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SUMMARY

Against the backdrop of accelerated ageing around the globe, an increasing number of individuals
suffer from hip motion disability and gait disorders. In this paper, the performance analysis of a novel
parallel assistive mechanism with 2 DOF for hip adduction/abduction (AB/AD) and flexion/extension
(FL/EX) assistance is completed and evaluated, particularly the velocity and force transfer features.
The analysis shows that the assistive mechanism has advantages of fine motion assistive isotropy,
high force transfer ratio and large force isotropic radius, which indicates that the parallel assistive
mechanism is suitable for hip AB/AD and FL/EX assistance.

KEYWORDS: Hip assistance; Parallel mechanism; Performance analysis; Motion assistive
isotropy; Force transfer ratio.

1. Introduction

The hip joint plays an important role in human locomotion and weight support. Due to the heavy
burden and amount of labor, the motor function of hip joint is easily weakened, and the capacity for
walk and other daily activities will be limited.'~> Hence, various serial hip exoskeletons have been
developed for 1 DOF flexion/extension (FL/EX) assistance. A powered hip exoskeleton*> driven
by pneumatic muscles, which was a modified prefabricated orthosis, was presented to assist FL/EX
rotation. A light-weight active pelvis orthosis (APO)®7 was developed for hip FL/EX assistance,
and APO adopted some distinct design aspects: large carbon-fiber parts were used to reduce the
inertia, and a novel series elastic actuator unit® was designed to increase mechanical compliance. In
addition, kinematic compatibility®'* and the comfort of physical human—robot interaction (p-HRI)'!
could be improved. A Bowden cable actuation unit was customized for a powered hip exoskeleton
(PH-EXOS)'? to achieve advantages of structure simplicity, light weight and flexible driving. Olivier
et al.'* proposed an assistive motorized hip orthosis (AMPO) for assisting the movements of hip
joint in the sagittal plane, and 5 passive DOFs were added to minimize the undesired human-robot
interactional loads, thereby improving p-HRI performance. In addition to serial mechanisms, parallel
mechanisms consisting of one fixed platform, one mobile platform and several parallel connective
branches were also used for hip motion assistance. Compared with serial mechanisms, they have
advantages of short power transfer path, high supporting rigidity and large load capacity. Especially,
parallel mechanisms are able to keep the revolute center of the mobile platform aligned with the
center of hip joint, and hence axis misalignment issues'* !> in serial hip assistive exoskeletons can be
alleviated. Based on the anatomical character analysis of human hip complex, a parallel mechanism'®
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Fig. 1. Parallel assistive mechanism; (a) hip kinematic model; (b) human—-machine closed chain; (c) structure
of assistive mechanism; (d) detailed structure of joint R,.

with the 3 PUU configuration was presented to assist hip adduction/abduction (AB/AD), FL/EX and
internal/external (IN/EX) rotations, where P and U denote prismatic and universal joints, respec-
tively. Yu et al.'”-!8 designed a 3 DOF parallel hip assistive exoskeleton with three UPS parallel
branches, where S denotes the spherical joint. In addition, the manipulability inclusive principle was
also proposed, and the kinematic parameters of the exoskeleton were optimized to improve its assis-
tive performance. We have presented a novel parallel assistive mechanism with two UPS parallel
branches for 2 DOF hip FL/EX and AD/AB assistance,'® and kinematic interference between the
human leg and two branches was analyzed throughout a typical hip assistive gait cycle. The works
mentioned above mainly focused on configuration synthesis, kinematic compatibility, light weight
and low inertia design, suitable control scheme, prototype development, as well as the performance
experimental verification of assistive exoskeletons. Little attention has been placed on performance
analysis and capability evaluation of exoskeleton mechanisms, and which is necessary for dimen-
sional parameter optimization, compact structure design and task-space performance improvement
of hip assistive exoskeletons.

For the purpose of evaluating the task-space operation capability of industrial robots working with
an end-effector, different performance indices, including the dexterity measure, minimum singular
value and manipulability ellipsoid, are usually utilized, and these indices can all be defined based
on the Jacobian matrices mapping the velocity and force from a robotic joint (actuator) space to
the Cartesian (end-effector) space.?’~?> However, unlike end-effector manipulation robots, the task
space of a wearable exoskeleton corresponds to the joint space of the human body, and the velocity
and force must be transferred from the active joint space of the exoskeleton to the wearer’s joint
space. Consequently, it is more reasonable to define the evaluation indices on the basis of matrices
which reflect the velocity and force mapping relationships between the two joint spaces. In this paper,
a parallel assistive mechanism is proposed and described for hip motion disability, gait disorders and
healthy people, especially soldiers. Then, its velocity and force transfer performance are mainly ana-
lyzed and evaluated. The results presented here are useful for future research on kinematic parameter
optimization and structure design of parallel hip assistive mechanism.

