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Abstract. Two major defects of the exoskeleton’s single-axis knee joint were exposed in
human-machine coordination experiments, which are chattering of hip and knee joints and
pull-feeling at ankle joint. In order to analyze and solve these issues, human gait experiments were
conducted to obtain the human gait data, and a kinematic model of the exoskeleton was
established. Kinematics analysis of the exoskeleton based on the human’s hip and knee joint
angles indicated the obvious human-machine ankle joint movement error; inverse kinematics
analysis of the exoskeleton according to the human ankle joint trajectory reflected the abrupt angle
changes of exoskeleton’s hip and knee joints. According to these analysis results, kinematics
differences between the exoskeleton’s single-axis knee joint and human’s trochlea knee joint were
regarded as the primary cause of the defects observed in human-machine coordination
experiments. The exoskeleton’s knee joint was optimized in four-bar linkage type to imitate the
kinematics characteristics of human’s knee joint. Kinematics simulation results of the optimized
exoskeleton showed that human-machine ankle joint movement error and abrupt angle changes of
the exoskeleton’s hip and knee joints have been both significantly reduced, thus the effectiveness
of the exoskeleton’s knee joint optimization for improving the human-machine coordination could
be confirmed.

Keywords: human-machine coordination, knee joint, kinematics limitation, ankle joint movement
error, optimization.

1. Introduction

Exoskeleton is an anthropomorphic mechanical system for being worn on human’s body
parallel to the lateral side. Currently, most of the exoskeletons such as Bleex [1], RoboKnee [2]
and HAL [3] are designed with single-axis joints. With higher and higher requirements of
human-machine coordination and wearing comfort, research on the trajectory of instantaneous
center of rotation (ICR) of human’s knee joint and the defects of single-axis knee joint pointed
out by F. Freudenstein in 1969 [4] began to receive more and more attentions in the field of
exoskeleton, for instance, Z. K. Ling et al. analyzed the kinematics and dynamics characteristics
of human’s knee joint in details and obtained specific numerical results [5]; S. Koo put forward
that the ICR trajectory of human’s knee joint dominantly determines the kinematics characteristics
of human’s lower extremity in the sagittal plane during normal walk [6]; V. P. Castelli et al.
analyzed the biomechanical kinematics of human’s knee joint by means of the models of
equivalent planar and spatial parallel mechanisms [7]; A. Hamon et al. proposed two walking gaits
for the planar bipedal robot with four-bar linkage knee joint [8]. On the basis of the research on
the biomechanical kinematics characteristics of human’s knee joint, in recent years, some scholars
adopted cam mechanisms [9] or multi-bar linkages [10-12] to design the knee joint of robots or
prosthesises.

According to the arrangement of sensors, the exoskeleton mentioned in this paper only need
to be banded with human’s body at waist and ankle joint, thus, the human-machine ankle joint
motion coordination must be ensured on the premise of that joint angle curves of the exoskeleton
are smooth. Hence, differ from the predecessors’ valuable achievements of adopting complex
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mechanisms to precisely fit the ICR trajectory of human’s knee joint, this paper firstly proposed
the kinematics limitation of single-axis knee joint based on the experiments and analysis, then
optimized the exoskeleton’s knee joint into four-bar linkage to improve the human-machine ankle
joint motion coordination.

In Section 1, original design of the exoskeleton and arrangement of the sensors were introduced;
human-machine coordination experiments conducted to verify the structure rationality of the
exoskeleton were described in Section 2. In the experiments, violent chattering of hip and knee
joints and afflictive ankle joint pull-feeling caused by obvious human-machine ankle joint
movement error were observed. To find the cause of these issues, human gait experiments [13-14],
kinematics and inverse kinematics analyses of the exoskeleton were conducted in Section 3.
Kinematics analysis based on the human’s hip and knee joint angles indicated the obvious
human-machine ankle joint movement error; inverse kinematics analysis according to the human
ankle joint trajectory reflected the abrupt angle changes of exoskeleton’s hip and knee joints.
Therefore, kinematics difference between the exoskeleton’s single-axis knee joint and human’s
trochlea knee joint was regarded as the primary cause of the issues. For improving the
human-machine coordination, four-bar linkage was adopted to optimize the exoskeleton’s knee
joint in Section 4, and the aim of optimization was to minimize the human-machine ankle joint
movement error when the exoskeleton walk in terms of human’s hip and knee joint angles. At last,
in Section 5, kinematics simulation of the virtual prototype of the optimized exoskeleton was
conducted to verify the effectiveness of the exoskeleton’s knee joint optimization.

