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Mechanically Assisted Neurorehabilitation:
A Novel Six-Bar Linkage Mechanism
for Gait Rehabilitation

Mi Li**, Jiangiang Yan

Abstract— Repeated and intensive gait training can
improve muscle strength and movement coordination of
patients with neurological or orthopedic impairments. How-
ever, conventional physical therapy by a physiotherapist
is laborious and expensive. Therefore, this therapy is not
accessible for the majority of patients. This paper presents
a six-bar linkage mechanism for human gait rehabilitation
with a natural ankle trajectory. Firstly, a six-bar linkage
mechanism is selected as the original mechanism to con-
struct a gait rehabilitation device. Then the ankle trajectory
is formulated as a function of the crank angle. And the
rotation angle of the crank is set as a linear function of time.
Therefore, constant speed motor is sufficient to control
the mechanism. For the dimensional synthesis, the precise
point distances of the gait trajectory and the coupler curve
are set as objective functions, with the kinematic con-
straints including in the optimization procedure. To obtain
the optimal structure design parameters, a cooperative
dual particle swarm optimization algorithm is developed.
The results show that the coupler curve matches well
with the gait trajectory. The average distance between the
60 precision points is 3.5 mm.

Index Terms— Stroke, gait rehabilitation, six-bar linkage
mechanism, end-effector, dual particle swarm optimization.
TROKE is one of the leading causes of permanent dis-
S ability worldwide, with nearly two thirds of the survivors
suffering from paralysis or hemiplegia, and experiencing prob-
lems with daily activities such as walking [1], [2]. Research
results have shown that the human brain is capable of self-
reorganization, or neuroplasticity. And physical therapy offers
an opportunity for exercise recovery [3], [4]. We observed

that physical therapy can help people improve their basic
activities of daily living after stroke [5], [6]. However, the fact
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that conventional physical therapy is laborious and expensive
makes these therapies less adequate for home healthcare.
Therefore, the rehabilitation robot system is a good choice
for physical therapy [7]. Over the last decades, several lower
limb rehabilitation robots have been developed to restore
mobility of the affected limbs [8]. These systems can be
simply classified into five types according to the struc-
ture [8]: (i) treadmill gait trainers, e. g. LokoHelp, ALEX,
Ramanpreet [9]-[11] (ii) foot plate-based gait trainers, e. g.
Yoon, J [12], [13] (iii) overground gait trainers, e. g. Kine-
Assist, WalkTrainer [14], [15] (iv) stationary gait trainers,
e. g. Palestra, Lambda, Mohan [16]-[18] and (v) ankle reha-
bilitation systems, e. g. Rutgers Ankle, AKROD [19], [20].
However, some of these rehabilitation robots are large and
costly. It’s usually only used in large medical centers. Other
small rehabilitation robots proposed by the researchers need
further improvement.

In the rehabilitation robot system, end-effector gait trainers
have attracted the attention of researchers [21], [22]. Several
trials have been published on the efficacy of end-effector gait
trainers [23]-[26]. The results of Bevilacqua’s study showed
that the end-effector gait trainer is effective for subacute stroke
patients with a lower function ambulation assessment, showing
significant changes in independent walking ability [27]. The
end-effector gait trainer is mainly composed of gait simulation
mechanism, ankle joint posture guidance mechanism and
gravity support system [28]. During the exercises, the trainee
stands on the pedal at the end of the mechanism with the
help of the therapist, and the trainee’s feet are driven to
complete the walking training action through the pedal. Since
the end-effector gait trainer does not impose constraints on
the trainee’s knee joint, the therapist can correct the move-
ment of the trainee’s knee joint as needed [29]. So that the
rehabilitation treatment can achieve better results [22]. At the
same time, the end effector gait trainer can also use functional
electrical stimulation during the exercise [28].

