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Abstract Transfemoral amputees (TAs) have difficulty
in mobility during walking, such as restricted movement of
lower extremity and body instability, yet few transfemoral
prostheses have explored human-like multiple motion
characteristics by simple structures to fit the kinesiology,
biomechanics, and stability of human lower extremity. In
this work, the configurations of transfemoral prosthetic
mechanism are synthesized in terms of human lower-
extremity kinesiology. A hybrid transfemoral prosthetic
(HTP) mechanism with multigait functions is proposed to
recover the gait functions of TAs. The kinematic and
mechanical performances of the designed parallel
mechanism are analyzed to verify their feasibility in
transfemoral prosthetic mechanism. Inspired by motion—
energy coupling relationship of the knee, a wearable
energy-damper clutched device that can provide energy in
knee stance flexion to facilitate the leg off from the ground
and can impede the leg’s swing velocity for the next stance
phase is proposed. Its co-operation with the springs in the
prismatic pairs enables the prosthetic mechanism to have
the energy recycling ability under the gait rhythm of the
knee joint. Results demonstrate that the designed HTP
mechanism can replace the motion functions of the knee
and ankle to realize its multimode gait and effectively
decrease the peak power of actuators from 94.74 to 137.05
W while maintaining a good mechanical adaptive stability.
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1 Introduction

Nowadays, lower-extremity prostheses are increasingly
used worldwide, especially for individuals after above-
knee amputation due to traffic accidents, diabetes
mellitus, and dysvascular disease [1]. Transfemoral
amputees (TAs) always lose their ability to move and
have a higher risk of falling, which leads to a life of poor
quality, because the lower extremities play the main
functions in human locomotion and body support.
Therefore, robotic prostheses with human-like perfor-
mances are needed to restore the lost motion function of
TAs [2].

Thanks to the continuous development of robot
technology, powered lower limb robotic prostheses, have
been extensively studied and manufactured for TAs in
recent years. They can effectively resolve the shortco-
mings of traditional prostheses such as high metabolic
consumption of the prosthetic wearers, high gait
coordination error, poor wearability, and low degree of
freedom. Sup et al. [3] proposed a gait controller in a
designed powered transfemoral prosthesis, which uses
passive impedance to coordinate the prosthetic motion.
Yang and Kim [4] designed an above-knee powered
prosthetic leg and an algorithm to achieve suitable gait
recognition synchronized with the motion of the
prosthetic wearer. Lenzi et al. [5] designed a lightweight
robotic lower limb prosthesis, which is actuated by a
novel hybrid control system and has passive and active
operation modes. Lawson et al. [6] proposed a ground-
adaptive standing controller in a designed knee—ankle
prosthesis. This controller can improve the stability of
TAs when wearing this prosthesis. These prostheses can
help TAs recover the human-like motion function of the
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knee and ankle as well as reduce their metabolic
consumption during walking. However, existing
knee—ankle prostheses have a limited motion pattern such
that the knee and ankle can only rotate in the sagittal
plane. They have insufficient carrying capacity due to
serial open-loop structures. Moreover, knee joints have
frequent acceleration and deceleration motion during a
gait cycle. Therefore, linear elastic devices are not
suitable. Foot external rotation and varus—valgus rotation
are also required because knee flexion—extension and
ankle plantarflexion—dorsiflexion of the transfemoral
prosthetic mechanism are not sufficient to cope with
walking task in complex terrain. To realize the multiple
degrees-of-freedom  (DoFs) motion function of
prostheses, several scholars try to add more transmissions
in their prostheses, which make them heavier and
structurally complex. Parallel mechanisms (PMs) [7,8]
have the advantages of simple structure, multi-DoF
characteristics, large carrying capacity, and high motion
precision, which have been widely used in industrial
engineering. Generally, the number of DoFs determines
the number of actuators in PMs, but multi-DoF motion
characteristics can be realized by fewer actuators for the
under actuation PMs [9]. The human lower extremity is a
multi-DoF motion system. Hence, sufficient carrying
capacity is required to support the weight of the human
body, and PMs are suitable for the development of novel
lower-extremity prostheses. To our knowledge, PMs have
not been used in the development of transfemoral
prosthetic mechanisms.

Combined with the designed ankle—foot prosthetic
mechanism presented in our previous work [10], a hybrid
transfemoral prosthetic (HTP) mechanism is proposed.
According to configuration synthesis theory, a class of
PM configurations with rotational three-DoF function is
synthesized and employed to mimic the natural motion of
the knee and ankle, that is, knee flexion—extension, knee
internal-external rotation, and ankle varus—valgus
rotation. A wearable energy-damper clutched (WEDC)
device for the knee joint is also proposed in terms of the
biomechanical difference between the amputated and
sound legs of TAs, which can reduce the energy
consumption of TAs, facilitate the knee stance flexion to
help the HTP mechanism leave the ground, and impede
the leg’s swing (SW) velocity for the next heel-strike
(HS) of gait.

The paper is organized as follows. Section 2 describes
the prosthetic configuration synthesis for TAs in terms of
the kinesiology of human lower extremity, discusses the
design method of PMs with three-DoF rotational function
proposed by Lie group theory, and presents the
conceptual design of HTP mechanism with WEDC
device. Section 3 investigates the feasibility of the
selected PM based on the analysis of its kinematic and
mechanical performances. Section 4 shows the simulation
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results of the designed HTP mechanism. Finally, Section
5 draws the conclusions.

2 Configuration synthesis of shank
structure

2.1 Human lower extremity kinesiology

For existing transfemoral prostheses, the simple trans-
mission mechanism can only help TAs meet the
movement in sagittal plane, that is, anatomically [11]
defined knee flexion—extension and ankle dorsiflexion—
plantarflexion. However, medical research has shown that
the foot movement in the coronal and horizontal planes is
essential, which will provide the lower extremity the
adaptive ability when walking on different road
conditions. Thus, this work aims to propose a novel
structure of transfemoral prosthetic mechanism that also
considers knee internal-external rotation and ankle
varus—valgus rotation.

In this work, a group of eight healthy subjects with a
height range of 1.70—1.85 m and a weight range of 70—85
kg is selected, and the motion characteristics of the lower
extremity can be obtained by three-dimensional (3D)
motion capturing system of the subjects with constant
walking velocity, as listed in Table 1.

Generally, the gait cycle when a human is walking in
the sagittal plane can be divided into six phases, namely,
HS, foot-flat (FF), heel-off (HO), toe-off I (TO-I), toe-off
II (TO-II), and SW, as shown in the upper picture of Fig.
1(a). Relatively, the gait curves of the knee and ankle
versus gait period can also be fitted by the experimental
data, as shown in the lower picture of Fig. 1(a).