2. Original design of the exoskeleton

Setting heavy drives such as hydraulic cylinders and motors at exoskeleton’s joints would lead
to huge inertia of the mechanical legs, thereby reduce the motion control precision of the drives
and increase the required power. Thus, each joint of the exoskeleton mentioned in this paper is
driven through the tendon sheath by the integrated hydraulic cylinders placed on the exoskeleton’s
backboard which executes a small range of movement during normal walking [15].

The original design of the exoskeleton is shown in Fig. 1 and each joint is in single-axis type.

potentiometer X 6
backboard X 1

tendon-sheath X 8

gyroscope X 5

tendon-sheath force knee joint spiral
sensor X 8 - . spring X 2

human-machine interactic
force sensor X 2
ankle joint
abduction/adduction
spring X 4
Fig. 1. Original design of the exoskeleton

dynamometer insole X

As shown in Fig. 2(a), potentiometers in each joint are to detect the exoskeleton’s posture.

As shown in Fig. 2(b), dynamometer insoles are to detect the ground reaction forces, based on
this detection, the human’s stance leg movement intention could be judged and the ground reaction
torques acting on the exoskeleton’s ankle joints could be obtained (Fig. 3 and Eq. (1)) to calculate
the desired torques of the hip, knee and ankle joints of the exoskeleton’s stance leg.

As shown in Fig. 2(c), human-machine interaction force sensors set at each ankle joint are to
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detect the human’s swing leg movement intention.
As shown in Fig. 2(d), gyroscopes set at each segment of the exoskeleton are to detect the
angles between each segment and the gravity in sagittal plane.

! .- R A 1 - “ B ; ;
a) Potentiometer b) Dynamometer insole ¢) Human-machine d) Gyroscope
interaction force sensor
Fig. 2. Sensors on the exoskeleton
Fig. 3. Ground reaction torque acting on exoskeleton’s ankle joint
Tground = Feop - (chop + a, cos 6) (1

According to the arrangement of sensors, the exoskeleton only needs to be banded with
human’s body at waist and ankle joint.

3. Human-machine coordination experiments

As shown in Fig. 4(a), the human-machine coordination experiments were conducted to testify
the rationality of the exoskeleton structure as shown in Fig. 1. In the experiments, we firstly
adjusted the lengths of the exoskeleton’s thigh and shank to suit the volunteers’ stature (seven
health young males, 25+2 years old, 1.75+0.02 m) in upright posture, then the volunteers worn
the exoskeleton with no driving and walked on the treadmill in normal gait, the PC synchronously
collected the exoskeleton’s joint angles (Fig. 2(a)) and the human-machine interaction force at
ankle joint (Fig. 2(c)). After each volunteer accomplished the experiment thrice, mean values of
each set of data were calculated. In the results, we observed that violent chattering (the unnormal,
reciprocating and rapid rotation within the scope of small-angle) occurred at the exoskeleton’s hip
and knee joints in early swing phase (Fig. 4(b)), furthermore, the volunteers represented that
obvious and uncomfortable pull-feeling (interaction force) exist between their ankle joints and the
exoskeleton’s (Fig. 4(c)).

Chattering would harm the control of drive system, and pull-feeling would go against the
detection of human movement intention. Kinematics difference between the exoskeleton’s
single-axis knee joint and human’s complex trochlea knee joint (Fig. 5) was considered to be the
primary cause of these issues, because the human-machine relative locations of hip and ankle
joints maintained fixed.