2. Kinematic Constraint Equations of the Human-Machine Closed Chain

2.1. Description of parallel assistive mechanism

According to anthropotomy, the human hip complex consists of the femoral head, the cotyle and the
ligaments, with the femoral head being able to freely turn in the cotyle. Movements produced at this
hip joint are FL/EX, AD/AB and IN/EX rotations, as shown in Fig. 1a. Hence, the hip complex is
regarded as a 3-DOF spherical joint denoted by S;. A coordinate system O — X(Y(Zj is established at
the center O of S to depict the three movements clearly. As the motion range and power consumption
of the hip IN/EX are much smaller than those of FL/EX and AD/AB movements, a parallel assistive
mechanism is proposed for assisting the latter two movements.'® It is composed of a waist unit, a leg
unit and two parallel connective branches (Fig. 1b). The first branch, denoted by U, P, Uj;, consists
of a universal joint (U)), a prismatic joint (P1) and a universal joint (Us); the second branch U, P, S,
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Fig. 2. Establishment of coordinate systems.

includes a universal joint (U,), a prismatic joint (P;) and a spherical joint (S,). The two branches
are symmetrically arranged relative to the plane XoOZy, and the initial angle between U;P;U; and
U, P, S, is equal to 26,. A revolute joint R, is introduced to adjust IN/EX movement. The hip complex
and the thigh are included as part of the human—machine closed chain, and the passive branch SR,
is the third branch. Furthermore, a 2-DOF human-machine closed chain can be depicted in Fig. 1b
when the assistive mechanism is connected to the hip complex. In this closed kinematic chain, the
local DOF around joints S} and R, can be removed as shown in Fig. 2, with the hip joint regarded as
a 2-DOF joint with FL/EX and AD/AB mobility.

According to the proposed configuration, a structure was designed as shown in Fig. 1c. A support
frame is fixed around the waist and the relevant tautness can be changed by an adjustable unit.
The two branches U P U; and U,P,S, are installed below the support frame. The other ends are
connected to a moving platform. To drive the assistive mechanism, two linear actuators are applied
in joints P and P,, respectively. Joint R, is mounted inside the moving platform, which is connected
to the human thigh, as shown in Fig. 1d. To make it convenient to wear the device, a bearing-like
structure is employed in joint R.. The moving platform consists of two outer clamping plates which
are hinged together. The inner clamping plate is worn around the hip thigh. A ring slide way and
a ring slider are installed between the outer and inner plates. The inner plate can rotate around the
outer one freely. Joint R, can be bound by woven straps closely.

2.2. Kinematic constraint equations of the human—machine closed chain
In the human—machine closed chain (Fig. 1b), the support frame and joint R, correspond to the fixed
and mobile platforms, respectively; their centers are denoted by points O; and O,. In the two parallel
branches, the centers of the joints Us, U;, S, and U, are indicated by Ay, By, A; and B,, respectively.
Then, the parameters of the closed chain can be described as shown in Fig. 2: 00, =L;, O,A; = L,
0,A; =Ls, A\D; = L4, 00, = L¢, "O,B; = dj, (i.e., the distance between O, and B; in the horizontal
direction) and YO, B; = d, (i.e., the distance between O] and B; in the vertical direction). Additionally,
for kinetostatic analysis, several reference frames are set up as shown in Fig. 2.

