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ABSTRACT The use of powered ankle-foot prostheses for below-knee amputees leads to challenges like the
peak power of the applied actuator and biomechanical features of the prosthesis foot. This paper proposes
an efficient powered ankle-foot prosthesis with a series elastic actuator. By combining the geared five-bar
spring (GFBS) mechanism and the traditional series elastic actuator (SEA), a series elastic with geared
five-bar (SGFB) actuator is built. The new SGFB actuator has the benefits of both the GFBS and the
SEA on mimicking biomechanics of the human ankle and reducing the peak power of the motor. The
healthy walking gait in the experiment results indicates that the optimized SGFB prosthesis foot including
a 150W Maxon DC motor can provide a 70kg subject enough net positive energy with an energy efficiency
of 35.3% during normal speed walking in the treadmill trials. The experiment of the SGFB prosthesis foot
in semi-active mode shows the advantage on closely mimicking the human biomechanics during the control
dorsiflexion phase and the importance of injecting positive energy during the powered plantarflexion phase.
The experiment results also show that the optimization of different parameters within the electromechanical
model considering the efficiency of the whole drive train can effectively reduce the motor’s peak power to

132 W by making the motor more effective in high-power conditions.

INDEX TERMS Actuator, efficiency, peak power, prosthesis, series elastic actuator.

I. INTRODUCTION

Below-knee amputation is one of the major amputations due
to increasing number of peripheral vascular diseases and
traffic accidents [1]. Large number of ankle-foot prostheses
are designed and produced to meet the desire of lower-limber
amputees participating in the daily activities. These designs
are often based on the kinetics and dynamics of the able-
bodied human ankle, which have been recorded by several
researchers using different methods [2]-[4]. Until now, most
of ankle-foot prostheses in the current commercial market are
still passive. According to the biomechanics of the human
ankle, the most popular passive foot named energy store
and return (ESAR) foot is designed to provide a resisting
torque and store energy during the controlled dorsiflexion
phase and return the stored energy during the following
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push-off phase. However, in contrast to the human ankle,
researches show that the energy stored during control dorsi-
flexion phase in the ESAR foot is not enough for the follow-
ing positive power phase. The passive foot cannot produce
net positive energy itself. The insufficient energy features of
passive ankle-foot prostheses may lead to the limitation of
walking speed, rotation range, increased metabolic energy
costs and nonsymmetrical walking gait. Hence, the additional
active power is needed for the prosthetic foot to better mimic
the dynamics of the human ankle. In past few years, more
and more studies are focused on the design and validation of
novel powered ankle-foot prostheses [S]-[14].

One of the primary issues in the area of the powered
ankle-foot prosthesis is the high demand of the peak power
for the actuator system [15], [16]. According to the human
biomechanics, more than 250 W of mechanical power is
needed for a 75 kg able-bodied person at normal walking
speed. The high peak power gives a limitation to the size
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and weight of the applied actuator system. To reduce the
power requirement of the powered ankle-foot prostheses,
the concept of the compliant actuator [17], [18] is widely
implemented in the modeling and design of the powered
ankle foot prosthesis. Hitt et al. [19], [20] proposed an
active prosthetic foot composed of a series elastic actuator
(SEA) [21]-[23]. Based on the SEA, the required power
of the DC motor is effectively reduced to 150W. Herr and
Grabowski [24] designed a bionic ankle-foot prosthesis with
new actuator system including a 200W DC motor can 67%
efficiently produce 20J of positive energy during the stance
phase by combining a series-elastic actuator and a parallel
unidirectional leaf spring (SEPA) for an 80 kg amputee walk-
ing at 0.75m/s to 1.75m/s. Gao et al. [25] proposed a novel
powered ankle foot prosthesis composed of a novel nonlinear
parallel spring mechanism. By using a typical parallel elastic
actuator [27], [28], the peak power of the DC motor can
be decreased by 37.5%. Convens et al. [26] proposed an
active energy-efficient propulsive prosthesis foot integrated
with a clutched SEA actuator. The specific clutch enables
the prosthesis foot to adapt to terrains with different slope.
By optimizing the parameters of the SEA actuator and uti-
lizing the clutch, the energy consumption is reduced to 17.7J
during normal speed level-ground walking. Hence, it has been
proven that the concept of the compliant actuator can effec-
tively reduce the power requirement of the active prosthetic
foot by different combinations. Besides, considering the elec-
trical efficiency model (EEM) [27], [28] of the DC motor
and the gearbox, the electromechanical modeling [29] of the
prosthesis’s architecture and reasonable optimization of some
parameters [15], [16], [30] can also provide a decrease in the
mechanical and electrical power required by the motor.
Another critical issue of the powered ankle-foot prostheses
is that the biomechanics of the human ankle foot should
be deeply considered. The torque-angle relationship of the
human ankle is nonlinear, especially in the controlled dor-
siflexion phase [2], [3], [31]. To mimic the nonlinearity
of the torque-angle relationship, different control strategies
are needed for the traditional SEA, PEA or SEPA systems
[32]-[39]. In addition, some researchers proposed to utilize
optimized cam designs [40]-[43] in their actuator system,
since the cam can be designed with a specific nonlinear
profile. With a nonlinear cam profile, the actuator system
does not need to employ a complex controller during the con-
trolled dorsiflexion phase. Based on the biomechanics data
from Winter’s research [2], we presented a powered ankle-
foot prosthesis with a directly driven geared-five bar spring
(GFBS) mechanism [44] to better mimic the biomechanics
of human ankle during control dorsiflexion phase at normal
walking speed in our previous research [45]. Experiments
show that the GFBS mechanism can closely mimic the non-
linear torque-angle profile of the able-bodied human ankle
due to its rich mechanical features. According to the human
biomechanics, the dynamics of the human ankle changes
with changing speeds and motion modes. The rich kinematics
and dynamics features of the GFB mechanism may bring
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possibilities to the powered ankle foot prosthesis using the
GFBS mechanism for adapting to different speeds or motions
by changing the gear ratio or other mechanical parameters
[15], [46], [47]. However, the disadvantages of the directly
driven actuator and lack of power efficiency optimization
leads to that the provided additional energy is insufficient
during the powered plantarflexion phase. The user walks very
slow to achieve normal gait (0.3Hz) due to the lack of power.
As shown in our previous experiment, although it can provide
healthy biomechanical features during control dorsiflexion
phase, the insufficient features result in a nonsymmetrical
gait of the test subject. Hence, in this research, an efficient
fully powered ankle-foot prosthesis using theories of the SEA
and the GFBS mechanism is presented. By combining the
GFBS mechanism and the traditional SEA, a series elastic
with geared five-bar (SGFB) actuator is built. The GFBS
mechanism is turned into a special SEA by utilizing the
theory of variable mechanical parameters [15]. The SGFB
actuator has the benefits of both a standard SEA and the
GFBS mechanism. Considering the biomechanics of the able-
bodied human ankle and the efficiency of the whole pros-
thesis, the parameters of the actuator system and other parts
are optimized to closely mimic the torque-angle profile of a
human ankle and reduce the high demand of the motor power.
Finally, a preliminary validation experiment is conducted to
evaluate the functionality and efficiency of the SGFB pros-
thesis foot.