Knee is the biggest and most complex joint in human body. As shown in Fig. 5, during walking,
relative movement between femoral condyle and tibial plateau is the combination of
anterior-posterior (AP) sliding and flexion-extension (FE) rotation. M. Boujelbene et al. analyzed
the biomechanical characteristics and biotribological behavior in the AP sliding and FE rotation
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respectively by using the knee prothesis simulator [16]; in reference [17], V. A. D. Cai et al.
measured the knee joint kinematics using an active 6 DoF electro-goniometer called self-adjusting
isostatic exoskeleton [18], and obtained the knee joint instantaneous helical axis for flexion
movement; K. M. Lee et al. investigated the human’s knee joint kinematics via comparing three
mathematically approximative models and obtained the effect of rolling-sliding ratio to the knee
joint kinematics [19]. When the knee joint flexes, the ICR (instantaneous center of rotation
between femoral and tibial) trajectory in sagittal plane forms a “J”” shape, which causes the change
of curvature radius of the tibial plateau’s rotation around the femoral condyle to be even more
than 40 mm [20]. Therefore, the human ankle joint trajectory is inevitably different from that of
the exoskeleton with single-axis knee joints.

80 60
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\-“;’/D g 40
3 £
: E
E 520
E E
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20 : : : ‘ 0 : : : :
0 20 40 60 80 100 0 20 40 60 80 100
\ ’ Gait cycle (%) Gait cycle (%)
a) Scene of the b) Chattering at the exoskeleton’s hip ¢) Pull-feeling between human’s ankle
human-machine and knee joints joints and exoskeleton’s
coordination
experiments

Fig. 4. Human-machine coordination experiment
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Fig. 5. Kinematics difference between exoskeleton’s knee joint and human’s
4. Analysis of human-machine coordination experiment results

To verify the analysis in Section 2, we carried out the human gait experiments and the
kinematics and inverse kinematics analysis of the exoskeleton, and then compared the results of
them.

4.1. Human gait experiments

In order to make the human gait experiment results be suitable to 90 % Chinese adults, 7
healthy young male volunteers (25+2 years old, 62.5+7.5 kg, and 1.75+0.02 m) were invited
according to the Chinese National Standard GB10000-1988, as shown in Fig. 6. The position of
each marker on volunteer’s body as shown in Fig. 7 and the empirical formulas used in calculation
are of the reference [21]. Every volunteer accomplished the gait experiment twice, and then we
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got the mean values of each set of the experimental data. The detailed algorithm for image
acquisition and calculation of each marker’s coordinate in XYZ is of the reference [14].

OptiTrack S250e High-speed camera
P@

Global reference system

Plantar forc.e a
platform

Fig. 6. Human gait experiment

16. Additional marker
for judge the right or left of human body

15. Sacrum
7. Right ASIS (Anterior Superior Iliac Spine) 14. Left ASIS

6. Right thigh
13. Left thigh
/

12. Left knee

5. Right knee

4. Right tibial 11. Left tibial
2. Right heel
3. Right ankle 10. Left ankle

1. Right toe 8. Left toe 9. Left heel

a)

ZLh

global reference
system

b)
Fig. 7. Maker on volunteer’s body and the local reference system at the centre of human’s left hip joint

On the human’s left leg, for example, local reference systems (uvw) are set on marker 15, 12
and 10 respectively, as shown in Fig. 8 and Egs. (2-4).

In Egs. (2-4), p; is the coordinate of the maker i in XYZ.

The positions of centres of joint of human’s left leg in XYZ could be obtained by Egs. (5-7).

Annotations of the constants in Eqs. (5-7) are listed in Table 1.
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Fig. 8. Local reference systems on human’s left leg
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P P P P pia =il P (7 = p1s) X (P14 — P15
y (P11 = p12) X (P10 — P12) v _ P10~ P12 w —u - 3)
Lk - ) Lk =17 Lk — ULk Lk )
"¢ (P11 — p12) X (P10 — P12 " P10 — Pzl nee nee nee
u _ Pg— Do v —w U w _ (pg — P10) X (P9 — P10) )
kle = 7. _ "’ kle — kl kle» kle — ’
Lankle |ps — ol Lankle Lankle Lanider Tlanide | (s — P10) X (Do — P10)I
PLcod = P1s + 0.598C1uhip + 0'34'4'C1vhip - 0'29C1Whipt (5)
Prcok = P12 — 0.5C;Wiknees (6)
PLcoa = P10 T 0-016C3uLank1e + 0-392C41-17Lamkle - 0-4'78C.SWLankle- (7)

