In addition, the offset of the linear actuator shown in Fig. 13(a)
was reduced to S = 100 mm, which provides greater ease of implementation. The velocity and torque
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Fig. 11. (Colour online) Flow chart showing the optimization process.

_/

of the optimized design can also satisfy the requirements over a wider range of knee angles than the
initial design, as shown in Figs. 13(b) and 13(c). Furthermore, the actuator stroke velocity(S)becomes
smaller to 106 mm/s from 320 mm/s, which can be achieved through a general linear actuator.

4.6. Prototype

A prototype device based on the optimization is shown in Fig. 1. The prototype is composed of
the proposed five bar linkage system (1.9 kg), a RGO structure (3.2 kg), and a linear actuator (0.8
kg) as shown in Fig. 1. The Roboknee’s weight’ is 3 kg with the motor power of 164W (actuator
weight: 1.13 kg), while the proposed system weighs 5.9 kg with the motor power of 40 W (actuator
weight: 0.8 kg). It should be noted that the Roboknee aims to provide power augmentation of a
healthy person with partial weight support, while the proposed system has been designed to provide
gait rehabilitation functionalities of a stroke patient with full support of the patient’s weight during
stance phase.
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Fig. 12. Relative size of the initial and optimized systems.

Tests were carried out on a healthy subject to determine whether the mechanism could be switched
from passive to active modes in response to different gait conditions of the walker. The different
postures used can be seen in the snapshots shown in Fig. 14. The subject was able to freely move his
knee through a knee angle range of 0° —30° when the length of the actuator was 141.279 mm, and
he could stand under contact conditions with a knee angle of 30° . The experiments demonstrated
that the subject could move freely during non-contact conditions, and was supported during contact
conditions as shown by Figs. 13(a) and 14. Furthermore, the contact and non-contact conditions
could be switched. The support was noticed by the subject, and the device was able to provide
moments to counteract the motion of the user when stumbling occurred. These tests only show
that the proposed working concepts of the prototype could be achieved kinematically with a fixed
actuator displacement and further studies with a feedback control will be performed with varying
displacements of the actuator.

5. Discussion

Robotic wearable assistive devices or exoskeletons are highly desirable and can provide movement
therapy for patients with lower limb problems. However, current wearable exoskeletons cannot detect
the patient’s movement intentions, and so the enhancement of overground gait is limited. The device
described here provides two modes of operation that can be switched based on the motion of the
patient. The device can function as both a powered exoskeleton and a passive orthosis. Similar to
SCKAFOs," our device utilizes a locking mechanism to provide the necessary gait support while
bearing weight. However, since our device is active, it can provide more functionality that existing
SCKAFOs. Furthermore, we were able to reduce the mass of the device and employ a smaller actuator,
which can overcome the limitations of some exoskeleton approaches that lead to large bulky pieces
of equipment. The design features for the device can be summarized as follows:

» Locking the knee flexion at a desired knee angle rather than just at the full knee extension, enabling
the user to ascend or descend stairs, to stand with a flexed knee, and to stabilize after stumbling;

* Unlocking the knee at any desired knee angle, regardless of the braced limb loading;

* Assisting knee extension at any desired knee angle during stance;

¢ Minimal device weight and motor power; and

» Switching to stance—swing mode without requiring a knee extension moment to unload the joint.

The device may allow efficient gait training modes in portable environments by providing low
impedance for voluntary motion and high impedance during weight-bearing periods, as well as
assisting knee extension at any desired knee angle.
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Fig. 14. (Colour online) Snapshots of the working concepts using the proposed prototype: Free motion by 2
DOF: if the user maintains a standing state with the actuator displacement of 141.279 mm, the proposed system
becomes the five-bar linkage (2 DOF) at any angles smaller than 30° as shown in Fig. 13. The user can move his
knee joint freely in flexion direction because the contact condition is not satisfied. The knee joint can have the
variable angle range of 30° . Contact: If the displacement of the quadriceps actuator is fixed to 141.279 mm,
the contact condition between the patella link and the circular structure becomes active at the knee joint of 30°
. In this situation, the system’s kinematic state has been changed from the five-bar linkage (2 DOF) into the
six-bar linkage (1 DOF) and the user can get assistive supports from the quadriceps actuator. 1 DOF by the
quadriceps actuator: If the displacement of the actuator has been changed from 141.279 mm to 0 mm under
the contact condition, the knee joint angle moves from 30° to 0° . The quadriceps actuator can support the user’s
knee joint at this stage.

Since stroke patients may suffer from lower muscle problems, making it difficult for them to
wear a heavy exoskeleton device, a lightweight device is highly desirable. Minimizing the power of
the actuator will significantly affect the mass of the resulting device. Similarly, the link lengths
also contribute to the mass of the exoskeleton. A number of kinematic optimization schemes
exist, including workspace optimization?*2’ and isotropy optimization;?® however, few efforts to
kinematically optimize the mass of a device have been made. We have used a technique that can
reduce size of the actuator and link lengths while maintaining all necessary performance requirements,
providing gait assistance and avoiding singularities. This optimization scheme may be helpful to other
exoskeletons and robotic orthotic devices.

Sensorimotor techniques have been applied to help rehabilitate stroke patients.
has been recently introduced, making task-oriented training an important aspect of recovery.
Following a stroke, weakness, spasticity, and synergy may occur, which can lead to muscle contraction
and shrinking of muscular fibers. Traditionally, abnormal gait patterns appear during the initial
stages of recovery from a stroke; these must be minimized and controlled. Knee orthoses can
be used in patients with uncontrolled knee joints to support their weight, and has been applied
selectively to a limited number of patients that did not recover control of the knee joint. The
robotic knee device reported here can be used to aid recovery and maintain a normal gait. It
may be particularly useful as it can allow free motion of the lower limb while supporting the
body weight. For stroke patients, it may help to control abnormal gait patterns during the initial
recovery stage, aid sensorimotor recovery, and motivate a patient by providing support for overground
walking.

29731 Neuroplasticity
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6. Conclusion

We have described the design of a novel robotic knee device with a geared five-bar linkage that allows
the device to use a compact and lightweight actuator to provide support during gait training while
enabling a patient to move freely within a desired range of motion. The device requires additional
linkages compared to a simple four-bar mechanism. We used SGA to minimize the sum of the link
lengths and the motor power, which reduced the weight of the device. To find a feasible parameter
set, kinematic constraints were applied in the SGA process. The optimization scheme reduced the
total length of the links and the required motor power by almost a half compared with the original
design. The optimization scheme may be applied to reduce the total weight of many multi-linkages
systems while maintaining functionality.

We expect the device to provide an improved rehabilitation mode for stroke patients, allowing
safe, self-motivated, overground walking by providing support if the patient stumbles. For clinical
applications, we plan to reduce the system’s weight until less than 4.2—4.5 kg through simpler frame
structure, structural design, and light-weight material as well as replacing the RGO structure by a
light-weight commercial knee brace. In the future, a controller will be implemented and clinical trials
will be carried out to determine the effectiveness of the device.
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