To simulate gait, several linkage mechanism or cam linkage
mechanism have been proposed, such as the four-bar linkage
mechanism proposed by Alves [30], the Stephenson II/III
six-bar mechanism proposed by Wang and Tsuge [31], [32],
the ten-bar linkage mechanism presented by McCarthy [33],
the cam linkage mechanism established by Gongalves and
Smith [34], [35], the cam gear mechanism established
by Soong [36]. However, all the mechanism proposed in
these literatures must be controlled using servomotors. Thus,
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Shao [37] established a cam linkage mechanism. In their
research, the time sequence of the required trajectories was
considered, so only a constant speed motor was needed to
control the mechanism. However, a cam is needed to correct
the errors.

For the dimensional synthesis, Yuan [38] presented a
method to modify the output motion of a linkage mechanism.
Bhatia and Bagci [39] proposed an optimization method for
path synthesis of six-bar linkage mechanism. Mehdigholi [40]
presented a method to optimization of watt’s six-bar link-
age mechanism and used genetic algorithm for global
search. Ma [41] used the optimization theory to complete the
dimensional synthesis of spiral drum screen. As Nollexa [42]
indicated that linkage mechanism design equations have many
local optima, how to find the global minimum is key factor
to achieve the dimensional synthesis. The Particle Swarm
Optimization (PSO) algorithm and genetic algorithm have
been applied successfully in dimensional synthesis for mech-
anism [43], [44]. The traditional genetic algorithm [45] can
increase the probability of finding the global minimum by
increasing the population size. However, the increase in pop-
ulation size will make the convergence speed of genetic algo-
rithm decrease rapidly or fail to converge. Other algorithms for
solving linear programming or nonlinear convex optimization
problems, such as the interior point method, tend to be trapped
in local optima in the solution of linkage design equations [46].
For the PSO algorithm, the researchers have made some ben-
eficial improvements [47]-[50]. Among them, the improved
scheme using multiple groups of particles has attracted
researcher’s attention [51]-[55]. Zheng proposed a Coopera-
tive Dual-swarm PSO algorithm to improve the ability of PSO
in deal with dynamic optimization problems [51]. Hu pro-
posed an endocrine cooperative particle swarm optimization
algorithm for routing recovery problem. In the iterative
process, the mutation direction of the particle is determined
by multi-swarm evolution equation [52]. Mohammed proposed
a discrete cooperative particle swarm optimization algorithm
for the routing of integrated circuits. Although two groups of
particles are used to search, there is no information interaction
between them [53]. He used damping factor and cooperation
mechanism to improve the performance of particle swarm opti-
mization algorithm [54]. Hajer proposed a modified scheme
that uses two groups of particles to search. In their research,
the first one performs exploration while the second one is
responsible for exploitation [55]. This is beneficial to restrain
the premature convergence of the algorithm. These previous
works provided a good foundation for finding the global
minimum of linkage mechanism design equations.

The purpose of this paper is to provide a gait rehabilitation
system for home healthcare with low cost. A new link mecha-
nism for generating accurate gait trajectories is proposed. The
design and optimization methods are also presented. In the
dimensional optimization, the time sequence of the trajectory
is considered in order to obtain the required trajectory at a
constant input speed. To obtain the optimal structure design
parameters, a Cooperative Dual Particle Swarm Optimization
algorithm (CDPSO) is developed. The results show that this
linkage can make its coupler curve through 60 precision points.
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(a)
Fig. 1.  Sketches of gait trajectory generation. (a) four-bar linkage

mechanism. (b) Stephenson lll six-bar linkage mechanism. (c) six-bar
linkage mechanism.

The novelties and contributions of this paper are listed as
follows.

1) A six-bar linkage mechanism is proposed to produce
accurate gait trajectories, thereby avoiding the production of
complex cams. It is beneficial to further reduce the cost of the
gait generation mechanism.

2) The time sequence of the required trajectories is con-
sidered, only a constant speed motor is needed to control the
mechanism.

3) The optimal design parameters of the structure pro-
posed in this paper can be achieved by applying the CDPSO
algorithm.