The first single-loop chain consists of branches U; P, U; and S| R, as shown in Fig. 2a. The frames
0 — XyYoZy and O — x;,y,z;, denote a fixed frame and a movable frame connected with the human
thigh, respectively. Their origins are coincident and assigned at the center O of the hip joint. A
frame O, — x¢y6Z¢ 1s linked with R, where point O; is the center of R.. The frames B; — x;y;z; and
By — xpy,7, are assigned at the center By of Uj, where B; — x;y;z; denotes a local fixed frame and
By — x,y,2, indicates a movable frame connected with the upper link of the first branch U; P, Us. The
frames A; — x4y424 and A| — x5ysz5 are assigned at the center A; of Ui, connected with the lower
link of the first branch and the leg unit, respectively. 64 and 6s denote the rotation angles of two axes
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in the joint Us. In addition, to facilitate coordinate transformation, a frame D — x3y3z3 is set up at
point Dy, and the directions of its three coordinate axes are shown in Fig. 2a. In the second single-
loop chain (shown in Fig. 2b, and formed by branches U, P,S; and S|R.), B, — x7y7z7 denotes a local
fixed frame and B, — xgygzg is a movable frame connected to the branch. Their origins are assigned
at the center B, of U,. 07 and 63 are the rotation angles of two axes in joint U,. The spherical joint
S, consists of a ball and a ball seat. The frames A, — x9y9z9 and A, — xj0y102z10 are connected to the
ball and the ball seat, respectively, with their origins at the center A, of S;. § is the included angle of
axes z9 and zj9. When the single-loop closed chain moves, these two frames are maintained parallel
to frames O, — xV626 and By — xgygzg, respectively.

Considering the first single-loop chain, assume it is parted at center A;. Then, two serial sub-chains
OB|D{A| and O0,A| are obtained. According to their kinematic structures, transformation matrices
974 and °T's, which transfer the coordinates in frames A — x4y424 and A| — x5yszs to the same frame
O — Xy YoZy, respectively, can be written as:

[ 14y Ngy N4z XA1(4) ]
04y  0O4y  O4 YA1(4)
0 O lop 27 3 y z
Ty="T\ Ty'TyTs= (1
A4y A4y Q47 ZA1(4)
L 0 0 0 1 |
i Nsy N5y  N5;  XAL(5) ]
05y Osy  O5 YAL(5)
0 0 6 ) z
Ts="T¢Ts= (2
dsy  Asy  dsz;  ZAL(5)
0 0 0 1

where (R, 0ix, i), (i, 01y, aiy)" and (niy, 07, ai;)" (i =4, 5) denote the orientation vectors of axes
X, i, and z;, respectively. OA| = (xXa14), Ya1(4)» ZA1(4))T and OA| = (X41(5)> YA1(5) ZA1(5))T indicate the
position vectors of center A;, calculated from sub-chains OB} DA and OO,A, respectively. oT,,
'T,,2T5, 3T, °T¢ and °T's denote transformation matrices between the two frames, indicated by the
subscript and superscript symbols, and given as:

6‘90 —S@o 0 dhCQ() —S91 592 —S@l C092 C@] 0
0 SQ() C90 0 dhs90 1 —6‘92 S@z 0 0
T, = T, =
0 0 1 L1 — dv —C91S92 —C91C92 —S91 0
| 0 0 0 1 0 0 0 1
1 0 0 0 0o -1 0 0
0O 0 -1 d 1 0O 0 -—L
27, = L3, = 4
0 0 1 0 0 0 1 0
|0 0 O 1 o 0 O 1
[ cOscB + sOssasB cOssasB — sOscf casB —LecasP cly —s6y 0 Lscby
o, — sOgca cOgca —sa Lesa 67 — s6y By 0 LssHy
6= —cOpsP + sOssacf s66sP + cOssacf casp —Lecacp 1o o0 1 0
i 0 0 0 1 0 0 0 1

in which ¢ and s are abbreviations of cos and sin, 8; and 6, indicate the two rotation angles of U,
(around axes R;; and Rj,, respectively), d; denotes the displacement of joint P;, o and B stand for
FL/EX and AD/AB angles of the hip joint around axes x; and yj, respectively, and 6 is the rotation
angle of R...

According to the geometrical characteristic of universal joint Ujs, the coordinates of center
A calculated from sub-chains OBDA; and O0O,A; are equal and the two revolute axes of Us;
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are orthogonal. Hence, the kinematic constraint equations of the first single-loop chain can be
expressed as:

XA1(4) = XAL(5)

YA1(4) = YAL(5) 3)

ZA1(4) = ZA1(5)