The rest of this paper is given as following: Section II
describes the modeling and optimization of the SGFB
prosthesis foot, Section III presents the mechanical design,
electronics and control strategies, Section IV gives the exper-
imental test and evaluation, and Section V concludes the full

paper.

Il. MODELING AND OPTIMIZATION

A. THE BIOMECHANICS OF THE HUMAN ANKLE

It’s very important for the prosthesis designers to understand
the biomechanics of the able-bodied human ankle. There are
many differences between the biomechanics of human ankle
in different daily activities. In this research, the prosthesis
is designed for level-ground walking, which is the most
common motion in our daily life. According to Winter’s
research [2], the biomechanics of an able-bodied human ankle
are depicted in Fig. 1. A typical ankle gait cycle consists
of four distinct phases [48]: Controlled plantarflexion (CP)
phase, which starts at the initial contract (IC) of the heel and
ends when this foot flat (FF). The ankle angle at IC is set
to 0°. During CP phase, the prosthesis foot needs to absorb
the impact force and then adapt the human ankle to terrains
with different slopes. Controlled dorsiflexion (CD) phase,
which starts at FF and ends when the ankle achieves at a
maximum dorsiflexion (MD). During CD phase, the prosthe-
sis foot needs to provide vertical support for amputees and
stored energy in the elastic component of the SGFB actuator.
Powered plantarflexion (PP) phase, which starts at MD and
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FIGURE 1. The torque-angle profile and the gait phases of a typical
able-bodied human ankle (70 kg, 1.25m/s). IC, FF, MD and TO mean initial
contact, foot flat, maximum dorsiflexion and toe off respectively. CP, CD,
PP, SW mean Controlled plantarflexion, Controlled dorsiflexion, Powered
plantarflexion and Swing respectively. The arrows next to the
torque-angle curve show the motion direction during an intact walking
gait cycle.

ends with toe-off (TO). During PP phase, the prosthesis foot
releases the energy stored in the previous phase and needs
to provide suitable torque to push-off the human body. The
hatched area indicates the net positive work provided by the
human ankle during an intact walking gait cycle. Swing (SW)
phase, which starts at TO and ends with the next IC. During
the SW phase, the prosthesis foot need to be reset for the
next IC.

B. ELECTROMECHANICAL MODELING OF THE SGFB
PROSTHESIS FOOT

A standard SEA model comprises of a motor, transmissions
and a series compliance (see Fig. 2(a)). The compliance is
normally implemented as a spring between the output of the
transmissions and the load. By using this structure, the actu-
ator system has an increased shock tolerance at heel strike
and stores energy when it is providing high resisting torque
during the CD phase. The geared five-bar spring mechanism
presented in our previous research is depicted in Fig. 2(b).
The geared-five bar spring system is composed of five link-
ages, a parallel spring, a pair of gears fixed on two nonad-
jacent linkages and five rotary joins. Therefore, the freedom
can be calculated from (1). Due to the benefits of abundant
design parameters, the geared five-bar spring (GFBS) mecha-
nism can closely replicate the desired nonlinear torque-angle
relationship (during the CD phase of walking) after proper
optimization.