Il. CONCEPTUAL DESIGN

Kapovich [56] pointed out that any plane algebraic curve
has an associated linkage which can trace the curve. Therefore,
the single degree of freedom linkage system is used to track
the gait trajectory. Alves [30] proposed a four-bar linkage
mechanism (Fig. 1(a)) for gait trajectory generation. However,
the four-bar linkage mechanism can only track 5 points
accurately, which makes the generated trajectory deviate from
the natural gait trajectory. The six-bar linkage mechanism has
two more bars than the four-bar linkage mechanism, making
it able to track more points. Dordevic [57] used a gradient
optimizer to the design a Stephenson III six-bar linkage
mechanism (Fig. 1(b)) which fits 32 specified points on the
trajectory. However, a servomotor must be used to control
the rotation of the crank. On the other hand, since another
four-bar linkage mechanism is connected in series with the
four-bar linkage mechanism proposed by Alves [30], more
space is required. Thus, we propose a new six-bar linkage
mechanism for gait path generation (Fig. 1(c)). The coupler
curve of the six-bar linkage mechanism is expected to pass
through all precision points on the gait trajectory, which are
defined by two independent x and y coordinates. In addition,
it is desirable to be able to use a constant speed motor to
control the trajectory generating device, thereby avoiding the
use of complex control systems. For this purpose, we will
investigate the dimensional synthesis of the mechanism in the
following section.

Il1. DIMENSIONAL SYNTHESIS
A. Lower Limb Kinematics Model

To obtain the required gait trajectory, Onen [49] developed
a simple lower limb kinematics model based on the clinical
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Fig. 3. Hip and knee angle.

gait analysis specification gait database.

Xankle = _lthigh sin ehip + Lshank sin(Gknee — ehip) + Xnip
Yankle = _lthigh COs ehip —Ishank 08 (Oknee _ehip) + Yhip (1)

As shown in Fig. 2, where (Xgnkie, Yankie) 1 the Cartesian
coordinates of ankle joint, (Xpip, Ynip) is the Cartesian coor-
dinates of hip joint, (Gpip, Gknee) are the hip and knee angles,
(thigh» Lshank) are the lengths of the thigh and shank. As Pedro
Alves [30] pointed out, it can be calculated based on the height
of the subject (hg), linign= 0.235 hg), lspank= 0.228 hg).

The hip and knee angles of a normal gait are shown
in Fig. 3, which is obtained through a human gait capture
experiment. The subject of the gait capture experiment is a
healthy adult woman, whose height is 1630mm, weight is
52kg. And the length of the thigh and shank are 383mm and
372mm, respectively. The spatial coordinate information of the
marker points placed on the limb of the subject is captured by
an infrared camera unit arranged on the side of the treadmill.
The sampling frequency of the spatial coordinate acquisition
system is 100 Hz, and the resolution is O.Imm. The gait
cycle curves of the hip and knee angle are obtained through
the movement analysis of the collected spatial coordinate

yankle (mm)

) -300 -200 -100 0 100 200 300
Xankle (mm)

Fig. 4. Gait trajectory.

Fig. 5. Geometric parameters of the six-bar linkage mechanism.

information of the marker points. Sample the hip and knee
angles based on constant time intervals. Then input them into
the lower limb kinematics model written as equation (1). The
gait trajectory of the subject with the hip joint fixed in the
vertical direction can be obtained. As shown in Fig. 4, it is a
gait trajectory of a subject with a height of 1630 mm. In Fig. 4,
the hollow circles are precision points on the trajectory, which
are obtained by sampling the hip and knee angles at equal
intervals. The number of sampling points is 60.

B. Kinematic Analysis

The selected six-bar mechanism for developing this project
is shown in Fig. 5. As shown in Fig. 5, a, b, ¢, d, e, f, g, h
are the lengths of each link. The angles of each link a, b and
c relative to link d are 84, 6p, Oc. The Angle between link
d and the x-axis is Op. O, OF are structural angles. x4, ya
are the Cartesian coordinates of point A. y is the transmission
angle.