NayNs; + 04y0s; + agyas; =0

where XA1(4) :a1C91 +a2d1s01c92 +Cl3d1S92 + day, YA1(4) :blcel +b2d1S91€62 +b3d1592 +b4,
Za14) =d1501 +dy — dic01cbr, xa1(5) = €15(05 + 0p) + e2c(bs + 0) + €3, Yai5) =f15(0s + 0o) + f2,
241(5) = 81¢(Os + 00) + g25(06 + 6p) + g3, N4y = —s0pcth + 56200501, 04y = cbpcl + 56,509561,
asy = s6,c01, ns; = casP, os; = —sa, as, = cacp.
in which

a) = —L4C@0, a) = —CG(), az = —5090, ag = dhcé’o, b] = —L4.S‘090, b2 = —590, b3 = CQ(), b4 = dhse(),
e1 = LssacP, ex = Lscf, e3 = —LgcasB, dy = Ly, dy = Ly — dy, fi = Lsca, o = Lgsa, g1 = —Lssp,
g» = LssacpB, g3 = —Lgcacp.

According to the kinematic structure of the second single-loop chain, the position vector of center
A, of spherical joint S, determined from the sub-chains OB,A |, and O0,A, should be equal. Hence,
the following kinematic constraint equations are obtained:

0A, = 00; +°Rs0,A,

“)
0A2 = dzZS + 032

where d; denotes the displacement of joint P,, 00, and OB, denote the position vectors of centers O,
and B,, 0»A; denotes the position vector of center A, described in frame O, — xysz6, "Ry indicates
the orientation matrix of frame O, — x¢ygz¢ relative to frame O — Xy YyZy. The above parameters are
given as:

00, = (—Lgcasp Lesa — LecacP)’
0>A> = (Lyctly  —Lysty  0)7
OB, = (dyctly —dpsty Ly —d,)"
cOscf + sOesasf cOssasp — cPsbs casp
0R6 =Ry, B)R(xp, ¢)R(zp, ) = casBg cOgca —sa
cBsOssa — casP s6ssP + cOscPsa cocp

3. Jacobian Matrices and Performance Evaluation Indices

In this section, the velocity and force Jacobian matrices of the parallel hip assistive mechanism are
derived, and three performance indices, that is, motion assistive isotropy, force transfer ratio and force
isotropic radius, are proposed for the task-space performance evaluation of the assistive mechanism.

3.1. Velocity and force Jacobian matrices
Differentiating the kinematic constraint Eq. (3) of the first single-loop chain, we obtain:
H\6; + Hy0, + H3f + Hyé + Hs0g + Hod) =0
1,6y + L6, + I + L4 + 1566 + Iedy =0
K161 + K26, + K3 + Kude + K566 + Ked) =0
0161 + Q262 + 03 + Qudt + Qs =0

&)

where 6, 6, and 96 denote the angle velocities of joints R,1, R.» and R., respectively; & and ,B indicate
the angle velocities of hip AD/AB and FL/EX rotations; d; denotes the linear velocity of joint P;.
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The coefficients H;, I;, K; (i=1,2...6)and Q; (i=1,2...5) are:

Hy = —d s0yctcOr + LycOysO;, Hy = —di50yc0, + dicOys01560>, Hy = LssBc(6g + 60p) + Lecacp
— LssacBs(6s + 0p),
Hy, = —LscasBs(0¢ + 6y) — LesasB, Hs = Lscs(0¢ + 6y) — LssasBc(0g + 6p),
Hg = —c6ys0,c6r, — 5056,
I = —d56ycO1cOr + LysOysO:, I = dicOByct + S150ps6150,, I =0, I, = Lssas(Bg + 6y) — Lgcor,
Is = —Lscac(8g + 0y), I = —56p561 6, + c0ys0,,
K| = L4cO) + d56,¢0,, Ky = d c6156,, K3 = LscBc(0g + 6p) + LssasBs(6g + 0y) — Lecasp,
Ky = —LscacBs(@s + 6y) — Lesacf, Ks = —LssBs(0g + 6y) — LssacBc(Bs + 6p), Kg = —cbcH,,
Q1 = cOychs6rcasf — s6ychs0,sa — s01s6,cacP, Oz = —sOycOrcoc + cOysO1s0,coc

— cO150,casB,

0, = s6psbrcasp + cOysO chrcasp + cOysOrsa — s6ys01cOrsa + cOcOrcac, Q4 = s6pchrsasf

— sy 5055 — cOycOrca — $6s015s6ca — cOys6rsacf, Qs = 0.