The SGFB foot is proposed by combining theories of
the standard SEA and the GFBS mechanism. As illustrated
in Fig. 2(c), the SGFB actuator is formed by using a motor
to change the distance |AE| through the implemented trans-
missions. During an intact walking gait cycle, the change of
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FIGURE 2. The geometric configurations of different models (a) the
standard SEA (b) the GFBS mechanism (c) the SGFB actuator. The joint A
is selected as the ankle joint. The joint A and B are fixed on a carbon fiber
foot.

distance |AE]| alters the compression of the series spring and
the mathematical equations governing the torque produced
around joint A, making the SGFB actuator equivalent to a
standard SEA actuator. Then, the torque produced by the
GFBS mechanism around the ankle joint A can be changed
when the angle /BAE remains at a certain value. Hence,
the additional energy can be injected to the SGFB foot by
the variation of the distance |AE|. In this way, the favorable
attributes of both the standard SEA and the GFBS mechanism
are inherited by the SGFB actuator. Moreover, the complexity
of the whole prosthesis foot has been reduced to an accept-
able level by the integration of the GFBS mechanism, DC
motor and the required transmissions. When we calculate the
freedom, the new mechanism can be equivalent to a geared
six-bar mechanism consisting of six linkages, a spring, a pair
of gears, five rotary joints and one linear joint. Therefore,
the freedom of the new mechanism can be derived from (2).

nGFBs=4X3—2X5—1=l (1)
INEW =9 x3-2x5-2—-1=2 2)
In according to the force condition depicted in Fig. 3, the

torque produced by the SGFB actuator at ankle joint A can
be derived. To simplify the mathematical equations, bar is
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FIGURE 3. The force condition of the SGFB actuator. The distance |AE| (Ilo)
can be changed by the rotation of the DC motor.

placed horizontally. The symbols used in the calculation are
defined in Table 1:

The SGFB actuator has its initial status with values of / ?, lg
and equilibrium angle 69, 98. The equilibrium angle means
the angle value when there is no force in the spring. Then, the
torque M7 during the whole gait cycle can be derived from the
following equations:

=104 Ax,0; =60 + A0,6; =60 + A0/r  (3)

2w e
[~ 2+ |EC| -

fs=tan"(———=) + cos ' (————=+—) @)
Xc — Xg 2s ‘EC‘

xp =11 cosB) + Is cos b5, yp = [1 sinO; + 5 sin b5
(5
Fs = k(ls — 19) = k(/ G — 38)° + Op — y8) — 1)
(6)
Fssinfs = F| sinfs5 + F; sin 04 7)
Fs cosfs =F] cosBs + F>cosby ®)

M; = Fy1; cos(6 — 65 — %) + Folysin(6s — 05)  (9)

Once A6(the ankle angle) and Ax(the change of distance
|AE|) are known, the torque M| can be derived by the above
equations, which can be rewritten to a function:

Mi = ¢(Ax, A6) (10)

The transmissions between the DC motor and Ax com-
posed of a timing pulley (95% efficiency) and a ball screw
(90% efficiency). The motor pulley and the ball screw pulley
have 22 and 20 teeth respectively. A 2.5mm lead ball screw
is used for transforming the rotation of the DC motor to the
linear motion of the joint E with high efficiency. Therefore,
the torque 7, and displacement 6,, of the motor can be
obtained by:

Fy cos(05 — 61 + 1) Nbs X Np(P < 0)
TbsTp Nbs XTp
Om = AXx X rpg X 1 (12)
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TABLE 1. Symbols used in the electromechanical modeling.

Symbol Description
6,,6,.,0,,0; Angle between the bars and the horizontal line
23 Angle between the spring and the horizontal line
AO Ankle angle, which is 0°when the human foot reaches IC
Ll Length of the five bars, /; means the distance
PR |AE |specifically
I8 Length of the spring
F,F,F, Reaction force of bar CD, DE and the spring at joint D
Ax The change of distance |AE |
M The torque produced by the SGFB actuator around ankle
! joint 4;
Gear ratio, timing pulley ratio and the transmission ratio
r’ r} > r).?
v of the ball screw
o1, The efficiency of the ball screw and the timing pulley
k Spring stiffness

According to the electrical full DC motor model [27], [28]
and considering that the energy losses caused by inertial
torque can be neglected during periodic human walking [49],
the electrical power requirement can be determined by:

9 +T,
im = V’"mkﬁ (13)
t
di . 6!
Vi = Ld—;" + Ryiy + ﬁ (14)
P =iy (15)

where L is the motor’s terminal inductance, kj, is the motor’s
speed constant, k; is the motor’s torque constant, Ry, is the
motor’s terminal resistance and vy, is the motor’s damping
coefficient value. All these parameters can be obtained and
derived from the Maxon motor’s datasheet.