Given the motion characteristics of the knee and ankle,
a prosthetic mechanism with three-DoF motion charac-
teristics that can generate human-like motion and joint
stiffness of the knee and ankle is anticipated, as shown in
Fig. 1(b). For the preliminary hypothesis, four possible
configurations used in transfemoral prosthetic mechanism
are motivated, as shown in Fig. 2. Therefore, the one-DoF
rotary mechanism or special rotary mechanism with

Table 1 Lower extremity kinesiology of eight normal subjects

Category Represent Value
Human body Average height 1.75m
characteristics Average weight 76.1 kg
Motion Walking velocity 1.3 m/s
characteristics Ankle plantarflexion—dorsiflexion —8.87°-14.28°
Ankle varus—valgus rotation —12.45°-1.02°
Knee flexion—extension —69.76°-0.88°

Knee internal-external rotation —14.25°-14.25°
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Fig. 2 Configuration synthesis in transfemoral prosthetic mechanism. (a) Serial mechanism; (b) hybrid mechanism I: two 1-DoF
mechanisms and a 2-DoF mechanism; (c) hybrid mechanism II: two 1-DoF mechanisms and a 2-DoF mechanism; and (d) hybrid

mechanism: a 3-DoF mechanism and a 1-DoF mechanism.

multiple DoFs can be adopted to design the prosthetic
mechanism with three-DoF motion characteristics in the
transfemoral mechanism except ankle plantarflexion—
dorsiflexion.

A proper configuration should avoid overweight at its
distal end because it will lead to its great inertia, poor
kinematic dexterity, and dynamic response. Based on this,
a prosthetic mechanism with three-DoF motion charac-
teristics can be selected as the reasonable configuration in
transfemoral prosthetic mechanism, and it is a series—
parallel hybrid prosthetic mechanism, as shown in Fig.
2(d).

2.2 Theoretical design of three-DoF PMs

2.2.1 Design principles

To design the prosthetic mechanism with three-DoF
motion characteristics, four design principles listed below
must be followed in terms of the kinesiology of human
lower extremity. A special mechanism is motivated, and
its fundamental motion characteristic schematic diagram
is represented in Fig. 3.

(1) To mimic the contraction and extension of the calf
gastrocnemius better, a prismatic pair with linear spring,
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Three limbs
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Series limbs with variable length Series limbs with fixed length

Fig. 3 3D spatial motion of free ends of each limb: (a) 3R motion, (b) 3R1T/3R1T-T motion, and (c) 3R motion.

whose direction is along the limbs, is adopted in the
middle pair of the first and second limbs. To replace the
calf, a fixed-length limb, which is equal to the shank
length, must be presented. Thus, only the revolute pair,
whose direction is along the limb, can be used in the
middle pair of the third limb.

(2) To improve gait stability, the configuration of the
proposed mechanism should be symmetrical. The first
and second limbs in this mechanism should be the same
and symmetrical in the sagittal plane.

(3) To achieve the flexion—extension of the knee with a
large rotational angle, each limb has a revolute pair fixed
on the fixed base, and their axes are parallel to the human
lateral axis. To achieve the varus—valgus of the ankle with
a small rotational angle, each limb has a revolute pair that
is fixed on the moving platform, and their axes are
parallel to the human sagittal axis.

(4) To ensure stability, each limb has at most a
prismatic pair, and it cannot be installed on the fixed base
and moving platform.

2.2.2 Configuration synthesis of three-DoF mechanism

As mentioned above, Lie group theory, which is a group
with differential manifold first proposed by Sophus Lie in
the study of symmetry of differential equations [12,13], is
used to synthesize the reasonable limbs. Finally, the
required prosthetic mechanism can be obtained by

Table 2 Configuration of Ly, and Ly, based on Lie group theory

intersection operation. Based on Lie group theory, the
motion characteristics of the proposed mechanism can be
expressed.

D = [R(0, x)-R(0, y) - R(O, 2)] = Lini N Lma N L3, (1)
where R(O, x), R(O, y), and R(O, z) are the rotational
ability of the moving platform around the x, y, and z axes,
that is, anatomically the lateral axis, sagittal axis, and
vertical axis, respectively, Ly, Lm, and Ly denote three
limbs in PM that can be built by the generator of
displacement subgroups in terms of Lie group theory, L)
and L, are the same limbs based on the second design
principle, Dy, is the motion characteristic of the moving
platform, and N is the intersection operation.

Figure 3 shows that the motion characteristics of three
DoFs are considered in the proposed mechanism, and
both ends of the three limbs should connect with the base
and end components by a revolute pair, which are parallel
to the anatomical lateral and sagittal axes, respectively.
Therefore, the generators of the middle kinematic pairs
and the equivalent kinematic limbs can be obtained in
terms of the Lie subgroups, as shown in Tables 2 and 3.

In Tables 2 and 3, R(N, x), R(NV, y), and R(N, z) denote
that the axes of the revolute pairs go through N, and their
directions are parallel to the x, y, and z axes, respectively.
T(x), T(y), and T(z) represent the prismatic pairs sliding
along the x, y, and z axes, respectively.

Based on the configurations of Ly, Lmy, and L3, the

Screw Middle generator expression Equivalent kinematic limb
3 1(z) *RZPYR
4 [R(N, 2)- T(2)] YRZCYR, *R[?R?PPR, “*U?PYR, *R*P?U
5 [R(N1, x)-T(2)-R(N, 2)] “RI*'RPRPR, “R[*RECPR, “R[*R*PIYU, “REPV=S,
[T(») RNy, x)R(N, 2)] “RI*RZCY'R, *R:PRVU, “REC U, *R[F1UPPR,
UFREPPR, 2UFPYU, *RPP*R?RPR, *RPPPEIUPR,
YR’PXRI?U, *RYPY=S, *R[?R'PTY U, **UP’P*RPR, 2 UYPYU
[R(V, 2)- RNy, y) T(2)] *RIERVREPPR, “R[IPIUPPR, *R[?*C’RYV'R, *R[’RZP1? U,
[RWV, 2)- T(x) RN, )] WUPR?PPR, Y UFCPR, W UPP 2U, **U[VR?PP'R,
WZSEPYR, XR[ZR*PYRP'R, “R[[Z)UXPPR, *R[*P'R] # U,
WUPU, WU[?R*PPR, V2S*P'R, **U[*PYRP'R
6 [R(N, 2)'R(N1, z):R(N, z)- T(2)] YR[ZR?R*R*PYR, *R[?R*R*CV'R, **UFC? U, *U[*R*P? U,

[R(N, 2):R(N1, x) R(N2, y)- T(2)]

*RER*R'RZPYR, UECYU, *RECR'RPR
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limb of WU?C¥U can be selected as the configuration of
the first and second limbs, and *R“R’R can be defined as
the configuration of the third limb. The proposed
mechanism is 2-UCU/RRR PM, which can replace the
flexion—extension, intension—extension of the knee, and
varus—valgus of the ankle, as shown in Fig. 4.