Then, mapping relationships between (dy 66)T and (& )T can be expressed as:

6.6 1‘421 M22 ]\[21 N22 \ /3 \ | J21 J22 \ | ,B \
where

My = Q1 (Hel> — Hol) + Q102 (H1I6 — Hgly)

My, = Q{(Hsl, — Hols) + Q1Q>(H\Is — Hsly) + Q1Qs(Ha Iy — Hyl)

My = Qi (HeK, — HyK¢) + Q102 (H Ks — HeK1)

My, = Q1(HsK, — HyKs) + 0102 (H Ks — HsKy) + Q105 (H,Ky — HiK>)
Ni = Qi (Haly — Haly) + Q102 (Haly — Hily) + Q1Q4(Hy Iy — Haly)

N2 = Q1(Hols — H3Ly) + Q1Q2(Hsly — HiI3) + 0103 (Hi I, — Holh)

N1 = O} (HoKy — HiK2) + Q10> (HaKy — HiKy) + Q1 Q4 (H1 K> — HoK))

Ny = Q1 (H,K3 — H3Ky) + Q102(H3K| — H1K3) + Q103(H Ky — HoK))

_ MyNiy — MiaNy _ M»Ni, —MinNy _ MuNy — My Ny
T MMy — MMy T MMy — MMy, T MMy, — MiaMa,
_ My Ny — My Nypp

MMy — MMy,

Ji

Jn

Differentiating the first equation of Eq. (4), velocity vector V4 » of center A, of S, can be obtained as:

Vi1 V12 &
Var=Vosr+® x CRs0:47) = | va1 v . :| (N

V31 V32
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where V., denotes the velocity of center O,, @ denotes the angle velocity of link 0,A,, and
vi(i=1,2,3,j=1,2) are given as:

vi1 = Lgsasp

vip = —Lgcac + LycOy(cBsasbs — casf) — LysOy(sOgsB + cOscfsar)
Vo1 = Leca — (LocBy(cBcacly — cacB) — LrsOy(sOssB + cOscBsa))
Voo = 0

v31 = LgsacB + LycOysOsca — LysOycHsco

V32 = Lecasf — (LacBy(cOscf + sOgsasB) + Ly sOy(cBsOs — cOgsasf))

Differentiating the second equation of Eq. (4) and projecting the velocity vector V4 » of center A,
on zg axis, the following expression can be obtained:

dy=V,3=2Vas (8)

where V_ g denotes the velocity component of V4 > in zg axis direction, zg is the direction vector of zg
axis and d, indicates the linear velocity of P,.
According to Egs. (7) and (8), d, can be rewritten as:

. a
dy=[J31 J3 | |:13j| ©)

where J31 = V3] and J32 = V3.
Amalgamating the first row of Eq. (6) with Eq. (9), the velocity mapping relationship between the
active joint space of the assistive mechanism and human hip joint space can be expressed as:

J3 —Ji2

& - Jiudzn —JiaJz1 Jidz — Ji2J30 dy
=g = ! 10
|: } I —J31 Ji [dz] (10)

B
Jidzn —Ji2dz1 Jidz — Ji2J30

where J,, denotes the velocity Jacobian matrix of the parallel hip assistive mechanism.
Furthermore, by applying the virtual work principle, the force mapping relationship between the

two joint spaces can be written as:
Ty fl T |:f1 :|
=J =J . 11
[Tﬂ ] ! [fz} " LA (n

where f| and f, denote the driving forces of joints Py and P», 7, and 7 denote the torques acting
on hip AD/AB and FL/EX revolute axes, and J; denotes the force Jacobian matrix of the assistive
mechanism.

3.2. Velocity and force transfer performance indices

3.2.1. Motion assistive isotropy. Using the manipulability ellipsoid definition proposed by
. 20 . . . -T - . . LR

Yoshikawa,”” velocity super-circularity d d = 1 is set up in the actuator space of the assistive mecha-

nism. Then this super-circularity can be mapped by the velocity Jacobian matrix J, into the hip joint

space, defined in the fame O),_y,,,, connected with human thigh, as the following velocity ellipse:

d'd=6, (JJ7) " 6,=1 (12)

whered = (d; d»)T andb,= (@@ PB)T.