C. PARAMETERS OPTIMIZATION

The parameters of the SGFB actuator are optimized to
achieve two goals. Firstly, the SGFB actuator has the bene-
fits of the GFBS mechanism to closely mimic the nonlinear
torque-angle relationships during the CD phase without com-
plex tracking control. Therefore, in our design, the nonlinear
torque angle profile during the CD phase can be replicated
by using a certain value of Ax. Secondly, the additional
active energy is injected into the prosthesis by changing the
distance |AE|. During the CP, PP and SW, the distance |AE|
has a function of Ax.The parameters of the SGFB actuator
and the function Ax need to be optimized to reduce the
required motor peak power. Meanwhile, the torque produced
by the SGFB actuator also need to mimic the torque angle
profile of the human ankle during CP, PP and SW phases.
To achieve these two goals, the optimization function is built
by discretizing the whole walking gait data into 1000 points,
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TABLE 2. Optimal parameters of the SGFB actuator.

Parameters Values

Initial distance / (mm) 292

Bar length /,,/,,/,,[; (mm) 44.1,24.9,65.7,52.3

Initial equilibrium angle 910,6’30 (rad) 1.7,2.6
Gear ratio 7 1.75
Spring stiffness & (N/m) 208948
a, b, c 0.41,-0.31, 0.08

shown as following:

&1, b, I3, 14, 15, 69,69, r, k, Ax)
1 1000
> (T — Mp)*+ max{P;, i =1...1000} ~ (16)

~ 1000 -
=1

where l?, b, 13,14, s, 0?, 92, r, k, Ax are optimization vari-
ables, n is the number of discrete points in CD phase. Once
these optimization variables are known, the torque My can
be derived by (9). The electrical power P is calculated at each
walking gait point. To smooth the function of Ax and simplify
the required control, we use a cubic polynomial function to
depict the variation of Ax. Then the optimization variable Ax
is replaced by a, b, c:

Ax = ax’ + bx* + cx (17)

D. OPTIMIZATION AND SIMULATION RESULTS
The genetic algorithm function in the MATLAB toolbox
is used to conduct the optimization. The start points are
set according to the optimization experience of the GFBS
mechanism. During the optimization, the size constraints are
also set to make sure the mechanical design feasibility and
compactness. The optimization results are shown in Table 2.
The SGFB actuator is modeled and optimized to closely
mimic the torque angle relationships of the intact human
ankle. With above optimal values, the simulation results of
the SGFB prosthesis foot are illustrated in Fig. 4. To better
evaluate the benefits of the SGFB actuator, two strategies
named active and semi-active are proposed to be performed
in this research. In active strategy, the prosthesis is fully
powered and give additional energy during the PP phase.
In contrast, the prosthesis adjusts Ax to match the rotation
of the ankle joint in the CP phase and doesn’t inject energy
during PP phase in the semi-active strategy. In both of the two
strategies, the prosthesis foot need to be reset to the initial
status during the SW phase. The simulation results show that
the SGFB prosthesis can replicate the torque angle profiles
of the human ankle during the CD phase without complex
control by fixing the distance |AE| around a certain value
(8mm). In active strategy, with the variation of Ax from Omm
to 60mm, the SGFB actuator can inject enough net active
energy into the prosthesis. The peak power of the prosthesis
is calculated from the simulation with a value of 146W.
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FIGURE 4. The simulation results of the SGFB prosthesis with the active
and semi-active strategies.

Ill. MECHANICAL DESIGN, ELECTRONICS AND CONTROL
STRATEGY

A. MECHANICAL IMPLEMENTATION OF THE SGFB
PROSTHESIS FOOT

The prototype of the SGFB prosthesis foot contains a SGFB
actuator, a carbon fiber foot, a connect tube and an emulator
(Fig. 5). The SGFB actuator mainly consists of a GFBS mech-
anism, a DC motor, a timing pulley and a ballscrew. Consid-
ering the requirements of the actuator on torque, speed and
peak power, the prosthesis is actuated by a 150W DC motor
without gearbox (Maxon motor, Graphite Brushes). A pairs of
custom timing pulleys are used to transfer the rotation from
the output of the DC motor to the ballscrew (TBI, SFK0802.5,
2.5mm lead). The drive pulley connected to the motor and the
pulley driving the ballscrew have 22 and 20 teeth respectively.
Hence, the change of Ax can be achieved by the rotation of
the implemented DC motor. The GFBS mechanism is made of
aluminum alloy and the custom spring is made of spring steel
(60Si2MnA) with an initial length of 83mm and a stiffness
of 210 N/mm. Considering the behavior of the human ankle
during the CP and CD phases, the spring unit is designed
to be able to do extension and compression within small
mechanical clearance. Therefore, the spring unit can absorb
the impact moment around the ankle joint generated at heel
strike before the motor adjusts Ax to make the foot flat.
In addition, the unique structure of the SGFB prosthesis foot
makes it easier to change the spring for different weights of
the amputee. The GFBS mechanism is deployed on a carbon
fiber foot chosen to absorb the impact force at the heel strike.
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FIGURE 5. The prototype of the SGFB prosthesis foot used in the
preliminary experiment. A 3D printed tube is used to connect the SGFB
prosthesis foot and the emulator. The DC motor and the ballscrew are
fixed on the shank made of aluminum alloy. The microcontroller and
ESCON drive are put inside cases fixed on the tube.

The applied embedded electronics are fixed on the shank,
which connects the emulator and the prosthesis foot.

B. EMBEDDED ELECTRONICS

The embedded electronic systems (Fig. 6) of the SGFB pros-
thesis foot include a high-level controller implemented on
an embedded board, a low-level current controller for the
Maxon DC motor, a signal acquisition and processing system,
a communication module and a power module.

