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Abstract: In this paper, an optimization problem for the energy minimization of a new robotic-type
three-axes above-knee prosthesis is carried out based on the actuator power consumption. The
optimization problem aims to find the optimal link masses with which to minimize the electrical
energy drawn from the battery of the new prosthesis, subject to the kinematic and dynamic constraints.
Particle swarm optimization (PSO) is used as the optimization algorithm. A discrete-time PID
controller is used to represent the saved energy by means of mass optimization. Optimization
illustrated that energy consumption in the batteries can be reduced 51% and provides 1.89 h of
additional battery lifetime, according to the literature, by optimizing prosthetic link masses while
providing acceptable prosthesis stiffness.

Keywords: above-knee prosthesis; robotic; energy minimization; particle swarm optimization;
discrete-time model; PID controller; battery life

1. Introduction

There are millions of people in the world who have lost their limbs for various reasons,
such as accidents, vascular disease including diabetes, peripheral arterial diseases, trauma,
and cancer [1]. This situation negatively affects the quality of life and psychology of
amputees. Prostheses are of great importance for people with limb losses. A prosthesis
may provide both good prosthetic positioning and natural appearance.

Current lower-limb prostheses are mainly grouped into three categories: (i) passive
prostheses, (ii) semi-active prostheses [2,3] and (iii) active prostheses [4–7]. Passive prosthe-
ses have only passive mechanical structures; therefore, amputees cannot walk comfortably
and aesthetically [4]. These cause high metabolic energy consumption and cannot provide
sufficient gait symmetry. An amputee with passive prosthesis spends 60% more metabolic
energy compared to that used by a healthy person [8]. At the same time, they are not suitable
for long-term usage since they cause irritation on the stump. Passive prostheses are preferred
by the amputees due to their lower costs compared to semi-active and active prostheses.

One of the main issues in prosthesis design is the need to ensure acceptable joint
stiffness for maintaining motion during the gait phase. In semi-active prosthesis, joint
stiffness of the prosthesis is controlled by a microprocessor. This control system is powered
by a small-size battery that supplies the sensor and microcontroller only. Semi-active
prostheses have better joint stiffness characteristics compared to passive prostheses. At
the same time, the metabolic energy consumption of semi-active prostheses decreases
compared to that of passive prostheses. However, semiactive prostheses are heavier and
more expensive than passive prostheses.

Active prostheses are the new generation of prostheses, designed considering the
principles of robotic systems [9]. These types of prostheses control joint angles; thus, they
require less metabolic energy than passive and semi-active prostheses. They also provide
a natural walking ability to the amputees on an uneven terrain [10]. Each joint of active
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prostheses is actuated by an independent DC motor and controlled dynamically by a
microprocessor. The whole prosthesis mechanism is powered by a battery. Although this
active joint mechanism provides a more aesthetic walking ability to the amputees, DC
motors particularly increase the weight of the prostheses. This situation both increases
energy consumption in the battery and makes amputees consume more metabolic energy.
At this stage, lighter active prosthesis with acceptable joint stiffness is the main issue for
designers [7].

There are several studies which have been performed in the literature for minimiz-
ing the energy consumption of active- or robotic-type prostheses. Verstraten et al. [11]
minimized energy consumption of an ankle prosthesis (only one-axis prosthesis driven
by a DC motor). They focused on optimizing the drive-train of the prosthesis and spring
stiffness values. Rene et al. [12] reduced the torque and power requirements of the ankle
prosthesis during the natural walking. The researchers in studies [10,11] used springs in
their prostheses. They analyzed motor peak power and energy values. They compared
these values with those of conventional actuators.

Unlike the single-axis active prostheses mentioned above, a new robotic-type three-
axes above-knee prosthesis has been designed. Its kinematics and dynamic equations are
derived symbolically. Energy consumption in robotic-type active above-knee prosthesis
is mainly derived from the required torque at each joint [7,11,13–15]. The dominant part
of the torque equation is composed of the link masses. Considering this fact, in this study
the link masses of new above-knee prosthesis are optimized for minimizing the electrical
energy drawn from the battery subject to the kinematic and dynamic constraints. Kinematic
constraints refer to limits of joint angles, velocities and accelerations, whereas dynamic
constraints denote joint torque limits and stiffness of the prosthesis. PSO algorithm, which
was used successfully in the energy optimization problem [16–18] earlier, is selected as
the optimization algorithm. A discrete-time PID controller is used to represent the energy
saved by means of the mass optimization.

2. Mathematical Model of the Above-Knee Prosthesis

In this section, forward/inverse kinematic and dynamic models and a stiffness analysis
of the new robotic-type three-axes above-knee prosthesis are given in detail. Trajectory
planning is additionally presented.