The Cartesian coordinates of the point £ on the plane of
the link b can be obtained:

XE = x4 +a*xcos(@a+0p)+e*cos@p + 0 +60p)
YE = ya+axsin(@a +60p)+ex*xsin(@p+60g +6p) (2)

where,
»2 )
O = arccos% —-p 3)
inb
p = arcsina*s# 4

m = a2 +d? —2ad * cosO, 5)
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Similarly, the Cartesian coordinates of the point F on the
plane of the connecting link ¢ can be obtained as:

XF =x4+dx*cosOp + f *cos(@c +60p —OF)
yF = ya +d xsinfp + f xsin(O¢c + 0p — OF) 6)

where,

2+ m? — b2
2mc

-p @)

Oc = m — arccos

Combining the coordinates of points E, F and the
lengths of the links g, h, we can get the coordinates of
point G as:

2+p2—h2

XG = XE + g * cos(ﬁp—arccos(gi))
2gp
2 2 _ 32
; +p°—h
Y6 = YE +g* szn(ﬁp—arccos(%)) (8)

where p is the distance between points E and F.

p = Gr —xe) + OF - yp)’ ©)
arctan (M) 966[—%, %]
Op = tPTrE i (10)
arctan YE—YE + (9(;6(
XF —XEg 2’ 2

IV. OPTIMIZATION

A. The Range of the Design Parameters

Refer to (8), the coordinates of the point G are determined
by 14 independent variables such as the lengths of each link
and the initial rotation angle 6; of the crank a. Therefore,
the design vector of the six-bar linkage mechanism can be
described as:

X =la,b,c,d,e,0p,x4,y4,0D, f,0F, 8 h, 0,17 (11)

B. Objective Function

This paper aims to design a six-bar linkage mechanism for
generating natural gait trajectory. In this mechanism, only a
constant speed motor is needed to control the rotation of the
crank to meet the natural gait phase. Therefore, the rotation
angle of the crank is equally divided into n equal parts, where
n is the number of precision points on the target trajectory.
Then, the distance between the point G on the six-bar linkage
mechanism and each precise point on the target trajectory can
be set as the objective function.

wing 00 = min 3" (= s

2 2
@) @)
+ ( ; yalnkle)
(12)

where n is the number of precision points on the target
trajectory, which is given as 60 in this paper.

C. Constraints

1) The Grashof Criterion: In order to ensure that the crank
can rotate freely, the sum of the lengths of the longest and
shortest links in the four-bar linkage mechanism should be less
than the sum of the lengths of the other two links. When the
links between a and b are collinear twice, the condition of the
existence of the crank can be obtained from the relationship of
the side length of the triangle. Therefore, the Grashof criterion
constraint can be given as follows:

giX)=a+d—-b—c<0

@X)=a+b—-c—-d<0
gX)=a+c—-b-d<0

13)

2) Minimum Transmission Angle: In order to obtain better
force transmission performance, the minimum transmission
angle of the mechanism should be greater than the allowable
transmission angle yo. For a crank-rocker mechanism, the min-
imum transmission angle appears at one of two positions
where the crank a and the frame d are collinear. The constraint
is given by:

—(d—a)® —
—(d+a)? -

2bc * cosyg <0

12 2
[g4(X)_b p .

g5 (X) =b*+ 2 2bc x cosyp <0

where yo is the allowable transmission angle, which is given
as 7 /6 in this paper.

3) Assembly Conditions: When p > g+ h or p < |g-h|,
links g and & cannot be assembled. Thus, the constraints are:

g6 (X)=—g—h+p=<0
g7(X)=g—-h—-p=0 (15)
g8X)=—-g+h—-p=<0

where, p is the distance between points E and F.

In order to realize the optimization algorithm, the multicon-
strained optimization problem is transformed into an uncon-
strained optimization problem by using the penalty function
method. A new objective function is constructed as follows:

8
D (X,r(k)) — F(X)+r® Z:;max [0, 2. ) (16)

where, g, (X) is the inequality constraint; and r®) is the
penalty factor. We set r®) as a positive increasing sequence
0 <ry < r@ ... < r® When a constraint is violated,
a large value penalty factor r® is multiplied to the inequality
constraint g, (X). The variable k is the count of times the
constraint condition is not met. Thus, the infeasible solutions
have much larger cost functions than the feasible ones.