A commercial STM32F407ZGT6 micro controller board
is chosen to be the main embedded board due to its high
frequency clock of 168 MHz with real-time performance,
multichannel A/D and D/A converters with high accuracy and
abundant ports for communications under different protocols
(3 SPI, 3 I2C and 4 USART). The Maxon DC motor is
driven by a Maxon current controller ESCON 50/5 which
can provide an inner current PID loop (low level control)
at 10 kHz. The motor current and motor rotation speed
are recorded and sent to the micro controller board by the
ESCON drive at 1 kHz. The current to the ESCON drive
is also recorded by the micro controller by a current sensor
at 1 kHz. Three force sensing resistors (FSR 406) are used
to detect the contact between three different sectors of the
carbon fiber foot and the ground. The values of the three FSRs
will be collected by the micro controller board and converted
into the current gait information by the applied finite state
machine introduced in the following section. An incremental
magnetic rotary encoder (500 turns, 3 channels) is integrated
on the DC motor to detect the current rotary position of
the DC motor. Another absolute magnetic rotary encoder
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FIGURE 6. Block diagram of the embedded electronic modules within the
SGFB prosthesis.

(AMS AS5048A) is deployed on the prosthesis ankle joint
to measure the current ankle angle between the shank and the
carbon fiber foot.

The ESCON motor driver is powered by a 48V power
supply and connected with two long wires. The micro con-
troller, encoders and FSRs are powered by a 5V power
module including a power converter module (input 5V-80V
to output 5V-20V) and a 7.4V lithium battery. During the
experiment, the micro controller communicates with a laptop
for starting, ending, reporting error information and adjusting
the parameters used in the code of the controller through
a Bluetooth module connected with the micro controller by
an onboard serial port (Bluetooth Specification4.0BLE, baud
rate 115200). The code is downloaded into the micro con-
troller through the JTAG and USB ports. All sensor’s data
will be recorded in a 32 GB SD card at 250 Hz.

C. TWO CONTROL STRATEGIES WITH FINITE STATE
MACHINE

To evaluate the performance of the SGFB prosthesis foot on
the torque angle relationships during the CD phase and the
energetic features of the actuator during the PP phase, two
modes with different control strategies are implemented on
the SGFB prosthesis: Semi-active mode and active mode.
In both modes, during CP phase, the prosthesis needs to
adjust Ax to follow the rotation of the human ankle until
the foot flat. During CD phase, the prosthesis stores energy
in the series spring and provides the ankle joint the similar
torque angle relationships with the human ankle by the GFBS
mechanism in the SGFB actuator. As explained in Section II
D, the difference between the two modes is whether there is
positive energy injection during the PP phase. In the active
strategy, during the PP phase, the SGFB actuator needs to
follow the trajectory of Ax according to the current angle, so
that the SGFB prosthesis could provide desired net positive
energy to achieve similar torque angle relationships with the
human ankle. In the semi-active strategy, during the PP phase,
the SGFB prosthesis hold on the position of the motor waiting
for the Toe-off. During the SW phase, in both strategies, the
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FIGURE 7. The schematics of the controller used within the SGFB
prosthesis foot.

TABLE 3. The finite state machnie used in the high-level controller of the
SGFB prosthesis foot.

State  Forefoot ~Midfoot  Hindfoot Gait phase
Early control plantarflexion
1 OFF OFF ON
phase (ECP)
Late control plantarflexion
2 OFF ON ON
phase (LCP)
Control dorsiflexion phase
3 ON ON ON
(CD)
Early plantarflexion phase
4 ON ON OFF
(EPP)
Late plantarflexion phase
5 ON OFF OFF
(LPP)
6 OFF OFF OFF Swing phase (SW)

On means the sensor are sensing a value greater than the set threshold, while
off means the value is less than the threshold.

SGFB actuator needs to be reset to the initial status to prepare
for the next heel strike. Several studies use the PD controller
[50]-[52] while the classic position PID controller is used as
the high-level controller to track the trajectory of Ax in our
research, as shown in Fig. 7.

The high-level controller is a classic position PID con-
troller with a position loop at 1 kHz and an inner current
loop at 10 kHz. The trajectory generator will generate the
next desired angular rotation angle Or‘ffs of the DC motor
based on the desired torque-angle profile, current ankle angle
and current gait information. Then the set current iy, will be
derived and given to the low-level controller implemented on
the ESCON drive. The ESCON drive is set as a motor driver
with a current loop at 10 kHz. A tuned PI controller is used
inside the current loop.

To detect the current phase during normal level ground
walking, the finite state machine is used in this research
with three FSR sensors attached on the forefoot, midfoot and
hindfoot. The finite state machine is illustrated in Table 3.
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FIGURE 8. A volunteer wearing the SGFB prosthesis foot through an
emulator.

The whole walking gait is divided into 6 phases. Due to the
using of an FSR sensor on the midfoot, the CP and PP phase
can be separated into early and late phases. Then, combining
with the sensor information about the current ankle angle,
the controller might get more detailed information about the
current walking gait and improve the dynamic performance.