2.1. Design of the New Above-Knee Prosthesis

Figure 1 illustrates the new robotic-type three-axes above-knee prosthesis. In this
new design, there are three active joints mounted on the knee and ankle joints. The θ1
illustrates the revolute knee joint which performs flexion and extension motion. The other
two joints, θ2 and θ3, intersect at a common point, performing plantar flexion–dorsiflexion
and eversion–inversion motions, respectively. l1, d3 and m1, m3 illustrate the lengths and
masses of the limbs, respectively. Since θ2 and θ3 move the same limb d3, only m3 is used in
for ankle mass.

2.2. Forward Kinematic Model

Forward kinematic model of the above-knee prosthesis is obtained by using the well-
known Denavit–Hartenberg (DH) convention [19]. According to the coordinate frame
assignment illustrated in Figure 1, DH parameters [19] are obtained as in Table 1.

Table 1. DH parameters of the new above-knee prosthesis.

i αi−1 ai−1 di θi

1 0 0 0 θ1
2 0 l1 0 θ2
3 90 0 0 θ3
4 0 l3 d3 0
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Figure 1. The new robotic-type three-axes above-knee prosthesis. 
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The transformation matrices of the new above-knee prosthesis are obtained as fol-
lows. 𝑇ସ଴ = 𝑇ଵ଴ 𝑇ଶଵ 𝑇ଷଶ 𝑇ସଷ  
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0 0010 001൪ ൦𝑐𝑜𝑠 𝜃ଶ𝑠𝑖𝑛 𝜃ଶ00
− 𝑠𝑖𝑛 𝜃ଶ𝑐𝑜𝑠 𝜃ଶ00
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− 𝑠𝑖𝑛 𝜃ଷ0𝑐𝑜𝑠 𝜃ଷ0

0 0−100 001൪ ൦1000
0100

0 𝑙ଷ010 0𝑑ଷ1 ൪ 
(1)

Tସ଴  includes the position and orientation of the new above-knee prosthesis in Carte-
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Figure 1. The new robotic-type three-axes above-knee prosthesis.

The transformation matrices of the new above-knee prosthesis are obtained as follows.

0
4T = 0

1T1
2T2

3T3
4T

0
4T =


cosθ1
sinθ1

0
0

−sinθ1
cosθ1

0
0

0 0
0
1
0

0
0
1




cosθ2
sinθ2

0
0

−sinθ2
cosθ2

0
0

0 l1
0
1
0

0
0
1




cosθ3
0

sinθ3
0

−sinθ3
0

cosθ3
0

0 0
−1
0
0

0
0
1




1
0
0
0

0
1
0
0

0 l3
0
1
0

0
d3
1

 (1)

0
4T includes the position and orientation of the new above-knee prosthesis in Cartesian

space. Performing matrix multiplication in Equation (1) produces

0
4T =


r11
r21
r31
0

r12
r22
r32
0

r31 px
r32
r33
0

py
pz
1


0
4T =


cosθ3cos(θ1 + θ2) −sinθ3cos(θ1 + θ2) sin(θ1 + θ2) l3cosθ3cos(θ1 + θ2) + l1cosθ1 + d3sin(θ1 + θ2)
cosθ3sin(θ1 + θ2) −sinθ3sin(θ1 + θ2) −cos(θ1 + θ2) l3cosθ3sin(θ1 + θ2) + l1sinθ1 − d3cos(θ1 + θ2)

sinθ3 cosθ3 0 l3sinθ3
0 0 0 1


(2)

2.3. Inverse Kinematic Model

The inverse kinematic model of the new above-knee prosthesis is obtained as follows.
Multiplying both sides of Equation (1) by 0

1T−1 produces the following identity.

0
1T−10

4T = 1
2T2

3T3
4T

cosθ1 sinθ1 0 0
−sinθ1 cosθ1 0 0

0 0 1 0
0 0 0 1




r11 r12 r13 px
r21 r22 r23 py
r31 r32 r33 pz
0 0 0 1



=


cosθ2 sinθ2 0 l1
−sinθ2 cosθ2 0 0

0 0 1 0
0 0 0 1




cosθ3 −sinθ3 0 0
0 0 −1 0

sinθ3 cosθ3 0 0
0 0 0 1




1 0 0 l3
0 1 0 0
0 0 1 d3
0 0 0 1


(3)

By using Equation (3), θ2, θ1 and θ3 are obtained as follows.

θ2 = Atan2(A2, B2)± Atan2
(√

A2
2 + B2

2 − C2
2 , B2

)
(4)
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where A2 = 2l1d3, B2 = 2l1l3cosθ2, C2 = px
2 + py

2 − l12 − d3
2 − l32cos2θ3 and Atan2 are

used for the inverse kinematics of robotic manipulators.