2.3 Conceptual design of HTP mechanism

2.3.1 HTP mechanism with WEDC device

Finally, the HTP mechanism with WEDC device can be
designed, as shown in Fig. 5(a). It mainly consists of
an designed ankle—foot prosthetic mechanism, a 2-
UCU/RRR PM, and a WEDC device used in the knee, as
shown in Figs. 5(b)-5(d). The ankle—foot prosthetic
mechanism [10] has the motion -characteristic of
dorsiflexion—plantarflexion and is mainly composed of
motor module, mounting base, spring cushion system,
series spring device of three-loop mechanism, parallel
spring device of compliant crank slider mechanism,
circular adaptive block, and carbon fiber prosthetic foot,
as shown in Fig. 5(d). Especially, the series spring device
can efficiently promote the movement of the ankle—foot
prosthetic mechanism with human-like ankle stiffness,
and the parallel spring device including a flexible hinge
as toe joint provides greater energy for the ankle—foot
prosthetic mechanism at end of the toe-off phase to
reduce the peak power requirement of motor. Moreover,
self-adaptive analysis indicates that the circular adaptive
block, which has not been adopted in existing transtibial
prostheses, has a better mechanical self-adaptability. In
this work, the feasibility of 2-UCU/RRR PM with respect
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to the kinematic functions and mechanical performances
are analyzed and verified.

Different from existing transfemoral prostheses that
only have the rotational characteristics of the knee and
ankle in the sagittal plane, the designed HTP mechanism
has multi-DoF motion characteristics under a simple
structure, that is, it also has the motion of knee
internal—external rotation and ankle varus—valgus rotation
besides knee flexion—extension and ankle dorsiflexion—

Table 3 Configuration of L3 based on Lie group theory.

Screws Middle generator expression
3 R(N, 2)
4 [T(x) RN, 2)]

[R(V, 2) TQ)]

Equivalent kinematic limb
*RZRVR, 2 UVR, *R>YU
*R[*P?RPR, *R*P>U, *U*PYR,
*R[ZRVPY'R, ¥*UVPYR, “RYP? U, *R*R>U

Revolute pair

Lower rod

Vs
Vs

A

\C :

Fig. 5 Prototype of HTP mechanism. (a) Human-machine model with transfemoral prosthetic mechanism; (b) 2-UCU/RRR parallel
mechanism; (c) energy-damper clutched device; (d) ankle-foot prosthetic mechanism.
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plantarflexion. The HTP mechanism can help TAs restore
their lost movement ability and adapt to different terrain.

2.3.2 Wearable energy-damper clutched device

A. Structural design

The designed WEDC device works like a mechanical
unidirectional clutch, which is different from the existing
linear clutched energy devices used in prosthetic
mechanisms, as shown in Fig. 5(c).

The exploded views of the WEDC device are presented
in Fig. 6. The fixed frame is installed on the fixed base of
2-UCU/RRR PM, the torsion spring and fixed frame are
connected by bolts in their central three holes, and it is
connected with the unidirectional ratchet by six bolts at
their boundary. The push rod is tangent to the teeth of the
unidirectional ratchet during knee flexion, and the
clutched device will not work, but it will rotate against
the teeth of unidirectional ratchet with the rotation of the
joint axis to promote the planar rotation of the torsion
spring during knee extension because the joint axis is
coaxial with the prosthetic knee axis connected by
couplings.

B. Structural optimization of torsional spring

To generate the required moment and power for the
HTP mechanism when the knee extends A8 of
extension, the topology optimization method is used in
the development of the customized torsion spring.
According to the solid isotropic material penalization
[14-16], the numerical optimal model of torsion spring
can be built.

findp; (j=1,2, ..., N),

rnaxC(pj, t) = f T (pj, t) 0(r)dt,
s.t. 6(2) = [Abke(D)],

T (pj,l‘) > [AMphz + AMpkz] s (2)

V= [pae<v,

0<pmin<p;j<1,
where p; is the design variable, which indicates the
artificial material density of 60Si2Mn-A, (p;, f) of energy
function is the optimization objective, 6(f) is the knee
extension angle, which indicates that the optimized
torsion spring can rotate at least Afy., 6(t) is the angular
acceleration, 7(p;, f) is the knee moment generated by
optimized torsion spring, which is referred to the
biomechanical analysis results of Fig. Al in Appendix,
AM,p; is the extra hip extensor moment which endured by
the TAs, AMpy; is the lack of knee flexor moment in the
prosthetic system, V and V* are the optimized and desired
volumes, respectively, Q is the design area, and ppi, is
the minimum density of the element, which is set to avoid

the singularity of the optimization.
As described above, the working principle of the
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Fig. 6 Explosion diagram of WEDC device. l-joint axis
(coaxial with prosthetic knee), 2—spring, 3—push rod, 4-spacer
bush B, S5-rotational frame, 6—preload torsion spring,
7-rotational wheel, 8—spacer bush A, 9-movable push rod,
10-baffle ring, 11—-unidirectional ratchet, 12—customized torsion
spring, 13—oilless bearing, 14—fixed frame, and 15—spacer bush.

WEDC device can be clearly displayed through the planar
configuration, as shown in Figs. 7(a)-7(b). In particular,
the connectivity relationship of the torsional spring with
the fixed frame and ratchet can also be explained by the
rear view of the WEDC device in Fig. 7(b). The torsional
spring in Fig. 7(b) is an imaginary structure that
facilitates readers to comprehend its working condition.
The loads—boundary conditions of the customized
torsional spring in the WEDC device can be equivalent in
terms of its actual working condition, as shown in Fig.
7(c).

The optimality criteria method [17,18] is adopted to
solve its optimization problem, and the optimal result can
be obtained, as shown in Figs. 7(d)-7(e). Figure 7(d)
shows that the material density in the blue area is
approximately equal to 0, which means that the existence
of this area does not affect the mechanical performance in
the WEDC device, and this area can be removed. On the
contrary, the material density in the red area is
approximately equal to 1, which means that the red area is
the force transmission path, and the material in this area
must be retained. Therefore, the layout of the red area is
the conceptual structure of customized torsion spring, and
the optimal configuration of customized torsion spring
can be developed by taking its optimization result as the
design reference, which is different from the existing
torsion springs.