IV. EXPERIMENTAL TEST AND EVALUATION

The experiment is conducted on a treadmill with an able-
bodied volunteer wearing an emulator [53]-[57], as shown
in Fig. 8. The treadmill experiment can preliminarily evaluate
the performance of the SGFB prosthesis on dynamic charac-
teristics and energetics.

A. PARAMETERS TUNING

Before conducting the test on the treadmill, the parame-
ters of the high-level controller and the low-level controller
need to be tuned to closely track the trajectory of Ax. The
proportional and integral values of the PI controller in the
current loop is auto tuned by the Maxon ESCON studio,
which has been used and proved to be efficient in several
studies. The proportional, integral and derivative values of
the PID controller in the position control loop is tuned dur-
ing the experiment. Due to the kinetic and kinematics of
the human ankle, the requirements of the controller in dif-
ferent phases are quite different. In our research, the PID
parameters are tuned for all phases respectively. In the CP
phase, the prosthesis needs to quickly follow the rotation
of the human ankle with a quite small torque during the
movement. In the CD phase, the controller needs to hold on
the position of the DC motor. The Position PID controller
is changed into an efficient simple PI controller by setting a
high proportional value, low integral value and 0 differential
value. In the PP phase, the motor needs to inject active energy
to the prosthesis. Hence, the values of the PID controller
is tuned iteratively by our experience on PID turning. The
PID controller is initially set with a soft impedance. Then
the proportional value and integral values are increased with
increasing controller impedance. Considering the trajectory
of Ax and the kinematics of the volunteer, the PID parameters
for the PP phase are carefully tuned after a week online
tuning. During the tuning process, the volunteer is walking
on the treadmill with our emulator system at 1.2m/s. In the
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FIGURE 9. The walking trial conducted on a treadmill with a volunteer
wearing the SGFB prosthesis through an emulator.

SW phase, the prosthesis is quickly and precisely reset to the
initial status. Besides, small overshoot is permitted during this
tuning process. The parameters of the PID controller for all
phases are recorded in the high-level controller implemented
on the embedded board STM32F407ZGT6.

When switching between different phases, the PID gains
need to be set specifically and the integral term will be set to
0. From the CP phase to the CD phase, the switching causes
slight shock since the required torque during the CP phase is
very small. From the CD phase to the PP phase, the integral
term is set to a tuned value after setting the PID gains to
reduce the amplitude and duration time of the shock. From
the PP phase to the SW phase, there is no heavy shock in the
switching process since the ankle torque is also very small
when the Toe Off is detected. In the late SW phase, the PID
gains will be set for the next CP phase after the ankle foot has
been reset to the initial status without any torque around the
ankle joint. Therefore, the problem caused by switching PID
gains between different phases is alleviated to an acceptable
level.

B. WALKING TEST ON THE TREADMILL

With the tuned parameters of the two controllers, the subject
walks with the SGFB prosthesis foot on the treadmill where
the speed is set at 1.2m/s. A high-speed camera (Logitech,
19201080 150fps) is used to capture the walking locomo-
tion. After two weeks training, the subject can comfortably
walk with the SGFB prosthesis foot through the emulator
system. Then, six trials are conducted where the subject needs
to walk for 5 minutes in each experimental trial. The SGFB
prosthesis are evaluated in two modes where each mode
comprises of three trials. Fig. 9 shows an intact walking cycle
of the amputee wearing the SGFB prosthesis on the treadmill.
The sensor data during six trials are collected by the inte-
grated signal acquisition system and recorded in the onboard
SD card. The motor angular position 6,, is recorded by the
integrated incremental magnetic encoder and the change of
the ankle angle A6 is recorded by the integrated absolute
magnetic encoder. Then the torque provided by the SGFB
prosthesis foot at the ankle joint can be derived by (10).

Fig. 10(a) shows the comparison of the referenced able-
bodied human ankle and the SGFB prosthesis foot on torque
versus ankle angle curve during an intact walking gait cycle in
the preliminary experiment walking test. The results indicate
that the torque angle relationship produced by the SGFB
prosthesis foot is similar to that of the able-bodied human
ankle during the whole walking gait cycle in the active mode.
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FIGURE 10. The experiment results of the SGFB prosthesis foot walking
on the treadmill. (a) the torque angle relationship, (b) the ankle angle,
(c) the angular position of the Maxon RE40 motor. The toe-off is pointed
by arrows in (b).

This means the SGFB actuator can inject desired positive
energy during PP phase. In both semi-active mode and active
mode, the SGFB prosthesis can provide healthy torque fea-
tures as we optimized and designed during the CP phase
and CD phase. It should be noticed that, from FF to MD,
the torque produced by the SGFB prosthesis foot is slightly
smaller than that of the human ankle. This is due to the
mechanical clearance existed in the mechanical transmission
systems, especially in the gears and the pulleys. Compared
with the ideal desired torque angle relationships, the torque
of the SGFB prosthesis foot with the applied high-level con-
troller increases sharply when the heel off is detected after
MD. Then the torque decreases to be 10 Nm smaller than the
referenced data until the ankle angle reaches at —4°.