θ1 = Atan2(A1, B1)± Atan2
(√

A2
1 + B2

1 − C2
1 , B1

)
(5)

where A1 = py, B1 = px, C1 = l1 + d3sinθ2 + l3cosθ2cosθ3

θ3 = Atan2

 pz

l2
,

√
1 −

(
pz

l2

)2
 (6)

2.4. Jacobian of the New Above-Knee Prosthesis

The Jacobian matrix of the above-knee prosthesis is obtained as

J =

J11
J21
0

J12
J22
0

J13
J23
J33

 (7)

where
J11 = d3cos(θ1 + θ2)− l1sinθ1 − l3cosθ3sin(θ1 + θ2) (8)

J12 = d3cos(θ1 + θ2)− l3cosθ3sin(θ1 + θ2) (9)

J13 = −l3sinθ3cos(θ1 + θ2) (10)

J21 = d3sin(θ1 + θ2) + l1cosθ1 + l3cosθ3cos(θ1 + θ2) (11)

J22 = d3sin(θ1 + θ2) + l3cosθ3cos(θ1 + θ2) (12)

J23 = −l3sinθ3sin(θ1 + θ2) (13)

J33 = l3cosθ3 (14)

2.5. Dynamic Model

The dynamic model of a general serial robotic manipulator can be expressed as

τ = D(θ)
..
θ + C(θ,

.
θ) + G(θ) + B(

.
θ) (15)

where D, C, G and B illustrate 3 × 3 mass matrix, 3 × 1 Coriolis/centrifugal force vector,
3 × 1 gravity vector and 3 × 1 friction, respectively. In this study, B

( .
θ
)

is not considered

in the dynamic equations. In addition, τ, θ,
.
θ and

..
θ represent torque, position, velocity

and acceleration, respectively. The dynamic model of the new above-knee prosthesis is
obtained by using Lagrange–Euler method [20] as

τ1
τ2
τ3

 =

D11
D21

0

D12
D22

0

0
0

D33




..
θ1..
θ2..
θ3

+

C1(θ,
.
θ)

C2(θ,
.
θ)

C3(θ,
.
θ)

+

G1(θ)
G2(θ)
G3(θ)

 (16)

where Dij, Ci and Gi for i = 1, 2, 3 & j = 1, 2, 3 are given in Appendix A.

2.6. Stiffness Analysis

When the manipulator executes a motion, the end-effector exerts force/moment onto
the target. This force/moment causes deflection, which is related to the applied force and
the stiffness of manipulator. The stiffness of the serial manipulator directly affects positional
accuracy [21]. There are three types of stiffness sources for serial robotic manipulators,
namely base, joint and link stiffness. As stated in study [22], the primary source of stiffness
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in serial manipulators is the joint stiffness, which is in the axial direction of the actuation
torque [22]. The following equation can be written to illustrate the relation between forces
and torques.

τ = JT F (17)

where F( fx, fy fz) and τ(τ1, τ2, τ3) are the 3 × 1 vectors of external forces acting on the
end-effector of manipulator and actuator forces/torques required to balance these external
forces, respectively. The relation between small deflection and joint torques can be stated
as follows.

τ = Kθ∆θ (18)

where Kθ = diag
[
kθ1 kθ2 · · · kθn

]
is the joint stiffness matrix and ∆θ =

[
∆θ1 ∆θ2 · · ·∆θn

]
is the small change which occurs in the joint positions. The relation between small change in
the end effector

(
δχ =

[
δx δy δz

])
and joint positions can be written as follows.

δχ = J∆θ (19)

The following equation is obtained by using Equations (17)–(19)

δχ = CxF (20)

where Cx is called as compliance matrix and stated as

Cx = JK−1
θ JT (21)

2.7. Trajectory Planning

A fifth-order polynomial is used to compute the joint trajectories of prosthesis pro-
posed in this paper. Coefficients (s0, s1, s2, s3, s4, s5) of the fifth-order polynomial given by
Equation (22) can easily be found using Equation (23)

θi(t) = s0 + s1t + s2t2 + s3t3 + s4t4 + s5t5
.
θi(t) = s1t + 2s2t + 3s3t2 + 4s4t3 + 5s5t4
..
θi(t) = 2s2 + 6s3t + 12s4t2 + 20s5t3

(22)

where i = 1, 2 and n. 