Static analysis is implemented, which verifies the
feasibility of the optimal configuration of the customized
torsion spring in the WEDC device, as shown in Fig. 7(e).
The maximum rotation displacement of the customized
torsion spring is approximately 0.9819 rad, which is
approximately 56.3°, that is, it can generate the desired
mechanical performance without affecting the knee
flexion—extension.
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Fig. 7 Schematic diagram of WEDC device: (a) structural schematic diagram of WEDC device, (b) unidirectional ratchet with torsion
spring, the working principle of customized torsional spring is equivalent to the traditional torsional spring of the picture, (c) definitions of
design area, boundary conditions and load of the torsion spring is described, (d) optimal configuration of torsion spring based on topology
optimization, and (e) simulation verification of the customized torsion spring. Ext.: extension, Flex.: flexion.

3 Modelling and performance analysis

3.1 Performance verification of 2-UCU/RRR PM

3.1.1 Movement kinematic verification

The diagram of the 2-UCU/RRR PM in HTP mechanism
is described in Fig. 8. The fixed base AA;4,43 and
moving platform AB;B;B; are equilateral triangles,
|4145| = |A245| = |4143| = 2a and |B1Bs| = |B2B3| = |B1B3| =
2b (a and b are real constant), respectively. O—xyz is a

fixed frame, and its origin is point O located at the center
of A14,, P-x1y\z) is a moving frame, its origin is point P
located at the center of B1B,, and their axes comply with
the right-hand rule. The revolute pair is installed at the
center of AB1B,B3 and AP = b. A is the origin of A—x;yyz,,
and z, is along the axis of the revolute pair. P—x;yz; is
rotated around y; axis for —90° and translated along the y,
axis for the distance of AP; thus, A-x;1»z» can be
obtained.

To verify its movement, screw theory [19,20] is often
used. Thus, the kinematic screws of three limbs of 2-
UCU/RRR PM can be represented.

|
$21=1[1,0,0,0,0, 0],
$22 = [O’ 1’ 05 O’ 0’ _1]’
$23=1[-04,0,n,0,1,0]

$31=11,0,0,0,0, 1],

’ =10, -my, ny, 0, 0, 0], 3
$10=10.0,0, 1,0, |$2=10,0,0,~, 0., g2 [0 e e OO ®
$15 - [17 09 09 07 17 0]5 $25 = [17 07 07 07 _la 0]7 33 T '
$16=10, 1,0, I3, 0, n3], $26 =10, 1,0, I3, 0, —n3],

Their constraint screws $31;, $32r, and $33; can be
obtained. Then, the kinematic screws of moving platform
8, which are 8y, $i2, and 33, can be calculated.

$31:=1[1,0,0,0, -1, -my/n1],
$3:=10, 1,0, 0, 0, 0],
$33x=1[0,0, 1, -1, 0, 0],

Sk« =1[1,0,0,0,0, 1],
$x=48=100,1,0, 1,0, 0],

33 =10, 0, 1, —my/nq, 0, 0].

Sk indicates that 2-UCU/RRR PM has the pure

“)

[
rotational ability around the x, y, and z axes, which can
replace the motion of knee flexion—extension, knee
internal—external rotation, and ankle varus—valgus.

3.1.2 Inverse kinematics

The following assumptions are made: The initial location
of the moving frame coincides with that of the fixed
frame, and its final location can be obtained by a
successive rotation of @ around the w axis, followed by a
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second rotation of B8 around the displaced u axis, and
finally followed by a third rotation of y around the
displaced w axis. Then, the resulting rotation matrix can
be derived by Euler angle representation [21-23]. The
position vector of p expressed in the fixed frame is
assumed p = [xp, Vp, zp]. In addition, the vectors of 4; and

B; (i = 1, 2, 3) with respect to the fixed frame can be
expressed.
cacy—cPBsasy —cfeysa—casy sasp
Rg =| cysa+cacBsy cacBcy—sasy —casf |,

cysp B
b* =[-V3b 0 01",

sPsy
a;=[-V3a 0 01",
a=[V3a 001", b5 =[V3b0 0],
a3 =[0 3a 01", b =10 3b 0]",

where s and ¢ denote sin and cos, respectively.
The loop-closure equation of each limb can be written
as follows:

)

ai+l,~s,~ =p+b,'. (6)

In Eq. (6), s; is a unit vector pointing from A4; to B;. b; is
the vector of the ith limb, which can be derived by
b; = R4bY. Furthermore, /; is the length of the ith limb, but
it is a fixed length when i = 3. k;; is the unit vector of the
jth revolute pair in the ith limb. Figure 8 shows that the
revolute axis in vertex A3 is perpendicular to the third
limb at any time. Therefore, taking the dot-product of
both sides of Eq. (6) with k31, x, can be obtained in terms
of Eq. (7):

(a3 +1353) k31 = (p+b3) k31 = 0. (7
s \
y,

Fig. 8 Diagram of 2-UCU/RRR PM.
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Given that the unit vector of the second revolute pair is
perpendicular to the plane 44,885 at any time and RRR
limb has a constant length, the relationships can be
obtained as follows:

ki L(p+by), kanpl(p+b2), laz—bs—pl=1. (8)
Based on Eqgs. (6)—(8), the rotation angle of the moving
platform, namely, @, B, and 7y, can be determined.
Therefore, the inverse solutions of 2-UCU/RRR PM can
be obtained when the values of @, 8, and y are given, that
is, the length /; (i = 1, 2) of the ith limb can be calculated:

;= \/(ai,x - bi,x)2 + (ai,y - bi,y)2 + (ai,z - bi,z)z- )

3.1.3 Dexterity analysis

Jacobian matrix [24-26] plays an important role in the
performance analysis of PMs, especially in the
investigation of singularity, stiffness, and dexterity. It can
be divided into constraint Jacobian matrix and kinematic
Jacobian matrix, which can be derived by screw theory
[27]. Based on Ref. [28], the fully Jacobian matrix of 2-

UCU/RRR PM can be obtained:

(b1 xs41)" SL ] .
Jin (byxs42)" Sis h
Jxi2 T by

J= Jor | _ ((b3—1383)X513)" 84, i= 0

Je2 0 s'3f3 ’ 0y
Jx2 T 0 0
J3 523 05

(b3x523)" 535

(10)

where J is the fully Jacobian matrix, Jx;; and Jx, are the
kinematic Jacobian matrices of two UCU limbs, Ji, is the
kinematic Jacobian matrix of RRR limb, J.;, J, and J3
are the constraint Jacobian matrices of RRR limb, /; and
I, are the linear velocities of actuated joint of UCU, and
6 is the angular velocity of the actuated joint of RRR.
The dexterity of 2-UCU/RRR PM is used to evaluate
whether singularity occurs within the reachable space of
the mechanism end-effector as well as verify its
kinematic feasibility to be used in transfermoal prosthetic
mechanism. Dexterity can be solved in terms of its
condition number [29,30] derived by its Jacobian matrix.

k() = ome, (an

Amin
where «(J) is condition number, and Ayax and Ap;, are the
maximum and minimum eigenvalues of the Jacobian
matrix, respectively.