Fig. 10(b) shows the recorded data of the ankle angle
collected by the AS5048 absolute magnetic encoder mounted
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FIGURE 11. The power at different measured points during the whole walking gait cycle. The gray line depicts the ankle power calculated from Winter's
data. The motor power and the source power are the electrical power measured at the motor and source point. The test ankle power and the Winter
ankle power means the mechanical ankle power of the tested subject and the subjects in Winter’s research respectively.

between the shank and the carbon-fiber foot. The ankle angle
is used to evaluate the walking gait. The normal walking gait
means the ankle angle of the volunteer is similar to that of
the averaged able-bodied human ankle data. It can be known
that the subject wearing the SGFB prosthesis foot in semi-
active mode has a smaller range of the ankle angle from —6°
to 12°, compared with that of the able-bodied human ankle.
This abnormal walking gait is due to the insufficient energy
feature during the PP phase. Compared with the semi-active
mode, the active mode enables the SGFB prosthesis foot to
provide the subject a better walking gait when we look at the
ankle angle of the volunteer and the referenced data. In the
active mode, the rotation range of the ankle angle is from -
13° to 11°. Compared with the semi-active mode, the active
mode increased the range of the ankle angle by 6 degrees by
injecting positive energy during PP phase. The difference of
the ankle angle of the subject wearing the SGFB prosthesis
foot in active mode with the referenced data may due to the
individual diversity between the subject in this research and
the subjects in Winter’s research. Another important phe-
nomenon (labeled in Fig. 10(b)) is that the subject wearing the
SGFB prosthesis foot in semi-active mode reaches TO earlier
at 57% of the walking gait cycle when compared with the
able-bodied human ankle reaching TO at 65% and with the
SGEFB prosthesis in the active mode reaching TO at 68%. This
means the energy features of the human ankle will change
the distribution of different gait phases in the whole walk-
ing gait. The insufficient energy feature of the semi-active
mode will shorten the PP phase. Besides, the torque angle
relationship of the SGFB prosthesis foot provides the subject
a similar walking gait with the able-bodied human during the
CP phase and CD phase in both semi-active mode and active
mode.

Fig. 10(c) shows the angular position of the Maxon
RE40 DC motor. The high-level controller enables the actu-
ator to approximately track the desired trajectory of Ax
depicted in Figure 4. It can be clearly seen that, the SGFB
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prosthesis in semi-active mode reaches TO earlier than that in
active mode. Besides, the high-level controller can effectively
reset the SGFB prosthesis foot to the initial status with a small
overshoot at 88% of the walking gait.

C. POWER TRANSFERRING AND ENERGY CONSUMPTION
One of the main design principles of the SGFB prosthesis
foot is to inject enough positive energy during PP phase by
improving the efficiency of the actuator system. The previous
section has proven that the SGFB prosthesis foot in active
mode can approximately mimic the behavior of the able-
bodied human ankle by injecting additional energy during
different phases. In this research, the source power of the
whole prosthesis system Pg, the motor electrical power Pg
and the actual output power of the ankle joint Pa are cal-
culated to evaluate the performance of the optimization pro-
cess on reducing the required peak power by improving the
efficiency of the actuator system. The programmable power
supply is set to 48V considering the nominal voltage of the
Maxon RE40 is 48V. The current from the programmable
power supply to the ESCON drive is measured by a current
sensor (ACS712, 0-5A) and recorded at 1 kHz. As described
in section 3.2, the motor current and speed are outputted
by the ESCON drive. Then, the motor voltage v,, can be
derived from (14). The torque at the ankle joint is derived
in Section IV.B. The rotation speed 6} of the ankle joint
is calculated by the derivation of the ankle angle recorded
by the magnetic absolutely encoder AS5048A. From these
parameters, the source power of the whole prosthesis system
Pgs, the motor electrical power Pg and the actual output
mechanical power of the ankle joint (test ankle power) Pa
can be calculated by multiplying the corresponding voltage
and current or torque and rotation speed during the whole
walking gait cycle, as shown in Fig. 11.

Compared with the referenced Winter data, the test subject
shows similar peak power and positive energy requirement
during the walking gait cycle. The detailed values of the
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TABLE 4. Peak power and energy consumption.

Measured Point Peak Power W Energy J Efficiency %
Source Power 195 38.5 100
Motor Power 132 244 63.4

Test Ankle Power 202 13.6 353
Winter Ankle Power 234.4 15.5

The peak power is the average of the maximum power during every
stride performed in the three trials where the SGFB prosthesis foot is set
to the active mode, the energy is derived by integrating the power over all
the strides and divided by the number of the strides, the efficiency is the
ratio of the energy measured at the current point and the energy measured
at the source power point.

peak power and energy consumption are listed in Table 4.
To provide the amputee with similar walking gait, the SGFB
prosthesis foot needs to generate 202 W power at the ankle
joint and inject 13.6 J net positive energy. The 13.6 J net
positive energy is provided by the whole SGFB prosthesis
foot with an energy efficiency of 35.3%. The peak power of
the motor is reduced by 34% from 202 W of the ankle joint
to 132 W of the Maxon RE40 motor. The decrease of the
peak power of the motor from 146W in simulation to 132W
in experimental trials may due to the using of the hand to
keep balance during the walking gait. It should be noticed
that, the programmable power supply still needs to provide a
peak power of 195 W and an energy consumption of 38.5 J.
The use of the ESCON driver and the Maxon RE40 motor
leads to an energy efficiency of 63.4%, which is acceptable
compared with other actuator systems applied in the active
prosthetic systems.