1 t0 t2
0 t3

0 t4
0 t5

0
1 t f t2

f t3
f t4

f t5
f

0 1 2t0 3t2
0 4t3

0 5t4
0

0 1 2t f 3t2
f 4t3

f 5t4
f

0 0 1 6t0 12t2
0 20t3

0
0 0 1 6t f 12t2

f 20t3
f





s0
s1
s2
s3
s4
s5

 =



θ0
θ f.
θ0.
θ f..
θ0..
θ f


(23)

Velocity and acceleration of the prosthetic leg in each gait cycle are assumed to be zero
at start and rest points. The duration of the gait cycle is selected as 2.52 s. Considering
these initial/final conditions and duration (t = 2.52), joint trajectories of a three-axes
above-knee prosthesis for a gait cycle is found with simulation. This is shown in Figure 2
where θi,

.
θi and

..
θi illustrate the position, velocity and acceleration profiles in each gait

cycle, respectively.
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Figure 2. Joints trajectories for a gait cycle.

3. Experimental Setup

The experimental setup shown in Figure 3 was designed for testing the prosthetic leg
mounted from the femoral region. The joint motions were driven by DC motors, where the
knee joint performs in one-axis rotation (flexion–extension) and the ankle joint performs in
two-axes rotation (plantar–dorsal flexion and eversion–inversion).
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Figure 3. Experimental setup of the prosthesis.

The minimum and maximum position values of each joint, given in Table 2, were
obtained from the experimental setup shown in Figure 3. In addition, the position values of
the joints along the trajectory for a gait cycle were obtained by the application of position,
velocity and acceleration profiles shown in Figure 2.

Table 2. Minimum and maximum values of the kinematic and dynamic parameters for a gait cycle.

Joints
θi (rad)

.
θi (rad/sec)

..
θi (rad/sec2) τi (Nm)

Min Max Min Max Min Max Min Max

1 0 0.58 0 1.65 0 9.95 0 7.50
2 −0.32 0.15 0 2.85 0 16 0 7.50
3 0 0.18 0 0.65 0 4.5 0 7.50
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4. Particle Swarm Optimization

The PSO algorithm was first introduced by J. Kennedy and R. C. Eberhart [23] in 1995.
This algorithm has proven to be very effective in finding optimal solutions to a wide
variety of optimization issues [24,25]. It has shown success, particularly for dynamic
optimization issues involving multi-dimensional search spaces [26–28]. When compared to
other evolutionary algorithms, it is faster and more efficient at producing robust answers
to issues of greater dimensionality that involve continuous nonlinear optimization [29].
PSO mimics behaviors of swarming, such as bird flocking and fish schooling. A population
composed of particles is called a swarm. Each particle in a swarm changes its own position
according to previous experience to occupy the best position. PSO algorithm is initialized
by creating a swarm consists of random particles that search the best value. All particles
are compared with the best particles in the previous generation. If it is better than the best
particle in the previous generation, this particle is set as the personal best (pbest). The best
of pbests is set as the global best (gbest) by comparing the pbests of particles. The positions
and velocities of the particles are computed by using following formula.

vi
k+1 = ωkvi

k + c1r1(pp
k − xi

k) + c2r2(pg
k − xi

k)xi
k+1 = xi

k + νi
k+1 (24)

where vi
k+1 and xi

k+1 denote the particles velocity and position, respectively. ωk is the
inertia weight, k is the current time step and i is the particle number. c1 and c2. selected
as 2.05, are the positive acceleration constants. r1 and r2 are random numbers between 0
and 1. The flowchart of the PSO algorithm is given in Figure 4.
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5. Optimization Objectives

Battery life strictly depends on actuator power consumption which is considered as
the optimization objective. Electrical energy consumption E for each actuator of prosthesis
is computed as

E =
∫ t

0
PTdt (25)

where t is the total trajectory time and PT denotes the instantaneous electrical power during
a gait cycle. The electrical power is stated as

PT = PR + PL + PE = Ra I2
a + La Ia

dIa

dt
+ Ve Ia (26)

where PR, PL and PE are the resistive power loss, inductive power loss and the power gen-
erating the electromotive force, respectively. PT is the summation of these powers [18,30].
The electrical energy consumed by the three actuators of the prosthesis can be computed as

ET =
3

∑
i=1

Ei i= 1, 2 and 3 (27)

6. The Statement of the Optimization Problem

The optimization problem of the robotic-type three-axes above-knee prosthesis may
be stated as the computation of limb masses to minimize the electrical energy consumed by
the joint actuators, subject to kinematic and dynamic constraints.
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74 3057 3046 3058  1299 1298 1407  

76 3066 3056 3066  1311 1306 1415  

78 3074 3065 3077  1318 1314 1420  

80 3083 3073 3086  1325 1325 1429  

82 3091 3081 3093  1329 1332 1435  

84 3100 3090 3102  1332 1339 1440  

86 3108 3098 3110  1346 1348 1446  

88 3115 3107 3120  1354 1354 1453  

90 3126 3115 3128  1363 1360 1462  

92 3133 3125 3136  1369 1365 1468  

94 3144 3133 3145  1376 1371 1474  

96 3151 3141 3154  1382 1378 1485  
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where θi,min,
.
θi,min,

..
θi,min and θi,max,

.
θi,max,

..
θi,max show the position, velocity and acceleration

limits of the joints in a gait cycle, respectively. In this study, the numerical values of
θi,min,

.
θi,min,

..
θi,min and θi,max,

.
θi,max,

..
θi,max given in Table 2 are computed considering the

limit values of the position, velocity and acceleration profiles in Figure 2. The mi,max
illustrates the upper bounds of links masses. The maximum torque values (τi,max) are
computed by substituting the maximum position, velocity and acceleration values in
Figure 2 into the dynamic equations of the prothesis. δχ shows the maximum allowable
position error for a gait cycle.

