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1. Introduction

Abstract. Loss of lower extremities has been one of the main problems in human life.
Although most of the available knee devices are aesthetically acceptable, there is a necessity
for lighter and more compact mechanisms, especially for younger amputees. This problem
can be solved by the combining compliant mechanism design with traditional mechanism
design methods. In this study, one group of the prosthetics that is known as the “compliant
knee mechanisms” is evaluated. At first, the different knee mechanisms, such as four-
and six-bar knee linkages are investigated to calculate the values of the control moments
(actuator torque). Then, the suitable location (where the actuator torque is to be exerted) is
determined to reduce the knee control moment. Finally, the compliant joints are employed
to provide the improved designs. Furthermore, an optimization method is employed to
determine the optimum values of stiffness instead of using an experimental technique. The
obtained results show that use of the compliant joints in the knee mechanisms reduces the
values of the control moments, significantly. In fact, the compliant members decrease the
peak torques during the stance phase. Therefore, by applying a compliant joint, a higher
energy efficiency and lighter knee mechanism can be achieved for ambulation.

(© 2016 Sharif University of Technology. All rights reserved.

knees [3-15]. Several models of the lower extremity
have been investigated and simulated to improve the

For people with an incomplete spinal cord injury, the
loss of the knee is surely a substantial problem of
security and energy expenditure. The optimal design
of the knee mechanisms is essential to restore the lost
ability of the amputee’s locomotion. Furthermore, in
the normal gait, energy consumption must be opti-
mized [1]. The prosthesis must be a substitute for the
lost limb, reproducing near to normal gait kinetics with
low energy consumption [2]. Among all the knee mech-
anisms, the rigid four-bar linkage for the trans-femoral
amputee has been widely applied in the prosthetic
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kinematics, dynamics, and energy expenditure pattern
of the prosthetic gait [16-21]. Other types of the
knee mechanisms for amputees can also be consid-
ered. Benefits associated with the Six-Bar Mechanisms
(SBM) have been investigated in some knee prosthesis.
Chakraborty and Patil [22] designed a particular six-
bar knee joint to improve the walking and squatting
pattern at the University of California, Berkeley. The
advantages and disadvantages of the six-bar knee
mechanisms have been reported [6]. In addition, the
kinematic and dynamic performance of the optimized
six-bar knee mechanism has been investigated by Jin et
al. [23]. In general, the similar net joint torque patterns
are more important than the kinematic patterns in
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the artificial knee design [24]. The polycentric knees
are still one of the most popular designs because of
the stance phase stability at a lower limb. Despite
their functional advantages for certain amputees, they
are only appropriate in a limited number of cases.
This type of knee is often too heavy for infants and
toddlers; moreover, the energy cannot be stored and
released in a controllable way [25]. These and other
shortcomings of the traditional mechanism design have
encouraged researchers to seek other mechanisms for
the knee devices. The compliant mechanisms can
potentially present many advantages over rigid type
mechanisms, including the part-count reduction, easier
assembly, lighter weight, lower friction, and simplified
manufacturing processes. In general, the energy output
of the mechanisms is decreased due to friction losses,
but the compliant designs waste lower amounts of
the energy. The compliant mechanisms use flexing
of segments to transfer the motion or energy. They
store and release strain energy as they move [25-31].
Advances in biomechanics allow mechanical designer
to produce compliant knee devices that more closely
model the human gait. For example, Mahler [25]
designed a particular compliant knee mechanism that
may propose solutions to problems that exist for young
children who are just learning to walk. The compliant
prosthetic knees have also been studied at Brigham
Young University’s CMR under Dr. Larry Howell [29],
and at the University of South Florida by Adam
Daniel Roetter [30]. A compliant prosthetic ankle has
been investigated at BYU by Wiersdorf [32] under Dr.
Howell and Dr. Magleby. Moreover, a compliant cross
four-bar knee joint was studied and analyzed for a
planar bipedal robot by Hamon and Aoustin [33].
The primary objective of this paper is to compare
the effect of the compliant joints on dynamic perfor-
mance of the different knee mechanisms, especially
the effect on the work done on the knee joint, in
order to rehabilitate and restore the amputee’s ability
of walking. At first, five different knee structures,
including four six-bar linkages and one conventional
four-bar mechanism, are studied to achieve actuator
torques during the complete gait cycle. Additionally,
dynamic analysis is applied to determine the most
suitable axis for knee actuator torques. In the next
step, compliant joints are employed to enhance the
dynamic performance of the different knee mechanisms
and make a comparison during the gait cycling. Mean-
time, the proper location of the compliant joints during
design is determined to reduce the required actuator
torques. This study shows that the joint compliance
contributes to reduction in the energy consumption of
the prosthetic gait, especially in the standing phase.
Finally, among all compliant knee mechanisms, the
best compliant knee linkage is chosen to achieve mini-
mal energy consumption during the locomotion cycle.