The average geometric sizes are /; = 375 mm, a = 78
mm, and b = 75 mm by measuring the subjects’ shanks.
Only three special positions when y = —20°, 0°, and 30°
are considered during the dexterity analysis because the
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internal-external rotation of the knee is less used, as
shown in Fig. 9.

Therefore, the kinematics of 2-UCU/RRR PM can be
used as in the transfemoral prosthetic mechanism and
replace the movements of the knee and ankle. Moreover,
no singularity is observed within its reachable space, and
its condition number is 0—1 when the moving platform is
among the range 0° to 90° around the x axis and —20° to
20° around the y axis, which indicates that its kinematic
dexterity is good.

3.1.4 Buckling analysis

Buckling analysis is necessary because the axial length of
2-UCU/RRR PM is much larger than its radial length. Its
collapse or destruction due to overload can be avoided by
evaluating the maximum critical carrying load. According
to Refs. [31-33], critical multiplier x; under the ith
eigenvalue can be calculated by using the Lanczos
method [34], and finally the maximum critical carrying
load of 2-UCU/RRR 1in jth case (j = 1, 2, 3), which is Fa;,

755

can be solved according to Ref. [28].

The HTP mechanism is subjected to heavy loads when
it acts as the support leg while the sound one is swinging
in gait cycle. Moreover, the varus—valgus rotation of the
ankle in this state always causes the instability of the
human body, and the internal-external rotation of the
knee is not activated in the support phase. Thus, only the
working conditions when TAs are walking in the sagittal
plane are considered.

The ground reaction forces in the sagittal plane are

Fq1 = [fglsngl]T, Fyp = [fgz,ngz]T, and Fg3 = [fg3sng3]T
measured by the 3D force-measuring platform (AMTI),
as shown in Fig. 10. The direction of Fy is vertically
upward, but the directions of Fg and F3 are upward and
their angles are ¢, = ¢, = 10° in the vertical direction.
Moreover, the frictional force between the prosthetic foot
and the ground is ignored.

Thus, the loads on the moving platform of 2-UCU/RRR
PM can be derived by equilibrium equations and inverse
dynamics as follows:

06
0.5
0.4
03
0.2
0.1

heel-strike phase | [

(7 7@ Casergei NS RIE T Caezge2 N

foot-flat phase

e e = )

Case 3 (j=3): M,
| [ toe-off phase

Fig. 10 Mechanical analysis of shank and working conditions of HTP mechanism: (a) Case 1, (b) Case 2, and (c) Case 3.



756

ZFax’j = maaax,j, Z Fay,j = maaay,j, Z MJ' = Iackj, (12)
where Fy; and F,,; are exerted on the ankle joint, which
are the resulting forces along the x and y axes,
respectively in the jth state case, m, is the mass of the
foot, aa; and a,,; are the acceleration of the foot along
the x and y axes, respectively, in the jth state case, M; is
the resulting moment exerted on the ankle joint, 7, is the
inertia of the foot, and «; is the angular acceleration of the
foot in the jth state case, which is around the z axis.

3.2 Stability analysis

The stability of the amputees is an important performance
when they are walking with the prostheses. Zero moment
point (ZMP) [35,36] is an index that can evaluate the
stability of the amputees with the lower extremity
prostheses in the support phase. It is a point where the
horizontal moment component of the amputees’ ground
reaction force with respect to the ground is zero.

Assume that the ground reaction force and moment on
right heel are expressed as F, = (f;, /5, /)T and Ty = (¢, 1,,
t.)T, respectively. R, = (px, py, p-)T is the position vector
of the center of gravity with respect to ZMP, as shown in
Fig. 11. M is the mass located at the center of mass of
TAs, Ry = (Xm, Ym» Zm)! is the position vector of the
center of mass with respect to the global coordinate
system, R, is the position vector of the ground reaction
force with respect to the ZMP, E = (E,, E,, E.)" and L =
Ly, Ly, L)T are the total momentum and angular
momentum of TAs, respectively, and g = (0, 0, —g)T is the
acceleration of gravity.

Figure 11 shows that the resultant moment of GRF on
the right heel with respect to ZMP can be obtained.

Fig. 11 ZMP based on stable polygon region.
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T(Ry) =Ry — Ry +Ry)X Fg+T,. 13)

Based on the dynamic theory, the following can be
obtained:

{ E:Mg+Fg, (14)

L=R,xMg+T,
where F, and T denote that TAs are subjected to forces
and moments in addition to gravity.

Based on Egs. (13) and (14), the moment subjected on
the right heel with respect to point O can be obtained:

T(R,) = L-RnxMg+(E—-Mg)XR,. (15)

Therefore, the position of ZMP along the x and y
directions can be calculated in terms of ZMP theory.

—L,+E.p.+Mgx %
pp= 2 CaP T 8 ‘“:(x —mem)~cosé’v. (16)
E.+Mg g

where xpm, zm, im and Z, are the spatial position and
acceleration of center of mass of human along x and z
directions.

Finally, the stability of TAs can be evaluated by
analyzing their centroid acceleration and spatial position.

Zm

4 Simulations and results

4.1 Human dynamic simulation

Assuming that TAs are walking on the sagittal plane, the
motion trajectory of flexion—extension of the knee can be
obtained by the curve fitting method.

10
_ 10-r
ak —Zart s (17)
r=1
=0,
where ¢ is the rotational angle of the knee

flexion—extension, and S is the rotational angle of the
ankle varus—valgus. a; = 39000, a; = —190000, a; =
390000, a4 = —400000, as = 230000, as = —70000, a7 =
8700, ag = 760, ag = —280, and ajo = —5.9. ¢ is the gait
time variable, which is [0, 1.2 s].