The prosthesis is produced with additive manufacturing technology using PLA mate-
rial. Mass values belonging to each link of the prosthesis and given in Table 3 are obtained
by considering the infill pattern and infill density, which vary between 50% and 100%. The
link masses in Table 3 are computed by using Cura software program.

There are several types of infill pattern for 3D printing such as grid, lines, triangles,
tri-hexagon, cubic, cubic subdivision, octet, quarter-cubic, concentric, zig-zag, cross, cross
3D and gyroid. These patterns are chosen according to the material and its application [31].
Generally, grid, triangles and cubic pattern types are preferred. A grid pattern has a grid-
shaped hollow structure and less complex pattern compared to the other two pattern types.
A triangle pattern is composed of a 2D mesh made from triangles and has an inherent
advantage in strength. A cubic pattern is a 3D pattern of stacked and tilted cubes. This
pattern type allows the generation of a high-strength structure. In this study, the grid
pattern is used for computing link masses.



Appl. Sci. 2023, 13, 3868 9 of 17

Table 3. Link mass values considering infill density and pattern of the prosthesis shell structure.

Infill Density (%)
m1 (gram) m3 (gram)

Triangles Grid Cubic Triangles Grid Cubic

50 2943 2871 2957 (m1,min) 1118 1041 1231 (m3,min)
52 2951 2880 2964 1125 1050 1238
54 2960 2889 2972 1135 1058 1243
56 2968 2897 2981 1142 1066 1254
58 2959 2904 2988 1148 1071 1259
60 2965 2910 2997 1153 1080 1261
62 3006 2996 3005 1259 1258 1368
64 3013 3005 3017 1264 1266 1376
66 3023 3014 3026 1273 1271 1384
68 3031 3021 3034 1281 1279 1391
70 3039 3028 3041 1289 1287 1395
72 3048 3038 3050 1292 1292 1399
74 3057 3046 3058 1299 1298 1407
76 3066 3056 3066 1311 1306 1415
78 3074 3065 3077 1318 1314 1420
80 3083 3073 3086 1325 1325 1429
82 3091 3081 3093 1329 1332 1435
84 3100 3090 3102 1332 1339 1440
86 3108 3098 3110 1346 1348 1446
88 3115 3107 3120 1354 1354 1453
90 3126 3115 3128 1363 1360 1462
92 3133 3125 3136 1369 1365 1468
94 3144 3133 3145 1376 1371 1474
96 3151 3141 3154 1382 1378 1485
98 3159 3148 3162 1388 1386 1494

100 3290 3179 3180 (m1,max) 1416 1406 1506 (m3,max)

The stiffness coefficients of the links (kθ1 , kθ2 , kθ3) are directly affected by the infill
density and pattern of the material. Therefore, the stiffness coefficients (kθ1 , kθ2 , kθ3 ) of links
given in Table 4 are computed by using the data in Table 3. Note that the second and third
joints correspond to the same mass (m2 = m3).

A discrete-time control scheme, illustrated in Figure 5, is used for computing the
energy consumption in the actuators. In Figure 5, mm1 and mm2 illustrate the masses
of the prosthesis obtained from Table 3. A discrete-time control scheme, composed of a
discrete-time PID controller and discrete-time motor model, is shown in Figure 6. The
inside of the discrete-time motor model is also illustrated in Figure 7.
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Table 4. Stiffness coefficients of masses obtained from Cura software (version:4.11.0) program
considering infill density and Grid pattern.