2. Methods

2.1. Dynamic analysis of the rigid knee
mechanisms
2.1.1. Four-bar knee mechanism
This section focuses on the dynamic analysis of the
present study to achieve the desired values of control
moments. Moreover, the proper axis is determined to
minimize the control moment during the gait cycle.
For dynamic study, all the kinematic parameters,
such as the length and weight of all links, angular
positions, velocities, and accelerations are assumed
to be known [34,35]. This data has been obtained
from the locomotion of a normal man walking at the
constant speed (1 m/s). The equations of motion for
the mechanisms are derived by using the Newton’s
laws.

A schematic of the four-bar knee linkage to sim-
ulate the human locomotion is shown in Figure 1(a).
There are 12 unknown parameters, including the re-
action forces at the pin joints, the hip moment, and
the control moment. The vertical and horizontal
contact forces (Ground Reaction Forces (GRF)) were
calculated by using the experimental results (for the
body weight of about 700N) and the coulomb friction
models, respectively [36].

To describe the dynamic process, first, the actu-
ator torque is assumed to be applied on the joint A.
By using the Newton’s laws for free-body-diagram of
the four-bar knee in Figure 1(b) and solving Egs. (1)-
(12), simultaneously, unknown values, particularly the
control moment at pin A, My, are determined:

ZFI =H,+ B, — A, :(mLo +mL1)aG1m7 (1)
ZFy:Hvy‘FBy‘f'Ay_Wl:(mL()+mL1)aG1y’ (2)
> M =Ma+ My + 2hy61Hy — ynjcrHe

+xa/c1Ay +Yajc1ds +TB/c1 By

—yp/c1Be = Ja,0n, (3)
ZFE = A, — C, =maag,, , (4)
S F,=Cy— A, — Wy =maaq,, . (5)

ZM = — ZB/GQAy — yB/GzAz + xc/GQCy

+ Y0/, Ce = Ja,b2, (6)
ZFz:_Bz +Dz:m4ac4w’ (7)
ZFy = —By + _Dy — W4 - m4aG4y? (8)
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Four-bar

(2)

Case 1 Case 2 Case 3 Case 4
Figure 2. Different types of a six-bar knee linkage: (a) Case 1; (b) Case 2; (c) Case 3; and (d) Case 4.

Z M=-2p/¢,By +yp/G, Bz + zpjc, Dy —y0)65Ce + ¥7/Gy Fo — Y1) Fa=Ja,05. (12)
. Similarly, the other control moments such as Mg, M¢,
—Yp/a,De = Jg,b4, (9) and Mp are calculated.
F_F_D C - 10 2.1.2. The sixz-bar knee mechanism
Z w = fh = Do+ 0o = m3acs, , (10) The different types of the six-bar linkages are the Watt

and Stephenson as shown in Figure 2 including Cases 1
Z F,=F,-D,—Cy—W3 = msac,, (11) to 4. In this section, only Case 1 equations of a six-
‘ bar mechanism are formulated, due to the similarity of
the dynamic analysis in these mechanisms. As shown

Z M = —p/G, Dy +yp/;De = 2cja; Cy in Figure 3, there are 18 unknown elements, including
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G!}

Figure 3. The free body diagrams for Case 1 of a six-bar
mechanism.

the reaction forces at the pin joints, the hip moment,
and the control moment. By considering the free body
diagrams for Case 1 of a six-bar mechanism in Figure 3

and applying the Newton’s laws, the control moment
M4 can be determined as follows:

> F,=H,—B,+A, = (my, + mp,)ag,,, (13)
> F,=H,+B,+A, - Wi=(my,+my,)ag, , (14)
Z M=Ma+My+zhc1Hy —ynjg1He

+xa/G14y —Yajc1Az +T/61By

+yg/c1B: = Jg, 0, (15)
> F, =B, -C, =msaq,,, (16)
> F,=C, - B, - W, =maag,,, (17)

Z M=-2p/g,By —yBp/G,B: + 20/, Cy

+90/6,Co = Ji,05, (18)
ZFI = Cz + Em - Dm = m3aG3w7 (19)
ZFy = —Cy + By + Dy — W3 = m3ag,, (20)

Z M =xg/a, Ey—ye/a, B —20)q,Cy—Yc)a,Ca
+xD/G3Dy+yD/G’3Dx:JG39'37 (21)

> F,=-A,+ D, + G, =myag,, (22)