Although the main motion of the knee is
flexion—extension in the sagittal plane, by the human
anatomy and motion analysis, the existence of
internal—external rotation of the knee has a positive effect
for a human walking on different roads. Figure 1 shows
that the nine-order polynomial function adopted to fit the
gait data of the knee internal-external rotation can be
obtained:

10
6= ) but"™, (18)
k=1
where b; = —13000, b, = 72000, b3 = —160000, by =
190000, bs = —130000, bs = 48000, b7 = —8400, bs = 330,
b9 = 37, and b10 =-0.16.
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Therefore, human dynamic analysis is implemented for
TAs with HTP mechanism, and the knee joints’ moments
and power generation are analyzed.

Compared with the amputees’ knee biomechanics,
which are presented in Fig. Al(c) and Fig. A2(b), the
results in Fig. 12 show that the knee of HTP mechanism
has human-like moment and power in the support phase.
The knee moment of the HTP mechanism is similar to
that of normal subjects, as shown in Fig. 12(a). Although
errors exist between the knee moments of the HTP
mechanism and the sound leg, they are relatively closer
during TA walking, which indicates that the HTP
mechanism can be used as prosthesis for TAs, and the
dynamic performances of the HTP mechanism conform
to the biomechanical characteristics of TAs. The HTP
mechanism can generate the required peak power and
ensure that the amputees walk smoothly in the support
phase, as shown in Fig. 12(b). Moreover, the simulation
results of knee biomechanics are closer to the gait
experimental data. The existing error may be caused by
the rigid connection of the kinematic pairs and the
material property of the model.

Compared with the amputees’ hip biomechanics
presented in Figs. A1(b) and A2(a), the knee
biomechanical performances are improved evidently by

100.0
——HTP mechanism
-=-Normal subject
—--Sound knee
g 50.0
z
§
= 0.0
g v
3
Z -50.0
-100.0

0.0 0.2 0.4 0.6 0.8 1.0 12
Time/s

(a)
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using the compression springs and WEDC device in the
HTP mechanism. Hip biomechanics is also optimized, as
shown in Fig. 13. In Fig. 13(a), the residual hip moment
is strengthened in the HS and FF phases, and the burden
of residual hip is reduced in the TO phase, which will
enhance the stability when TAs walking and reduce its
excessive energy consumption, as shown in Fig. 13(b).

Except that the motor provides the energy for the
designed HTP mechanism when the amputees are
walking, the compression springs and WEDC device also
play the function of energy generation and transfer, that
is, the compression springs absorb energy when the knee
flexes and generate energy when the knee extends. On the
contrary, the WEDC device absorbs energy when the
knee extends and generates energy when the knee flexes.
The change of energy absorption and generation of the
motor, WEDC device, and compression springs is shown
in Fig. 14, and their detailed parameters are expressed in
Table 4.

Table 4 shows that due to the energy absorption and
generation of the WEDC device and compression springs,
as well as the partial energy transfer, the required peak
power of the motor is lower than that of normal subjects
from 137.05 to 94.74 W when the prosthesis lifts off the
ground.

100.0

HTP mechanism
-Normal subject

50.0 -Sound knee

0.0

-50.0 |

Knee power/W

-100.0

-150.0

Fig. 12 Knee biomechanics of the amputees with HTP mechanism: (a) knee moments and (b) knee power.
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100995 0.2 0.4 0.6 0.8 1.0 12

Time/s
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Fig. 13

Hip power/W

100.0
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Time/s
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Hip biomechanics of amputees with HTP mechanism: (a) hip moments and (b) hip power.
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4.2 Load-bearing capacity

The foot average parameters are m, = 1.2 kg, I, = 0.01
kg'm?2, L = 250 mm, H = 90 mm, Hy = H/2, L; = 65 mm,
and L, = L/2—L;. The motion parameters of foot can be
obtained by the previous gait experimental test, as shown
in Table 5.

For the three cases, the working conditions of the HTP
mechanism can be obtained by the above derivation, as
shown in Table 6. In addition, its boundary condition is
the fixed base of 2-UCU/RRR PM installed on the socket.

The buckling analysis results of 2-UCU/RRR PM can
be obtained by the finite element method, and its
maximum deformation trend under critical unstable state
is presented in Fig. 15.

Furthermore, the maximum critical carrying load of

100.0
——HTP mechanism
F - =--Actuated motor
----- Torsional spring
i 50.0 —--Compression spring
\ e ™,
= B XN ;"( ’
£ 00 kRt °?<'£>/\ LN
2 TN SN P
E L .j‘ . ¥ ST
S 500
o
2 L
°
[
-100.0 -
7150‘000 0.2 0.4 0.6 0.8 1.0 1.2

Time/s

Fig. 14 Power contribution results of energy devices in HTP
mechanism.

Table 4 Peak power contribution of energy devices in HTP
mechanism during walking (unit: W)

Phases I;fl;? gtl Total Motor COTgrzflsgSion \(,;g:/{?:ec
Heel-strike 49.21 54.08 41.84 0.00 4.81
Foot-flat —52.30 -60.31 —29.35 —32.44 -3.59
Heel-off 37.50 28.22 22.70 0.00 —39.76
Toe-off —137.05 —147.60 -94.74 —40.89 43.60
Table 5 Motion parameters of foot
Gait phase Motion Value
Heel-strike phase (Case 1) [ —4.59 m/s?
gy, —1.26 m/s?
Qaz,1 3.23 rad/s?
Foot-flat phase (Case 2) Qa2 0 m/s?
gy 0 m/s?
@az 0 rad/s?
Toe-off phase (Case 3) Qa3 17.63 m/s?
a3 6.14 m/s?
az3 —49.16 rad/s?
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Table 6 Working conditions of HTP mechanism

Heel-strike phase Foot-flat phase Toe-off phase

Loads Value Load Value Load Value
Fox —96.47N Fox 0.00 N Fosx 131.40 N
Fa1y 780.00 N Fy, 595.00 N Fg, 780.00 N
Fax 129.94 N Faxp 0.00 N Fa3 —114.29 N
Fy1 —769.66 N Fayo —595.00 N Fay3 —760.78 N
M,y 48.96 N/m M,.» —2380N/m M3 —121.68 N/m

2-UCU/RRR PM in the HS, FF, and TO phases can be
obtained, as shown in Table 7.

Upon closer investigation of the results, the critical
multipliers in the HS, FF, and TO phases are all greater
than 1, which denotes that 2-UCU/RRR PM has sufficient
carrying capacity and will not be unstable in normal gait
cycle. The maximum bearing capacity of 2-UCU/RRR
PM is approximately 2534.7 N, that is, it can bear another
178.47 kg weight in addition to TAs’ weight.