Infill Density (%) kθ1 (Nm/rad) kθ2 (Nm/rad) kθ3 (Nm/rad)

50 101,420 101,420 101,420
52 101,523 101,523 101,523
54 101,833 101,833 101,833
56 101,937 101,937 101,937
58 102,459 102,459 102,459
60 107,875 107,875 107,875
62 110,132 110,132 110,132
64 110,988 110,988 110,988
66 112,233 112,233 112,233
68 113,250 113,250 113,250
70 114,155 114,155 114,155
72 115,741 115,741 115,741
74 116,311 116,311 116,311
76 117,509 117,509 117,509
78 118,214 118,214 118,214
80 119,190 119,190 119,190
82 121,016 121,016 121,016
84 122,399 122,399 122,399
86 123,709 123,709 123,709
88 124,533 124,533 124,533
90 126,543 126,543 126,543
92 127,819 127,819 127,819
94 129,534 129,534 129,534
96 136,240 136,240 136,240
98 144,092 144,092 144,092

100 155,763 155,763 155,763
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As can be seen in Figure 6, joint torques are applied to the discrete-time motor model
as distributions. The output of the PID block is applied to the discrete-time motor model
as voltage (va). There are three outputs of discrete-time motor models, namely ia (current
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drawn by the active actuators), Ve (motor electromotive potential) and Theta_actual (actual
position of the joint). iad denotes the time derivative of the current. In the “power calculate”
block, power consumption is computed by using Equation (26). The first two joints, θ1 and
θ2, are considered to be driven by two identical 7.5 Nm DC motors and the third joint θ3 is
considered to be driven by the 5.4 Nm DC motor. The specifications of all motors are given
in Table 5.

Table 5. Parameters of DC Motors.

Parameters Symbol Value Units

Rotor Inertia Jm 96.6 × 10−7 kgm2

Armature Resistance Ra 0.346 ohm
Armature Inductance La 0.121 Henry
Torque Constant Km 29.3 × 10−3 Nm/A
Back EMF Constant Kb 1.18 × 10−2 V/rad/s
Armature Voltage Va 24 V
Gearbox Ratio gb 15:1

As can be noted, the link masses are directly related the dimension of the prosthesis and
its infill density. In this study, the lower and upper bounds of the link masses are designed
by changing the infill density of prosthesis shell between 50% and 100%, respectively.
In general, conventional prostheses use a shell, both for protecting the electronic and
mechanical parts and for aesthetic purposes. In this new design, in addition to these two
important purposes, shell is mainly used for carrying the mass of the amputee. Thus, the
electro-mechanical system of the prosthesis is provided against outer strikes.

7. Simulation Results

In this section, the PSO algorithm is applied to an energy minimization problem for
a three-linked active above-knee prosthesis. The objective of the study is to optimize the
link masses of the above-knee prosthesis to achieve minimum energy consumption while
having acceptable stiffness characteristics. The masses of the links are computed by using
Cura software program, considering the infill density and infill pattern of the PLA material
between 50% and 100%. The population size is used as 10 particles and each particle
has two elements (m1, m2 = m3). Thus, the swarm size becomes 10 × 7 elements. The
parameters of the PSO algorithm are selected as χ = 0.76, c1 = c2 = 2.05, as in [32]. PSO
algorithm is applied to the objective function for 60 generations according to the trajectory
given by Figure 2 and it is repeated ten times.

After performing the optimization, obeying specified criteria, the link masses are
obtained as m1 = 2910 g and m2 = m3 = 1080 g, with the optimal infill rate of 60%.
Optimized parameters are used in the discrete-time PID control scheme to illustrate the
energy saving by means of mass optimization. Optimized actuator torques are obtained
between −7.44 Nm and 5.56 Nm along a walking cycle. These values are less than the
specified actuator torque value 7.5 Nm which is given in Table 2. Note that this value
is also less than the maximum continuous torque (7.5 Nm) of DC motors given by the
manufacturer Maxon. Stiffness values are optimized such that displacement errors (δχ)
along the x, y and z-axes are kept smaller than 1 mm when the end-effector is subjected to
forces F =

[
f x f y f z

]
=
[
117.68N 117.68N 1176.8N

]
at each axis , where 1176.8N

corresponds to a 120 kg amputee weight. Note that the amputee exerts full force in the z
direction while he/she exerts 10 percent of full force in the x and y directions.

Acceptable position tracking errors [33] as shown in Figure 8 are obtained from PID
control scheme for each actuator. As can be seen from Figure 8, for a gait cycle, the
maximum position tracking errors are obtained as 4.4 × 10−3 rad for the first actuator,
2.4 × 10−3 rad for the second actuator and 0.14 × 10−3 rad for third actuator. In addition
to joint tracking errors, Cartesian tracking errors are also demonstrated in Figure 9. The
maximum error in Cartesian space is obtained as 1.6 mm for a gait cycle.
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Nm for the first actuator, 3.28 Nm for the second actuator and 0.06 Nm for the third actu-
ator. Figure 11 shows the power consumption values consumed by the three actuators. 
The average power consumptions are obtained as 17 W for the first actuator, 15.07 W for 
the second actuator and 0.02 W for the third actuator. It should be noted that although the 
third joint have power consumptions with small variations, the power consumed by the 
first and second actuators sometimes goes up to 1800 W and 2900 W due to the sudden 
increase in the load during the gait cycle. The change of joint positions causes these peaks 
which are normal values in a gait cycle. 