Y F,=-A,—Dy+G, - Wy =mag,,, (23)
Z M=—-Ms—2a/6,4y +ya/6.4: —2pjc,Dy

—Yp/c.Pe +2q/0,Gy — ¥G/6,Gx

= Jg, 0, (24)
Z Fp, =—-E;, — F, = msag,, , (25)
ZFy:_Ey+Fy_W5:m5aG5y’ (26)

Z M=-2p/c;Ey +Yg/a: Bz t Trjc Fy

+yr/cy Fe = Ja, b5, (27)
ZFz:Fz+Fh_Gz:m6aG6w7 (28)
N F,=-F,+F, -G, —Ws=msac,, (29)

Z M=-2¢/6,Gy +Ya/c:Gz — Tr/as Lty
—Yr/Ge s + 21/60 Fo — Y1)Go Eh

= Jg,bs. (30)

By utilizing the same procedure, the required actuator
torque, Mg, Mg, and Mp, can be calculated, too.

2.2. Dynamic analysis of the knee mechanisms
by using the compliant joint

In this section, the compliant joint should be substi-
tuted in the knee mechanism, in order to get the lower
actuator torque. The compliant knee mechanisms are
the structures that obtain some of their motions from
the stored strain energy of the flexible members; as a
result, the input torque values are reduced. The proper
location and the optimum stiffness of the compliant
joint during design should be determined to achieve
the minimum control moment. In order to achieve this
goal, the optimization techniques can be used.

2.2.1. The compliant four-bar knee mechanism

As shown in Figure 4(a), the joint B is assumed as the
compliant joint. Thus, by considering the effect of the
torsional torque in Eqgs. (3) and (9), the new equations
are given as follows:

Z M =Ma+ My +zh/c1Hy — ynjg1He

+Ta/614y +Yajc1Ae + TB/c1 By

—yp/c1B: — Kc14A(01 — 04) = Ja,0n,
(31)
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Six-bar 1

Figure 4. (a) The compliant four-bar knee mechanism.
(b) The compliant six-bar knee mechanism 1.

Z M=-2p/¢,By +ypjc,B: + pjc,Dy
- yD/G4D$ + K014A (01 - 04)

= JG4é47 (32)

where, K¢,, is obtained through the optimization pro-
cedures and known as the spring constant. The other
equations are similar to the rigid knee mechanism.

The objective function in the optimization prob-
lem is defined to minimize the work done by the control
moments during the locomotion cycle and expressed as
follows:

min F(x) = Z | Mpi(61: — 04:)], (33)
i=1
where, n = 21 is the selected point number in a

locomotion cycle. Mp;, 61;, and 64; are the input
control moment on the joint B, the angular positions of
the link 1 and link 2 during the gait cycle, respectively.

2.2.2. The compliant siz-bar knee mechanism

As shown in Figure 4(b), for Case 1 of the six-bar
knee mechanism, the joint G is considered to be the
compliant joint. So, by substituting the effect of the
torsional torque and putting it in Eqgs. (24) and (30) as
follows:

ZM = — MA_l’A/G4Ay+yA/G4Az_$D/G4Dy
—Yp/c.De +2c)c. Gy — Ya/6, G

+ KcusA(fg — 64) = Jg, 04, (34)

Z M=-26/60Gy +Yc/c:Ge — Tr/as Fy

- ?/F/GGFz + IT/GGF’U - yT/GGFh
— KcusA(8s — 64) = Jo, 05, (35)

and by applying the same optimization procedure and
defining the objective function as follows:

min F (z) = Z | M i (61 — 045)], (36)

i=1

the proper location and the optimum stiffness are
obtained. Thus, the spring constants and their appro-
priate location are determined by solving the similar
equations in other six-bar knee mechanisms.

3. Results and discussion

In this section, the dynamic design curves of the knee
mechanisms are shown and their dynamic performance
is evaluated.

3.1. The dynamic performance of the rigid
knee mechanism

As shown in Figure 5, in a four-bar knee mechanism,
the values of Mp are significantly smaller than those of
Mp; as a result, the axis D is selected as the best place
for applying the control moment. Figure 6(a) shows the
calculated values of M4, Mg, Mg and My, in Case 1
of a six-bar. In this figure, M4 is the smallest control
moment. So, the axis A is the best location to apply
the control moment. In Figure 6(b), M4 is smaller
than other control moments; therefore, the joint A
is the proper location to exert the control moment.
Figure 7(a) shows the minimum control moment at the
joint B. From Figure 7(b), it is identified that Mg
is the smallest control moment during the gait cycle.
Thus, the joint G is the proper location to exert the
control moment.