4.3 Stability verification

The average foot length of the selected subjects is
approximately 255 mm. Thus, its steady position range
along the x axis is [-127.5 mm, 127.5 mm)]. Through the
human dynamic analysis, the centroid acceleration and
spatial position of TAs with HTP mechanism can be
calculated, as shown in Fig. 16(a).

Therefore, the ZMP position of TAs with HTP
mechanism along the x direction can be determined in
terms of Eq. (16), as shown in Fig. 16(b). Figure 16(b)
shows the improvement effect of knee internal—external
rotation on the stability when the human is walking on the
ground.

The HTP mechanism does not have the motion
characteristics of knee internal—external rotation, and the
maximum ZMP position, which is closer to the critical
boundary of instability, along the x axis is approximately
112.38 mm when TAs are walking in the TO phase. The
maximum ZMP position along the x axis is approximately
92.95 mm in the HO phase when TAs are walking with
the motion characteristic of internal-external rotation.
Owing to the adaptive compensation caused by knee
internal-external rotation, the knee flexion—extension of
HTP mechanism will be less disturbed in the HO phase
when the human is walking but still assisted by the
compression springs embedded in prismatic pairs, which
will lead to a slight instability for the HTP mechanism.
However, the inertia of the center of gravity of the human
body from the HO phase to the TO phase effectively
compensates for this instability in the HO phase. Thus,
the ZMP position becomes large in this phase but still
within the stability area, and the ZMP position moves
toward the center of the stable region, which indicates the
good adaptive stability of the HTP mechanism with the
motion characteristics of knee internal—external rotation.
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Fig. 15 Buckling analysis result of 2-UCU/RRR mechanism (unit: mm): (a) HS phase, (b) FF phase, and (c) TO phase.

Table 7 Carrying capability of 2-UCU/RRR PM

Gait phase Critical factors, 4; Critical load, F;/N
Heel-strike phase 3.61 2815.8
Foot-flat phase 4.26 2534.7
Toe-off phase 3.33 2597.4
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4.4 Multimode motion

According to the human dynamic analysis, the feasibility
of HTP mechanism has been verified and can be used for
TAs. Moreover, the designed HTP mechanism has the
multimode motion to overcome or adapt to uneven roads,
as shown in Fig. 17.
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Fig. 16 Stability result of TAs with HTP mechanism: (a) acceleration and spatial position and (b) ZMP position along x axis.
Disp: displacement, Acce: acceleration.

Fig. 17 Multimode motion of HTP mechanism: (a) knee flexes

in HS phase, (b) knee flexes in FF phase, (c) knee flexes in
HO phase, (d) knee flexes in TO phase, (e) ankle valgus, and

(f) ankle varus.

The HTP mechanism addresses the problem that the
existing transfemoral prosthetic mechanism can only
move in the sagittal plane. It improves more kinematic
possibility for TAs within the same time dimension.

5 Conclusions

Transfemoral prosthetic configurations are synthesized
based on the human lower-extremity kinesiology, and a
series—paralle]l HTP mechanism, which is composed of an
ankle—foot prosthetic mechanism and a PM of three-DoF
rotation, is proposed. Then, Lie group theory is adopted
to synthesize the configurations of PM, and 2-UCU/RRR
PM is determined for use in the proposed prosthetic
mechanism. The motion feasibility of 2-UCU/RRR PM is
verified by its inverse kinematics and dexterity based on
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the full Jacobian matrix. Its bearing capacity is also
analyzed based on buckling analysis so that it can safely
support the human body. A gait-based wearable clutched
energy device is proposed and used in the knee joint,
which can provide energy for knee stance flexion so that
the leg can lift from the ground easily, and can impede
the leg’s velocity in knee SW extension for the next HS
phase of gait. By co-operating with the springs in the
prismatic pairs, the clutched device can make the
prosthetic mechanism have the ability of energy recycling
along with the gait rhythm of knee and lower energy
consumption under human-like motion as well as
improve its biomechanical performances.

In conclusion, the usage of PM in transfemoral
prosthetic mechanism can make the prosthetic mechanism
have human-like motion functions, simplifying its
mechanical structure, and achieving light weight under
better bearing capacity. In future works, the coupled
relationship between skeletal muscles and joints motion
will be explored to develop the electromyography control
system in the designed prosthetic mechanism, and its
prototype will be manufactured to verify the design
correctness.

Nomenclature

Abbreviations

DoF Degree-of-freedom

FF Foot-flat

GRF Ground reaction force

HO Heel-off

HS Heel-strike

HTP Hybrid transfemoral prosthetic

PM Parallel mechanism

SW Swing

TA Transfemoral amputee

TO Toe-off

TO-I Toe-off I

TO-II Toe-off 11

WEDC Wearable energy-damper clutched

ZMP Zero moment point

Variables

Qaxj> Aayj Acceleration of the foot along the x- and y-axis, respectively

Qjx, bix x component element of points 4; and B; in fixed frame,
respectively (i = 1, 2)

iy, biy y component element of point 4; and B; in fixed frame,
respectively (i = 1, 2)

a2, by z component element of point 4; and B; in fixed frame,

respectively (i =1, 2)

a;

Clop 1)
dei

E

Faxj Fayy

g=(0,0,—)"
Iy

J

Jictn

Jem

AMn
AMph2

AMpk1
AMp2
AMpyi3
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Position vector of 4; with respect to the fixed frame
Rotational angle around w-axis in w-u-w Euler angles (i = 1,
2,3)

Rotational angle around u’-axis in w-u-w Euler angles
Position vector of B; with respect to the fixed frame (i=1, 2, 3)
Position vector of B; with respect to the moving frame (i = 1,
2,3)

Energy function is the optimization objective

Compressed distances of ith prismatic pairs (i = 1, 2)

Total momentum of TAs

Resulting forces along the x and y axes in the jth state case,
respectively

Elastic forces generated by the compression springs (i = 1, 2)
Force components of Fy; in heel-strike, foot-flat and toe-off
phases (i=1, 2, 3)

Ground reaction force on right heel

Ground reaction force in heel-strike, foot-flat and toe-off
phases (i=1, 2, 3)

Gravitational acceleration

Gravitational acceleration vector

Inertia of the foot

Fully Jacobian matrix

Kinematic Jacobian matrices of the nth UCU limbs (n =1, 2)
mth constraint Jacobian matrices of RRR limbs (m =1, 2, 3)
Kinematic Jacobian matrices of RRR limbs

ith compression springs’ stiffness (i = 1, 2)