  

Figure 9. Cartesian tracking errors: (a) Cartesian position; (b) Cartesian error.

Figure 10 demonstrates each actuator torque. Maximum torques are obtained as
7.44 Nm for the first actuator, 3.28 Nm for the second actuator and 0.06 Nm for the third
actuator. Figure 11 shows the power consumption values consumed by the three actuators.
The average power consumptions are obtained as 17 W for the first actuator, 15.07 W for
the second actuator and 0.02 W for the third actuator. It should be noted that although the
third joint have power consumptions with small variations, the power consumed by the
first and second actuators sometimes goes up to 1800 W and 2900 W due to the sudden
increase in the load during the gait cycle. The change of joint positions causes these peaks
which are normal values in a gait cycle.
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Power consumptions of three actuators used in above-knee prosthesis are also illus-
trated as a table (Table 6). Power consumptions of the three actuators are computed for
minimum, maximum and optimized mass values.

Table 6. Power consumption of three actuators of above-knee prosthesis.

Consumed Powers Actuator 1
(Watt)

Actuator 2
(Watt)

Actuator 3
(Watt)

Total
(Watt)

Minimum power 16.25 14.03 0.02 30.30
Maximum power 23.78 25.21 0.03 49.02
Optimized power 17 15.07 0.02 32.07

The optimized stiffness values produce acceptable displacement errors [34] along the
x, y and z axes. The maximum displacement errors obtained from this study are as follows:
0.7394 mm along the x axis, 0.7392 mm along the y axis and 0.0274 mm along the z axis.
The displacement errors along the whole walking cycle are shown in Figure 12.
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8. Discussion

Battery life is one of the main challenges in developing an electrically controlled
prosthesis. Electrical power consumption directly affects the walking duration of an
amputee. The walking comfort of an amputee gets better as the duration of a charge
cycle gets longer. The battery life of the above-knee prosthesis presented is computed for
three cases, namely minimum prosthesis mass, maximum prosthesis mass and optimized
prosthesis mass. The electrical power consumptions and battery life durations obtained in
this study are compared to Sup and his colleagues’ study [35], which is the only document
to give battery results in the current literature. In order to have meaningful results, the
same power supply specifications as used in Sup and his colleagues’ study are used in the
computations. The electrically controlled prosthesis in Sup and his colleagues’ study [35]
is supplied by a lithium polymer battery with a 29.6 V nominal rating and a 4000 mA·h
capacity. Table 7 illustrates power consumptions, gait cycle life and battery life durations of
both prostheses. Table 7 also illustrates the minimum and maximum number of steps that a
healthy human can generate in one day [36]. As can be seen from Table 7, the new prosthesis
proposed in this study consumed about 51% less power than the prosthesis in [35]. As a
consequence, the new prothesis proposed in this study provides 1.89 h additional battery
life compared to the prothesis in [35]. Considering the step numbers a healthy person will
perform in one day [36], the 10,543 steps provided by the new prosthesis illustrate that the
new prosthesis presents almost one full day of service with one charge.

Table 7. Power consumptions, gait cycle life and battery life durations.

Studies Consumed Power in One Cycle (Watt) Battery Life (Hour) Gait Cycle Life (Steps)

Results of this paper 32.07 3.69 10,543

Sup and colleagues [35] 66 1.8 9000

Basset and Tudor-Locke [36] — — 7000–13,000

The optimized actuator torques are obtained between −7.44 Nm and 5.56 Nm along a
walking cycle. These values are less than the specified actuator torque values 7.5 Nm given
in Table 2. Acceptable joint and Cartesian tracking errors are obtained from the PID control
scheme for each actuator.

The link mass limits of the prosthesis are obtained according to the infill density and
infill pattern of PLA material given by Table 3. Although there are several infill patterns
for 3D printing, the grid pattern type is chosen in this study. Since the stiffness coefficients
of the links (kθ1 , kθ2 , kθ3) are directly affected by the infill density and infill pattern of the
PLA material, the stiffness coefficients of links are computed by using the data in Table 3.
Simulations have been performed at the optimal infill rate of 60%. According to the
simulations, the link masses are optimized as m1 = 2910 g and m2 = m3 = 1080 g. Thus,
the total mass of the prosthesis is obtained as 3.99 kg. Considering the mass (3.99 kg) and
the duration of a walking cycle (2.52 s), total consumed power is obtained as 32.07 W.