D. Cooperative Double Particle Swarm
Optimization Algorithm

As Nollexa [42] indicated that linkage design equations have
many local optima. How to find the global minimum is another
key factor to achieve the dimensional synthesis of the linkage
mechanism.
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Therefore, a CDPSO algorithm is developed to synthesize
the size of the linkage mechanism. The PSO algorithm pro-
posed by Eberhart [59] is shown in (17) and (18).

vi(k + 1) = wo; (k) + cirand () (pbest; — x;(k))
+corand()(gbest — x;(k))
xitk+1) = x;k) +ovik+ 1)

A7)
(18)

where i is the number of particles, v; (k) is the ith particle’s
velocity in the kth iteration, x;(k) is the position of the ith
particle in the kth iteration, pp.s; is the historical personal best
position, gpess is the historical global best position, w is the
inertial weight, ¢ and ¢, are positive accelerating constants,
rand () is a random function with the range [0,1].

Eberhart [59] pointed out that larger inertia weight can
improve the global search capability of the PSO algorithm.
A relatively small inertia weight is more conducive to the local
search of the PSO algorithm. Therefore, the CDPSO algorithm
strategy is to use two groups of particles with different inertia
weights to search at the same time. The optimal location
information and search space are exchanged during the search
process. Selecting appropriate inertia weights for the two
groups of particles makes the first group of particles mainly
used for global search, and the second group of particles
mainly used for accurately search. If the optimal solution of
the first group is better than the second group, the search
positions and search spaces of the two particles are exchanged.
The two groups of particles that exchange search positions
and search spaces continue to search until the final conditions
are met. In the iteration process, if the best positions of the
two groups of particles are at the edge of the feasible region,
expand the side of the feasible region and reduce the other
side. By exchanging the best position and search spaces of
the two groups of particles continuously, it is possible to avoid
premature convergence of the iteration and improve the search
accuracy of the algorithm.

Since a larger inertia weight can improve the global search
ability, the inertia weight update strategy of the first group can
be set to the following equation.

2
®] = Omax — (®max — Omin) % (19)
where, @] denotes the inertial weight in the first group; wmax
and oy are the maximum and minimum values of the inertial
weight; k is the current iteration number; 7 is the maximum
iteration. In (19), the inertia weight is a quadratic function
of iteration number. The inertia weights change slowly during
the initial iteration, which is useful for global search. Near
the maximum number of iterations, the inertia weights vary
similarly to the linear decreasing strategy, which is conducive
to convergence to the global optimum.
The second group is designed for accurate search. Thus,
the inertia weight of the second group is described as
equation (20).

ok
@ = Omin + (Omax — Omin) [1 - ZOgSig(T - ,B)i| (20)

0.9
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Fig. 6. Variations of inertia weights with iterations for different o and 3.
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0

where @, denote the inertial weight in the second group.
logsig( ) is sigmoid function. a and f are the feature
parameters.

The variations of inertia weights with iterations for dif-
ferent o and f is shown in the Fig.6. Where, wmnax = 0.9,
omin = 0.4, T = 200.

From the Fig.6, we know that the values of a and S
determine the changing trend of the inertia weights. When o
and S are set to larger values, the inertia weight can decrease
at a slower speed in the beginning and the end. When the
values of o and f are small, the decreasing speed of the
inertial weight will increase. When o is twice as much as
[, the inertia weight is centrosymmetric. Based on the above
analysis, we set o = 12 and f = 6.

The steps of the CDPSO algorithm applied to the optimal
value search of the objective function are as follows:

Step 1. Set the initial population number, initial velocity,
position of the two groups of particles. Set the allowed
iterations, and accuracy.

Step 2. For each group, calculate the objective function
value according to (16), save the historical personal best
position, historical global best position.

Step 3. Calculate the inertia weights of the two groups of
particles according to (19) and (20).

Step 4. Update the positions and velocities of the two groups
of particles according to (17) and (18).