Table 1. Annotations of the symbols
C; | Breadth of ASIS

C, | Diameter of the left knee
C; | Length of the left foot

C, | Height of the left malleolus
Cs | Width of the left malleolus

Reference system Xy, Y nZ1p is set at the centre of human’s left hip joint, as shown in Fig. 7,
and the coordinate axes are respectively parallel to those of XYZ. Then, the position of each joint
centre of the left leg in XY Z could be converted to be in X;1,Y;1Z1h, as Eq. (8).

LhPLCoA = PLcoA — PLCoH- (®

By Eq. (5-8), we could obtain the human ankle joint trajectory relative to hip joint in sagittal
plane in normal gait (Fig. 9(a)) and the length changes of human’s thigh and shank (Fig. 9(b)).
The length changes of human’s thigh and shank reflect the human knee joint charateristics of
trochlea, and also influence the human’s ankle joint trajectory.

After getting the positions of joint centres, we could obtain the coordinates of segment centres
of mass of human’s lower extremity in XYZ, and then obtain the joint angles.

To calculate the left knee angle, for example, local reference systems (xyz) are set at the
centres of mass of human’s left thigh and left shank, as shown in Fig. 10 and Eq. (9-10).

The positions of centres of mass of human’s left thigh and left shank in XYZ were calculated
by Eq. (11-12).

The human’s left knee angle in sagittal plane could be calculated by Eq. (13-14).

According to the above algorithm, the curves of human’s hip and knee angles in sagittal plane
in a normal gait were obtained as shown in Fig. 11.

The direction definition of joints of human’s lower extremity in sagittal plane is shown in Fig. 12.
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Fig. 11. Human’s hip and knee joint angles
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Fig. 12. Direction definition
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Yithigh = [(PLcok — Prcon) X (P13 — Prcow)|’ )
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PL1.c6 = Prcon + 0.39(Prcok — Prcon)s (1

Prsce = Prcok T 0.42(Prcoa — PLcok) (12)
Zithioh — X

ILknee — ( Lthigh Lshank) ) (13)
|ZLthigh - sthank|

9Lknee = 92 = _aSin(ILknee ' thhigh)- (14)

4.2. Kinematics analysis of the exoskeleton

As shown in Fig. 13, a kinematic model of the exoskeleton in the sagittal plane was established
and the reference system XHY is set at the hip joint.

The coordinate of exoskeleton’s ankle joint A in XHY ((X,Y,)T) could be calculated by
Eq. (15). The lengths of exoskeleton’s thigh and shank are equal to the mean values of the lengths
of the volunteers’ thighs and shanks in the upright posture respectively.

A Ankle joint

Fig. 13. Kinematic model of the exoskeleton with single-axis knee joint

Xa —a,sinf; — a,sin(6; — 6,)
HPA — %\ — eI-{T :%T eZPA — _alcosel - CI)ZCOS(Ql - 92) . (15)
1 1

Make the exoskeleton walk in terms of the human’s hip and knee joint angles (Fig. 11), the
ankle joint trajectory in XHY in a gait could be obtained by Eq. (15), as shown in Fig. 9(a). It could
be found that the maximum ground clearance (MGC) of human’s ankle joint in a normal gait is
significantly greater than that of exoskeleton with single-axis knee joint, which is one of the
kinematics advantages of human’s rolling-sliding trochlea knee joint. Obvious human-machine
ankle joint movement error was observed, thus the pull-feeling represented by volunteers in the
human-machine coordination experiments could be explained.

4.3. Inverse kinematics analysis of the exoskeleton

Because the exoskeleton mentioned in this paper only need to be banded with human’s body
at waist and ankle, the human-machine ankle joint motion error should be as small as possible
during walking.

Therefore, in the inverse kinematics analysis of the exoskeleton, the human’s ankle joint
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motion trajectory as shown in Fig. 9(a) is set to be the target trajectory of the exoskeleton’s ankle
joint. The process of inverse kinematics analysis is as follows.