According to the physical meaning of the velocity ellipsoid, it is known that at a certain movement
configuration of the human—machine closed chain, the hip joint obtains the greatest (or least) motion
dexterity along the long (or short) principal axis direction of the velocity ellipse. If the velocity
ellipse approximates to a circumference, the hip joint gets almost the same motion dexterity along all
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directions. Such a movement configuration can be referred to as isotropic configuration. To describe
and evaluate assistive isotropy, an index d,, is defined as:

da = lvsp/lvlp (13)

where [, and [, correspond to the lengths of the long and short principal axes of the velocity
ellipse, respectively.

3.2.2. Force transfer ratio. As sufficient torque is critical for hip joint assistance, the force transfer
ratio is another important performance indicator in addition to motion assistive isotropy. Similar to
velocity ellipse, a force ellipse can be defined as:

flif=+" (JfJJZ)_] =1 (14)

where f=(fi )  andt=(t, 71p)".

According to literature,>>2* it is known that at a certain movement configuration of an end-effector
manipulation robot, the force transfer ratio along a particular operation direction is equal to the
distance from the center to the surface of force manipulability ellipsoid along the directional vector.
Thereby, the robot gets the greatest (or least) force transfer ratio along the long (or short) principle
directions of the force ellipsoid. Moreover, a larger least force transfer ratio indicates that the robot is
at a movement configuration with a higher force transfer capability. Length /s, of the short principle
axis can be used as an evolution index of force transfer performance. Similarly, force transfer index
e, of this assistive mechanism can be defined as:

ea =1l (15)

3.2.3. Isotropic force radius. While the manipulability ellipsoid-based indices are popular and have
been widely used to evaluate the operation performance of end-effector manipulation robots, they
are all independent of the real physical capability of robots’ joint actuators (i.e., velocity and
force limits of joint actuators are not considered) and hence unable to describe the robot’s perfor-
mance sufficiently. To overcome this defect, alternative indices, including isotropic velocity radius,
isotropic acceleration radius and isotropic force radius, were proposed in the literature,>~>’ which
were defined and calculated on the basis of task-space capability sets (or polytopes) of manipula-
tion robots.?®?° As force limits of joint actuators are taken into account, the evaluation index of
the isotropic force radius is introduced into the task-space force performance analysis of assistive
mechanism.

Let fimax and fomax denote the maximum driving forces of linear actuators in branches U, P, Uz and
U, P, S5, respectively. Then, the set T of allowable actuator forces can be defined as:

Eq. (16) corresponds to a convex parallelogram with four vertices and four straight edges. As
mapped by Eq. (11), a task-space force set T, is generated in human hip joint space and can be
defined as:

To={zl t=Jf feTs} a7

Since the mapping of Eq. (11) is linear and the joint force set T is convex, the task-space force set
T is also convex. Its vertices and edges are the images of vertices and edges of set T, respectively.
The mapping relationship between the two force sets can be generally described by Fig. 3.

According to the above analysis and force mapping relationship shown in Fig. 3, it can be seen
that at any movement configuration of the human—machine closed chain, the parallel hip assistive
mechanism corresponds to a certain task-space force set T; determined by the force Jacobian matrix
Jy. Moreover, there is a certain inscribed circle in the task-space force set T, and radius r;; of the
inscribed circle indicates the largest assistive torque which can be realized by the assistive mechanism
in all directions of human hip joint space, when force limits of the two linear joint actuators are taken
into account. Hence, radius r;; of the inscribed circle can be adopted as an index for force isotropic
evaluation and described as:

r;; = the value of inscribed circle radius of the task — space force sets 7; (18)
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Table I. Parameters of the human—machine closed chain.

Parameter d,/mm Li/mm L,/mm d,/mm Lymm Ls/mm L¢/mm /(°)

Value 40 80 120 160 20 100 355 60

b5 A Yh A

7

_fl max fl max »
o A

A\
v

7./‘ émax

Fig. 3. Mapping relationship between two force sets 7y and T;.
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Fig. 4. Hip joint trajectories during a human gait cycle 7.

4. Velocity and Force Transfer Performance Analyses of Assistive Mechanism

In this section, motion assistive isotropy d,, force transfer ratio e, and isotropic force radius r;; of the
parallel hip assistive mechanism are calculated during a typical gait assistive cycle. Furthermore,
velocity and force transfer performances of the assistive mechanism are evaluated. Without loss
of generality, here the force limits of linear actuators in the two branches are assumed as f p.x =
Jf>max = 1. Dimensional parameters of the human—machine closed chain were determined according
to the body parameter measurements of a healthy volunteer (age = 26, height = 175.5 cm and weight
= 68.5 kg) and are presented in Table I. Hip AD/AB and FL/EX angle trajectories during a typical
human gait cycle denoted by T are shown in Fig. 4, and they were obtained using a VICON motion
capturing system.