Step 5. Recalculate the particle objective function value
according to the updated particle position, and update the
historical personal best position, historical global best position.

Step 6. Compare the group’s best objective function value
of the two groups. If the first group’s best objective function
value better than that of the second group, the position and
inertia weight of the two groups are exchanged.

Step 7. If the termination condition is met, stop the search,
and output the optimization result, otherwise go to step 2. The
termination condition is that the number of iterations exceeds
allowed iterations or the reduction of the objective function is
less than the allowed accuracy.

To test the performance of the CDPSO algorithm, two
typical test functions are used for testing and compared
with linearly decreasing weight particle swarm optimization
algorithm (LDWPSO). The two test functions are described in
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TABLE |
THE COMPARATIVE RESULTS OF TWO ALGORITHMS

) CDPSO LDWPSO
Function
N F N F
fi 0 1.0054 6  0.9959
1> 20 6.1 54 11.26

the following equations [54].

sin/x2 + y2

cos2mx 4+ cos2my

max f1 = \/m + exp( >
—€, |x’ Y| S 10
10

min fo = > [xl? — 10cosmxi) + 10], k] <5.12 (1)

i=1

According to Liang’s research results [60], we set the
particle speed range of the two algorithms as [0.1, 1], the pop-
ulation size as 50, the acceleration factors c¢; and c¢; as
1.49445, the maximum and minimum inertia weights as 0.9
and 0.4, respectively, and the number of iterations as 1,000.
In 100 optimization calculations, the number of times N and
the average optimal function value F are shown in Table I.
N is the algorithm falls into the local optimal solution (the
absolute error between the optimization result and the global
optimal value is greater than 10™* is regarded as the local
optimal solution).

It can be seen from Table I that the CDPSO algorithm
proposed in this paper can effectively prevent the algorithm
from falling into the local optima and improve the reliability
and accuracy of the optimization result.

V. NUMERICAL IMPLEMENTATION

The numerical implementations of two subjects with dif-
ferent heights are presented in this section. And the proposed
method is applied to synthesize a six-bar linkage mechanism
as shown in Fig.5.

In the first case, the height of the subject is 1630 mm, whose
gait trajectory is shown in Fig.4. The proposed algorithm is
applied to search for optimal design parameters. The parame-
ters of the algorithm are set as follows. The population sizes
of both groups of particles are 100, and the maximum iteration
number is 500.

In order to limit the size of the link and make the whole
mechanism with an appropriate size, the boundary of each
link, as shown in Table II.

According to the design parameters boundaries shown in
Table II, the optimal design parameters of the six-bar linkage
mechanism are obtained, which are shown in Table III. It can
be found that the length of each link is less than 550 mm. The
longest link is b, which is 548 mm. The maximum link length
of the mechanism proposed in [37] is 771 mm. The data in
this article illustrates our advantages.

According to the optimal design parameters shown in
Table III, the coupler curve is generated as shown in Fig.7 (a)
by driving the crank at a constant speed. From Fig.7 (a),
it can be found that the coupler curve matches well with the

TABLE Il
DESIGN PARAMETER BOUNDARIES

a(mm) b(mm) c(mm) d(mm) e(mm)
Lower boundary 50 50 50 50 50
Upper boundary 500 1000 1000 1000 1200
Amm) — g(mm)  A(mm)  x,(mm) y,(mm)
Lower boundary 50 50 50 -400 -400
Upper boundary 1200 1200 1200 400 400
Og(rad) Op(rad) 6Og(rad) 6;(rad)
Lower boundary -2n -2n -2n -2n
Upper boundary 2n 2n 2n 2n
TABLE Il
OPTIMAL DESIGN PARAMETER
a(mm)  h(mm) c¢(mm) d(mm) e(mm)
Value (First case) 95 548 366 292 514
Value (Second case) 87 673 545 235 540
Amm) — gmm)  A(mm) x,(mm) y,(mm)
Value (First case) 419 81 421 55 -239
Value (Second case) 560 84 255 27 -298
Og(rad) 6Op(rad) 6p(rad) 6;(rad)
Value (First case) 2.11 1.8 -1.65 -1.58
Value (Second case) 2.09 1.69 -1.82 -1.44
-550 1
600 *  gait trajectory
coupler curve
'g-eso ot
= 700 g' e e uee o
58 750 e, ...,.-"'
800 %% 600 sqe oo ®®
-850 !
-300 200 100 0 100 200 300 400
(a) Xankle (mm)
-600 - 1
*  gait trajectory
coupler curve
E -700 e ety
g .. : ¢ L
;Ej -800 ‘-.. - e o o 'o 0.‘:"..:.0
-900 LR S |
300  -200  -100 0 100 200 300 400
(b) Xankle (mm)