The point on the human ankle joint motion trajectory (4 B)T was set to be the desired position
of the exoskeleton’s ankle joint in XHY, as Eq. (16). (6;64)T was the exoskeleton’s hip and knee
joint angles corresponding to (4 B)T.

A] _ [—al sin 8; — a, sin(6;—65) (16)
B —a, cosB; — a, cos(6;—65)1
A% + B? = a;2 + a,% + 2a,a, cos 6y, (17)
A% + B? —aq;? — a,?
cos By = = . (18)
2a4a,

sin 6} = /1 — c26j. (19)
The 6; could be calculated as Eq. (20):

0, = atan 2(sin 65, cos 6). (20)
By Eq. (16) and Eq. (20), we could obtain the Eq. (21):

_ [k1 sin 8] + k, cos 91’]

3]
B ki cos 0y — k, sin 6]
ki =—a; —a,cosf; <0, k, = a,sin6; > 0.

(e2))

The variables r and y were set as Eq. (22):

r= ’klz + k2 >0, y = atan 2(k,, kq). (22)

By the Eq. (21), we could obtain the Eq. (23) and Eq. (24):

A
— = cosy sin ;1 + siny cos 8] = sin(y + 6;), (23)
B
— = cosy cos 6; — siny sin 6, = cos(y + 6;). (24)
The 6; could be calculated as Eq. (25):
A B
f = 2(=,—=)=y. 25
f; = atan (r'r) y (25)

The values of 8; and 8, must be corrected into the range (—n/2, n/2) and (0, /2) respectively.

As the results, the exoskeleton’s hip and knee joint angles are shown in Fig. 14, and the abrupt
angle changes indicated that the chattering of exoskeleton’s hip and knee joint observed in the
human-machine coordination experiments was inevitable when exoskeleton has the nearly same
ankle joint trajectory as human’s.

5. Structure optimization of exoskeleton’s knee joint

Chattering and pull-feeling were the synthetically results of the kinematics and inverse
kinematics analyses of the exoskeleton, hence the kinematics limitation of the exoskeleton’s
single-axis knee joint could be confirmed to be the primary cause of these issues. Therefore, it is
necessary to optimize the exoskeleton’s knee joint.
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Fig. 14. Exoskeleton’s hip and knee joint angles

Differ from the predecessors’ valuable achievements of adopting cam mechanisms [9] or
multi-bar linkages [10, 11] to precisely fit the ICR trajectory of human’s knee joint, our goal of
optimizing the exoskeleton’s knee joint in four-bar linkage type is to minimize the human-machine
ankle joint motion error when the exoskeleton walks in human’s normal gait.

Fig. 15. Kinematic model of the exoskeleton with four-bar linkage knee joint

Kinematic model of the exoskeleton with four-bar linkage knee joint in the sagittal plane is
shown in Fig. 15. The base reference system XHY is set at the hip joint. The local reference system
X, Cyy is set at the hinge C of the four-bar linkage, and the axis xj, is coincident with the bar CD.
Thus, there are 10 parameters needed to be optimized as listed in Table 2.

Table 2. The parameters needed to be optimized

ly leg, | Length of the exoskeleton’s shank

I » Installation angle between the four-bar linkage
2 . 1 and the exoskeleton’s thigh

! Lengths of bars of the four-bar linkage Installation angle between the four-bar linkage
3 %2 and the exoskeleton’s shank

Ly 51 51 = (rxr — Xke) / (Xip = Xke)

leg; | Length of the exoskeleton’s thigh Sy Sy = (s — x%3ca) / (g — Xin)

As shown in Fig. 15, we make the extensions of the thigh leg, and shank leg, intersect at the
point K, so the angles of the exoskeleton’s hip and knee joints could be respectively expressed as
6; and 0,, and the values of them in the process of optimization are set to be equal to human’s as
shown in Fig. 11.