Standing phase Swing phase
>

»

50
T
Four-bar mechanism

-50

-100

-150

Torque (N.m)

-200

-250

-300
-0.5 0.0 0.5

Walking cycle

Figure 5. The values of the control moments in a
four-bar knee mechanism.
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—
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E 200 g N ]
z
o
3
g
3 0
=

-200 o]
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Figure 6. (a) The values of the control moments in
Case 1 of a six-bar knee mechanism. (b) Case 2 of a
six-bar knee mechanism.

3.2. The dynamaic performance of the
compliant knee mechanism

As shown in Figure 8, totally, by using the compliant
joint B, the control moment, Mp, has been decreased
in a four-bar knee mechanism. In Figures 9 and 10,
the control moments, M4, are reduced by adding
the compliant joint G, Cases 1 and 2 of a six-bar,
respectively. Figure 11 shows that the control moment,
Mpg, is considerably decreased when the compliant
joint A is added to Case 3 of a knee six-bar mechanism.
From Figure 12 it is observed that the control moment,
Mg, is decreased by applying the compliant joint G in
Case 4 of a six-bar.

As shown in Table 1, the optimum values for the
torsional stiffness of the joints have been determined.
Moreover, the values of the stored energy have been
calculated in the different knee mechanisms. From
Table 1, it is confirmed that the dynamic performance

N. Ghaemi et al./Scientia Iranica, Transactions B: Mechanical Engineering 23 (2016) 1055-1063

Swing phase

»& »
L | »

Standing phase

N
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o
A
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Six-bar 3

Torque (N.m)
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-0.5 0.0 0.5
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Standing phase
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1000 —
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Figure 7. (a) The values of the control moments in

Case 3 of a six-bar knee mechanism. (b) Case 4 of a

six-bar knee mechanism.

Standing phase Swing phase

50

-50 -4

Torque (N.m)

-100

-150 I
-0.5 0.0

Walking cycle

Figure 8. The values of the control moments in the
compliant four-bar knee mechanism.
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Table 1. Results of the compliant mechanisms.

Rigid: the

Compliant: the

Types of ] The . Spring Percent of
absolute magnitude . absolute magnitude
the knee X compliant X constant the stored
i of the maximum L of the maximum
mechanisms joint (N.M/Rad) energy (%)
torque (N.M) torque (N.M)
Four-bar 112 B 72 124.57 17.5
Six-bar Case 1 443 G 280 91.76 21.34
Six-bar case 2 153 G 112 324.7 17
Six-bar Case 3 167 A 102 205.96 25
Six-bar case 4 175 G 168 28.5 11.61
Six-bar compliant 1 Six-bar compliant 3
600 200 -

|/ 4 (rigid)
mmmm )] 4 (compliant)

Torque (N.m)

|
-0.5 0.0 0.5
Walking cycle

Figure 9. The values of the control moments for Case 1
of the compliant six-bar knee mechanism.

Six-bar compliant 2

200

— 14 (rigid)
e )] 4 (compliant)

150

100 t--

50

Torque (N.m)

-50

-100
-0.5

Walking cycle

Figure 10. The values of the control moments for Case 2
of the compliant six-bar knee mechanism.

of the six-bar knee mechanisms in Case 3 is better than
that of the other six-bar knee mechanisms, due to the
more stored energy during the locomotion cycle (the
percent of the stored energy = 25). In the same design
conditions, a four-bar knee mechanism is better than
a six-bar knee mechanism, due to the smaller control
moments.

] 5 (rigid)
V[ 13 (compliant)

Torque (N.m)

Walking cycle

Figure 11. The values of the control moments for Case 3
of the compliant six-bar knee mechanism.

Six-bar compliant 4

m— ] (rigid)
mmmm M ¢ (compliant)

-0.5 0.0 0.5
Walking cycle

Figure 12. The values of the control moments for Case 4
of the compliant six-bar knee mechanism.

4. Conclusion

Since the energy requirements of the prosthetic gait in
trans-femoral amputees are greater than normal, there
is a need for knee design with low energy expenditure.
Therefore, the main objective of this study was to
develop a rigid knee mechanism by adding a compliant
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member which would provide the optimal design of the
knee prosthesis. The compliant joints were employed in
different knee mechanisms in order to store more energy
and finally reduce the energy consumption of amputees.
To achieve this goal, instead of using the experimental
methods, an optimization procedure was applied to
get the optimum values that resulted in a dynamic
pattern resembling the normal locomotion. From the
obtained results, it is obvious that control moments are
significantly reduced by utilizing compliant joints on
the knee mechanisms. So, the improved performance of
the compliant knee mechanism is accomplished through
the reduced friction, actuator torque, weight, and
maintenance cost.
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