Applying the position solution proposed in literature'® and adopting the trajectories of FL/EX and
AD/AB angles, shown in Fig. 4, as motion inputs of the human—machine closed chain, both active and
passive joint displacements in the assistive mechanism during a human gait cycle are calculated, as
shown in Fig. 5. The kinematics of assistive mechanism can be comprehended thoroughly; especially
the results of displacements d; and d, are very helpful to the dynamic stability control system of
assistive mechanism for tracking the human walking gait.

Using the analysis and evaluation indices proposed in Section 3, velocity and force transfer per-
formances of the parallel assistive mechanism are investigated. The three performance indices during
a typical gait cycle T are calculated, and their trajectories are given in Figs. 6a and 7. Additionally,
velocity ellipses, task-space force sets T'; and their inscribed circles at 0%, 20%, 40%, 60% and 80%
T are shown in Figs. 6 and 8, respectively. L-axis and S-axis are the abbreviations of long and short
axes in Fig. 6.
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Fig. 5. Kinematics of the parallel assistive mechanism during a human gait cycle 7.
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Fig. 6. Velocity ellipses and motion assistive isotropy d, at 0%, 20%, 40%, 60% and 80% gait cycle T.
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Fig. 8. Task-space force sets 7, and isotropic force radius r;; at 0%, 20%, 40%, 60% and 80% gait cycle T.

From Fig. 5, it can be seen that during a human gait cycle, the kinematic parameters of active and
passive joints in the assistive mechanism change in their rated ranges (i.e., the absolute value of each
joint angle is < 30°), and all the curves of those parameters have no mutation and sharp point. Fig. 6
shows that the minimal value of motion assistive isotropy d, is equal to 0.562, and the range of index
d, corresponds to d, € (0.5620.605), which indicates that the assistive mechanism is kinematically
isotropic enough for hip motion assistance. As shown in Fig. 7a, the minimal value of force transfer
ratio e, equals 0.755, which indicates that the assistive mechanism has a high force transfer ratio. In
addition, from the curve of index r;; shown in Fig. 7b, as well as the task-space force sets T'; and
their inscribed circles shown in Fig. 8, it is known that the minimal value of r;; equals 0.770 and the
assistive mechanism achieves high force assistive efficacy during hip AD/AB and FL/EX assistance.
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Compared with similar assistive mechanisms,'¢'3:3% the proposed mechanism processes a novel
parallel configuration, fine velocity and force assistive capability, and suitable for hip FL/EX and
AD/AB motion assistance according to the obtained results. However, it should be highlighted that
the components of parallel assistive mechanism are supposed to be rigid bodies, the flexible dis-
tortions of human muscles are assumed to be negligible, and the human body parameters as well
as hip FL/EX and AD/AB motion patterns were obtained from a single healthy subject rather than
elderly people. If these factors were to be taken into account, some issues would arise, affecting
the obtained results. For instance, physical connections between the assistive mechanism and human
body would not be rigid, the number of DOFs in the human—machine closed chain may be > 2, and
the obtained gait patterns may not be representative of use cases. With these considerations, future
work would focus on the detection of body parameters and typical gait patterns of elderly people,
parameter optimization and structure design of the parallel assistive mechanism, particularly suitable
human-machine connective parts to reduce flexible distortions of human muscles.

5. Conclusions

A parallel assistive mechanism with 2 active DOFs is proposed for assisting FL/EX and AD/AB
movements of the human hip complex. Relevant velocity and force transfer matrices are estab-
lished based on kinematic constraint equations of the human—machine system and three performance
indices are introduced to evaluate velocity and transfer performance. During a typical gait assis-
tive cycle, changing curves of the three indices are obtained by solving the kinematic models and
the velocity/force mapping relationship. The results show that the parallel assistive mechanism has
advantages of fine motion assistive isotropy, high force transfer ratio and large force isotropic radius,
which indicates that the assistive mechanism is suitable for hip FL/EX and AD/AB assistance. The
obtained results could be used as the primal reference for future research on parameter optimization
and development of the parallel hip assistive mechanism.
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