Fig. 7. Gaittrajectory and the coupler curve. (a) The height of the subject
is 1630 mm. (b) The height of the subject is 1800 mm.

gait trajectory. The average distance between the 60 precision
points is 3.5 mm. The maximum distance is 12 mm, and the
sum of distances is 225 mm. It has similar accuracy, compared
with the results presented in [37]. But it is not necessary to use
a cam or a servomotor as mentioned in [37]. The final sketch
of the six-bar linkage mechanism is shown in Fig.8 (a).
Furthermore, to illustrate the applicability of the proposed
method, the second case is presented in this section. In this
case, the height of the subject is 1800 mm. Based on the same
design parameter boundaries, the optimal design parameters
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Fig. 8. Sketch of the six-bar linkage mechanism. (a) The height of the
subject is 1630mm. (b) The height of the subject is 1800mm.

body weight
support

N
I shell
N
synchronous six-bar linkage
belt ~ mechanism
L pedal
base

Fig. 9. Three-dimensional model of gait training mechanism in the first
case.

TABLE IV
RESULTS OF TWO NUMERICAL IMPLEMENTATIONS

average maximum sumof Maximum Drive mofor
distance  distance  distances link length
First Case  3.5mm 12mm 225mm 548mm constant speed
Second Case 5.6mm 15mm 336mm 673mm  constant speed
[37] 11.5mm -- -- 771mm  constant speed

of the six-bar linkage mechanism are shown in Table III.
The coupler curve is generated as shown in Fig.7 (b) by
driving the crank at a constant speed. From Fig.7 (b), it can
be found that the coupler curve matches well with the gait
trajectory. The average distance between the 60 precision
points is 5.6 mm. The maximum distance is 15 mm, and the
sum of distances is 336mm.The final sketch of the six-bar link-
age mechanism is shown in Fig.8 (b). The three-dimensional
model of gait training mechanism in the first case is shown in
Fig.9.

VI. CONCLUSION

In this paper, we propose a new six-bar linkage mechanism
for generating natural gait trajectories. Importantly, the design

and optimization methods of this mechanism are presented in
the mathematic aspect.

The results of two numerical implementations show that the
coupler curve matches well with the gait trajectory. As shown
in Table 1V, in the first case, the average distance between the
60 precision points is 3.5 mm, which is 8 mm less than
the cam-linkage mechanism [37]. The maximum distance
of the precise point is 12 mm, and the sum of distances is
225 mm. The length of each link is less than 548 mm, which
is 223 mm shorter than the cam-linkage mechanism [37].
While, in the second case, the average distance between the
60 precision points is 5.6 mm. Compared with the cam-linkage
mechanism [28], the structure is more compact. Furthermore,
a constant speed motor is sufficient to control the mechanism
and does not need to require a complex cam. By setting the
phase difference of the two cranks to 180°, the right and left
feet can be guided simultaneously by two identical mechanism
controlled by the same motor.

This paper has shown the theoretical possibility of using
a six-bar linkage mechanism to simulate the typical foot
trajectory in gait for people of different heights, but that both
the practicality and clinical relevance of the concept are yet
to be demonstrated. In future work, we will build a prototype
that can be evaluated first with healthy subjects and then with
patients. Furthermore, we will focus on how to simultaneously
guide the ankle angle.
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