The optimization process is as below:
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(34 + (g - a’z)) + <92 + (g - 0(1)) =7 Ba = a1+ az — 0, (26)

With regard to the four-bar linkage, there is the geometrical relationship as Eq. (27):

sinf3; sinﬁ4] [ll] _ [ I3sinfs, ] _ Ry +VR* + R,> — Ry®
[cosﬂl cosfsl 1Lyl ~ 1, + I3c0sp5)” By = Zatan R, — R, ' @7

The expressions of R; (i =1, 2, 3) are as below:

_ . _ (R (R 2
R1 —_ 2l1l451nﬂ4, RZ - 21114C05ﬁ4 - 2l1l2, R3 - 2_l1 + 2_11 + l1 - l3 .

The value of S5 could be obtained by Eq. (28):

lycosf; + lycosf, — lz)

B3 = acos( L (28)

Positions of the point A, B, C and D of the four-bar linkage in x,Cy, are calculated by
Eq. (29-32).

ol = Do) (29)
sl =i ) 0
kC

51 "
Ykp or

Position of the ankle joint N in x;, Cy, and XHY could be obtained by Eq. (33) and Eq. (34)
respectively.

ka] _ [(ka — xxa)S2 + xka — legs sin(By — a3)
YkN (YkB — Yxa)Sz + Yra — legz cos(By — az))
Xy cos(0; —a;) sin(0; —a;) 0 —leg,sinf; —l,s; cos(6; — ;)] (Xkn
YkN
[ 0 } ”
1

(33)

|- |—-sin(6; —a;) cos(6; —a;) 0 Is4sin(0; — ;) — leg, cos b,
0 0 0 1 0
1 0 0 0 1

As Eq. (35), the optimization objective is to minimize the variance of human-machine ankle
joint motion error in a gait.

minZ((XNi — Xeni)? + (Yni = Yeni)?), (35)
=1

where n is the number of frames of the data collected in a gait in the human gait experiments as
shown in Fig. 6.

The constraint conditions are as below:

1. As shown in Table 3, the value ranges of each parameter are set to ensure the practicability
of the knee joint and the convenience of assembling.
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2. The four-bar linkage knee joint should be a double-rocker mechanism, therefore, 1, is set to
be the longest bar while [, to be the shortest one, meanwhile, the four-bar linkage could not satisfy
the condition of the sum of bar lengths, as Eq. (36).

Table 3. Value ranges of each parameter

Parameter l | L, | s | ly | legq | leg, | a4 | a, 51 | Sy
Unit mm rad non-dimensional
Range of value 50-150 [ 300-400 | —m2-m2 | —1/2-1 | 0-1
]+ 1Ll > L]+ |L5]. (36)

3. In order to make the structure of the exoskeleton be similar to human body as far as possible,
as shown in Fig. 15, the point T should not be behind the point S in the horizontal direction when
the exoskeleton is at upright posture (6; = 0, 8, = 0), and the horizontal distance of them should
be less than 35 mm, as Eq. (37-39) which are obtained by Eq. (34).

Xt 0

tr] = loteq ) @
XS] _ [ Iy cos(fy — ay) — lys1 cosay + U5, cos(fy — ay) (38)
Ys —leg, — lysin(By — a;) — lpsysinay — lys; sin(By — ay) )

(Xs — X7) € [0,35]. (39)

Matlab was used to accomplish the optimization calculation, and the results are listed in the
Table 4.

Table 4. Optimized values of each parameter
Parameter L | L, | L, | ly I legq I leg, | aq I a, S1 | Sy
Unit mm rad non-dimensional
Value (rounding) | 67 [ 57 [ 57 [ 120 ] 345 [ 350 | 0 J0.012 ] —0.13 | 0.59

6. Verification of the optimal result

For verifying the rationality of the optimization results, a virtual prototype of the exoskeleton
with optimized knee joint was established in Pro/E as shown in Fig. 16(a), the convex marked in
Fig. 16(b) was designed for preventing the dangerous contrarotation of the knee joint. Kinematics
simulation of the virtual prototype was conducted in Adams as shown in Fig. 16(c).