Torsion spring’s stiffness

Unit vector of the jth revolute pair in the ith limb

Length of the ith limb (i =1, 2)

Linear velocities of actuated joint in UCU limbs (i =1, 2)
Total angular momentum of TAs

Resulting moment exerted on the ankle joint

Lack of hip flexor moment in the prosthetic system

Extra hip extensor moment which endured by the
transfemoral amputees

Lack of knee extensor moment in the prosthetic system

Lack of knee flexor moment in the prosthetic system
Redundant knee extensor moment in the prosthetic system
Moment components of Fy in heel-strike, foot-flat, and
toe-off phases (i =1, 2, 3)

Position of ZMP in x direction

Position vector of the origin of moving frame with respect to
the fixed frame

Transformation matrix from moving frame to the fixed frame
Position vector of the ground reaction force with respect to

the ZMP
Position vector of the center of mass with respect to the

global frame
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R, Position vector of the center of gravity with respect to ZMP
S Unit vector pointing along 4;B8; (i = 1, 2, 3)
Sji Unit vector of the jth joint in the ith limb (i=1,2 andj =1,

2,..,6;i=3andj=1,2,3)

T(p;, 1) Knee moment generated by optimized torsion spring

T, Moments generated from ground reaction force on right heel

T(R;) Resultant moment of GRF on the right heel withrespectto ZMP

14 Optimized volumes

v Desired volumes

Xm, Xm Spatial position and acceleration of center of mass of human
along x axis

Zms Zm Spatial position and acceleration of center of mass of human
along z axis

a; Angular acceleration of the foot around z axis in the jth state
case

g Rotational angle of the knee flexion—extension,

B Rotational angle of the ankle varus—valgus

Amaxs Amin Maximum and minimum eigenvalues of the fully Jacobian
matrix, respectively

0j Design variable

Prmin Minimum density of the element to avoid the optimization
singularity

k(J) Condition number

o(t) Knee extension angle

0(t) Angular acceleration

0 Angular velocity of the actuated joint of RRR limb

Oy Knee internal-external rotation angle

A Knee flexion increment in stance phase

Abipp Difference between maximum plantar flexion and maximum
dorsiflexion of ankle

Abye Knee extension angle increment in stance phase (here A6y, =
A6y in Fig. 1)

Abe(?) Knee extension angle threshold

Q Design area

r Rotational angle around w'’-axis in w-u-w Euler Angles

8 jth kinematic screws in the ith limb (i=1,;=1, 2, ..., 6)

83 Jjth kinematic screws in the 3rd limb (j =1, 2, 3)

83 jth constraint screws in the 3rd limb (=1, 2, 3)

S Kinematic screws set of moving platform

S jth kinematic screw element in $x (j =1, 2, 3)
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Appendix Spring stiffness determination
A Biomechanics of human lower extremity

The able-bodied lower extremity will not collapse in the
support phase because the sum of net muscle moments
generated by the hip, knee, and ankle is positive, as
shown in Figs. A1(b)-A1(d). Moments and power of TAs
are referred to Refs. [37—42], and that of the able-bodied
are tested in our laboratory, as shown in Figs. Al and A2.

Currently, linear elastic devices are used in prosthetic
mechanisms to improve their biomechanical behavior and
mechanical performances, but uncoordinated gait patterns
and high metabolic consumption always occur. Moreover,
these devices do not consider the relationship between
movement-energetic requirements of the hip and knee of
the amputated and able-bodied legs. As a resolution to
these difficulties, the proposed WEDC device can
effectively improve the human—machine biomechanical
behaviors in the HTP mechanism.

Compared with able-bodied subjects, with the absence
of power generation of the knee, the hip and knee
moments of the amputated leg are AM,; and AMy less
in the HS phase, respectively, and AMn, and AM; less
in the FF phase, respectively, which will increase the risk
of instability for TAs and limit their movement.
Moreover, the knee moment of amputated legs is AM i3
less in the TO phases. At this time, the hip moment
increases AMpp3 to help TAs avoid the difficulty in lifting
their amputated leg from the ground at the expense of
high metabolic consumption, as shown in Fig. A2(a).
Generally, the net joint moment of the amputated legs is
clearly insufficient for TAs in the support phase, and the
support duration is shortened by approximately 0.2 s,
which will increase the burden of their sound legs.

The torsion spring, similar to the quadricep femoris,
stores the elastic energy in knee stance extension and
releases to facilitate knee flexion in the TO phase, and
assists the leg to lift off from the ground, but it does not
work in knee stance flexion. Moreover, it can slow down
the swing velocity of the leg in knee swing extension for
the next HS phase of gait, which can be regarded as a
damper. Oppositely, a compression spring, similar to the
gastrocnemius and bicep femoris muscle, is built into the
cylinder of UCU limb, stores energy in knee stance
flexion, and releases them in knee stance extension to
assist the center of gravity of human body upward
movement.
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Fig. A1 Moment comparison between normal subjects’ right legs, prosthetic and sound legs of the transfemoral amputees. (a) Human
support phase; (b) hip moments; (c) knee moments; (d) ankle moments; and (e) support moments.
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Fig. A2 Power of the hip and knee versus gait cycle. (a) Hip and (b) knee.
B Compression spring stiffness 33.93 N/mm. Thus, the spring stiffness in the prismatic

pairs is selected as kr= kg =~ 34 N/mm.
Assuming that the knee flexes with 6 and e,

respectively, in the gait cycle when TAs are walking, the ¢ Torsional spring
compressed distances of prismatic pairs are d;; and d., as
obtained by inverse kinematics. The elastic forces and

: The WEDC device only works in knee extension, the
moments generated by the springs can be calculated.

push rod rotates clockwise with the rotational wheel, and
Fer1(Oker, 1) = ket - der,  Fer (ka2 1) = kip - dea. (Al)  the push rod turns the ratchet together, as shown in Fig.
) A2(a). At this moment, the torsion spring has stored
(AMph1 +AMpk1) = V3Fe -sin(0.51~ k1) -, AMpp> and AMx, of moments associated with Afy. of the
AMyi3 = V3Fcp -sin(0.51— 6kp) - a. (A2) knee stance extension, which compensate for the lack of
The compression springs’ stiffness can be calculated by hip and knee moments. The required stiffness coefficient
Egs. (A1) and (A2), and k; = 10.41 N/mm and kp = of the customized torsion spring can be calculated.
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(AMpnz + AMpyi2) = ke - Abye. (A3)

Therefore, the stiffness coefficient of the torsion spring

can be calculated, and k. = 213.8062 N-m/rad.
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