9. Conclusions

Energy consumption is one of the most important issues for above-knee prosthesis
since an amputee desires to use her/his prosthesis for as long as possible. The long-term
usage of an electrically controlled above-knee prosthesis mostly depends on the energy
consumption of the batteries. Although increasing the number of joints offers comfort
and aesthetic walking ability to the amputees, it also increases energy consumption at
the battery. Electrical energy supplied by the battery should be carefully consumed for
long-term usage. Considering this fact, in this paper, link mass optimization of the new
above-knee prosthesis is performed for minimizing the electrical energy consumption while
providing acceptable prosthesis stiffness. The PSO algorithm is used as the optimization
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algorithm. A discrete-time PID controller is used for representing the energy saved by
means of mass optimization.

As a result, the battery life is determined as 3.69 h, corresponding to 10,543 steps in
one battery charge. Considering the data in Table 7, the new prosthesis proposed in this
study provides almost one full day of service in one charge. Another important remark is
that the new prosthesis proposed in this study consumes about 51% less power than the
prosthesis developed by Sup and his colleagues [35]. Thus, the new prosthesis provides
1.89 h of additional battery lifetime compared to the prosthesis developed by Sup and his
colleagues [35].

The optimized stiffness values provide less than 1 mm displacement errors (δχ) along
the x, y and z axes. This displacement error, determined with the stepping pressure of a
120 kg weight of an amputee, can provide aesthetical movement and balance with accept-
able accuracy. In conclusion, the proposed above-knee prosthesis can provide acceptable
stiffness performance and almost one full day of walking service in one charge cycle for an
amputee under 120 kg weight.

The future studies of this research will include the results of different types of algo-
rithms and controlling strategies by using experimental setup and testing on amputee
for different environmental conditions. In addition, new designs can be worked on by
considering hip amputation for lower-limb amputees.

10. Patents

The ankle mechanism of this study is patented by Turkish Patent and Trademark
Office, patent number 201723575.
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Appendix A

D11 = 1
2 d2

3m3 +
1
4 l2

1m1 + 2l2
1m3 + Ixx3 + Izz1 + Izz2 − cos2θ3 Ixx3 + cos2θ3 Iyy3

+ 1
4 l2

3m3cos2θ3 + 2d3l1m3sinθ2 + l1l3m3cosθ2cosθ3
(A1)

D12 = D21 = 1
2 d2

3m3 + Ixx3 + Izz2 − cos2θ3 Ixx3 + cos2θ3 Iyy3

+ 1
4 l2

3m3cos2θ3 + d3l1m3sinθ2 +
1
2 l1l3m3cosθ2cosθ3

(A2)

D13 = −1
4

l3m3(d3sinθ3 − l1cos(θ2 + θ3) + l1cos(θ2 − θ3)) (A3)

D21 = 1
2 d2

3m3 + Ixx3 + Izz2 − cos2θ3 Ixx3 + cos2θ3 Iyy3 +
1
4 l2

3m3cos2θ3

+d3l1m3sinθ2 +
1
2 l1l3m3cosθ2cosθ3

(A4)

D22 = 1
2 d2

3m3 +
1
8 l2

3m3cos2θ3 − 1
8 l2

3m3sin2θ3 +
1
8 l2

3m3

+Iyy3cos2θ3 + Ixx3sin2θ3 + Izz2

(A5)
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D23 = −1
4

d3l3m3sinθ3 (A6)

D31 = −1
4

d3l3m3sinθ3 −
1
2

l1l3m3sinθ2sinθ3 (A7)

D32 = −1
4

d3l3m3sinθ3 (A8)

D33 =
1
4

m3l2
3 +

1
2

Izz3 +
1
2
(cos(2θ1 + 2θ2))Izz3 (A9)

C1 = −1
4

m3l1
.
θ2(2

.
θ1 +

.
θ2)(l3sin(θ2 + θ3))− 4d3cosθ2 + l3sin(θ2 − θ3) (A10)

C2 =
1
4

m3l1
.
θ

2
1(l3sin(θ2 + θ3))− 4d3cosθ2 + l3sin(θ2 − θ3) (A11)

C3 = (sin2θ3)(v1 + v2)
2(Iyy3 − Ixx3

)
+ 1

8 l2
3m3sin2θ3(v1 + v2)

2

+ 1
4 l1l3m3v2

1sin(θ2 + θ3)− 1
4 l1l3m3v2

1sin(θ2 − θ3)
(A12)

G1 = g(m3(l1sinθ1 − 1
2 d3cos(θ1 + θ2) +

1
2 l3sin(θ1 + θ2)cosθ3)

+m3(l1sinθ1 − 1
2 d3cos(θ1 + θ2)) +

1
2 l1m1sinθ1)

(A13)

G2 = −g(m3(
1
2

d3cos(θ1 + θ2)−
1
2

l3sin(θ1 + θ2)cosθ3) +
1
2

d3m2cos(θ1 + θ2)) (A14)

G3 =
1
2

gl3m3cos(θ1 + θ2)sinθ3 (A15)
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