The virtual prototype in Adams (Fig. 16(c)) only shows the constraint relationship between the
components. Bar 1 and bar 2 are thigh and shank of the exoskeleton respectively; bar 3 and bar 4
connected with each other by hinge joint, and are parallel to bar 1 and bar 2 respectively. Bar 4 is
fixed to bar 2 via component 6; component 5 could slide up and down along bar 1; head face A of
bar 3 and head face B of bar 5 remain in the same plane. Hence, the angle between bar 3 and bar
4 is equal to the angle between bar 1 and bar 2 which is the knee joint angle of the exoskeleton.
Therefore, we could set a “Rotational Joint Motion” on the hinge joint between bar 3 and bar 4 to
achieve for the definition and measurement of the exoskeleton’s knee joint angle. For defining
and measuring the exoskeleton’s ankle joint trajectory, we could set a “General Point Motion” on
the “MARKER” named “Ankle point” in Fig. 16(c), and the “Ankle point” is also the centre of
the bottom surface of bar 2.

Two kinds of kinematics simulation of the virtual prototype were carried out as follows:

1. The exoskeleton’s hip and knee joint angles were set to be equal to human’s as shown in
Fig. 11, and the human-machine ankle joint movement error (which primarily led to the
pull-feeling) was shown in Fig. 17(a). Compared Fig. 17(a) with Fig. 9(a), obvious improvement
in the human-machine ankle joint trajectory error could be observed.

2. The human ankle joint trajectory (Fig. 9(a) or Fig. 17(a)) was set to be the reference
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trajectory of the exoskeleton, and the exoskeleton’s hip and knee joint angle curves were obtained
as shown in Fig. 17(b). Compared Fig. 17(b) with Fig. 14, abrupt angle changes of the
exoskeleton’s hip and knee joints (which were reflected as the chattering) have been eliminated.

potentiometer

convex

Ankle
the bar / the bar /, point

) Optimied b) Exploded view of the optimized knee joint ¢) Virtual prototype in
exoskeleton in Pro/E Adams
Fig. 16. Verification of the optimal result
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=
~~~~~~~~ 3 N
=750 T 0 . yd
_ L L L L L 2 L L L L )
800 -400 -200 0 200 400 00 20 40 60 80 100
X (mm) Gait cycle (%)

a) According to human’s hip and knee joint angles b) According to human ankle joint motion trajectory
Fig. 17. Simulation results

7. Conclusions

Swing leg and stance leg of the exoskeleton mentioned in this paper are controlled according
to signals of the ankle joint human-machine reaction force sensors and the dynamometer insoles
respectively. On the foundation of this control strategy, the exoskeleton only needs to be banded
with human’s body at waist and ankle joint. Hence, on the premise of smooth of the exoskeleton’s
joint angle curves in normal gait, the human-machine ankle joint motion coordination should be
ensured.

Human-machine coordination experiments were carried out to testify the structure rationality
of the exoskeleton whose knee joint was in single-axis type. In the experiments, violent chattering
of exoskeleton’s hip and knee joint was observed in early swing phase, and significant pull-feeling
at ankle joint was presented by the volunteers. Joint chattering was harmful to the control of drive
system, and ankle joint pull-feeling went against the comfort of wearing and the accuracy of the
detection of human movement intention.

For solving the above issues, firstly, human gait experiments were conducted to obtain the
human gait data. Then, in regard to the exoskeleton, kinematics analysis based on the human’s hip
and knee joint angles indicated the obvious human-machine ankle joint movement error; inverse
kinematics analysis according to the human ankle joint trajectory reflected the abrupt angle
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changes of exoskeleton’s hip and knee joints.

Chattering and pull-feeling were the synthesization of the kinematics and inverse kinematics
analysis results, thus, the kinematics difference between the exoskeleton’s single-axis knee joint
and human’s trochlea knee joint was regarded as the primary cause of these issues.

Four-bar linkage was adopted to optimize the exoskeleton’s knee joint, and the aim of
optimization was to minimize the human-machine ankle joint movement error when the
exoskeleton walks in terms of the human’s hip and knee joint angles.

Kinematics simulation of the virtual prototype of the optimized exoskeleton was accomplished,
and the results showed that in normal gait, both of the human-machine ankle joint movement error
and the abrupt angle changes of exoskeleton’s hip and knee joints have been significantly reduced.
Therefore, effectiveness of the exoskeleton’s knee joint optimization for improving the
human-machine coordination could be confirmed.
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