In [26], the motor need to consume around 5W to hold
on the motor position in the CD phase under 110Nm ankle
torque. However, our prosthesis consume 2W to hold on the
position. This is due to the friction force existed in the trans-
missions and the GFBS system is bigger than that of [26].
Therefore, only small power is detected after using of a filter
to smooth the curve.

D. EFFICIENCY EVALUATION OF THE MOTOR

In order to clearly evaluate the benefits of the optimization
process on reducing the peak power of the actuator system
by considering the efficiency of every parts within the whole
active prosthesis system and using of the new SGFB actuator
system, the motor current and speed during the treadmill trials
are depicted in Fig. 12(a) and (b). The Maxon RE40 DC
motor reaches a maximum current of 3.3 A and a maximum
speed of 5447 rpm, which is under its limits for continuous
operation. Furthermore, the motor torque and the motor speed
are visualized on an power efficiency map in Fig. 12(c),
according the methods of modeling of geared DC motor
for power efficiency [27]. To evaluate the power efficiency
of the DC motor at high power condition, we labeled the
trajectory of the motor torque and the motor speed with a
power over 70W during the treadmill walking trial. It can be
clearly seen that the DC motor operates at the high efficiency
area (over 70%) when the power of the motor is larger than
70 W. This shows the benefits of the optimization process.
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FIGURE 12. The current and speed of the Maxon RE40 motor during
several walking gait cycle in the treadmill trial. (a) and (b) depict the
motor current and motor speed during several walking gait cycles.

(c) visualizes the motor torque and speed on an efficiency map of the
Maxon RE40 motor. The operation of the motor is labeled by the green
color while the motor power is larger than 70W.

By considering the efficiency of every parts within the whole
active prosthesis system and using of the new SGFB actuator
system, the peak power can be reduced by improving the
efficiency of the DC motor when it’s providing high power
output.

V. CONCLUSION

In this research, the authors proposed the SGFB actuator for
the active prosthesis foot based on the geared five-bar spring
system. The SGFB actuator has the benefits of both the SEA
actuator and the GFBS mechanism and is able to approx-
imately mimic the biomechanics of the human ankle and
reduce electrical motor requirements. The experiment results
of the prototype of the SGFB prosthesis foot show that the
SGFB prosthesis foot provides the test subject biomechanics
similar to the referenced Winter data. Both the semi-active
mode and the active mode can provide healthy biomechanics
during the CD phase. The lack of positive energy injection in
semi-active mode leads to a change in walking gait, especially
the distribution of different phases and a reduction of ankle
plantarflexion during an intact walking gait cycle. This also
demonstrates the importance of providing net positive energy
in prosthetic feet. Furthermore, the experiments of the SGFB
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prosthesis foot will be conducted on lower-limb amputees to
furthermore evaluate the performance of the whole prosthesis
foot system in the future.

By considering the efficiency of every part within the
SGFB prosthetic foot, the electromechanical model of the
whole prosthesis system is built. Thanks to the optimization
of different parameters with the electromechanical model on
reducing the peak power, the SGFB actuator can provide
enough positive energy during the whole walking gait cycle
with an energy efficiency of 63.4%. This leads to a normal
walking gait during the level ground walking on a treadmill
at 1.2m/s. The experimental trajectory of the motor torque
and the motor speed on an power efficiency map of the DC
motor indicates that the efficiency of the actuator is improved
by operating the high-power tasks (over 70W) in the high effi-
ciency area of the motor. It should be noticed that even though
the peak power of the DC motor has been effectively reduced
to 132 W, the whole prosthesis system still has an overall
energy efficiency of only 35.3%. In long-time daily using
condition, this will lead to a high battery capacity require-
ment. How to handle the tread-off on reducing the peak power
and the energy consumption of the SGFB prosthetic foot will
be studied in the future. In total, the design, optimization
of the new prosthesis improved the performance when we
compared it to our previous design. The previous one can only
mimic the walking gait very slowly due to the insufficient
design of the actuator system. Besides, the control strategy
provide the prosthesis potential adaptability to terrains with
different slopes in the CP phase. The overall energy efficiency
also show that the efficiencies of the ball screw and the timing
pulley may be lower than the given value. Considering that,
the transmission system should be more detailed calculated
and modeled in the next generation prosthesis.

As shown in Fig. 10, there is difference between the exper-
iment results with the Winter’s data. However, the volunteer
gives very positive feedback about the prosthesis that it can
give stable support and suitable pushing effort. The walking
frequency (0.6Hz) is slightly lower than normal people (0.7-
0.8Hz), but it is still acceptable. Therefore, the difference
in Fig. 10 may due to the difference between different peo-
ple’s walking gait. Hence, the control parameters and the
spring stiffness need to be tuned for different users. Further-
more, the SGFB prosthesis foot also shows other limitations
due to its mechanical performance. The gears and pulleys lead
to mechanical play when the rotation of the ankle angle is
reversed. In the preliminary experimental trials, the mechan-
ical parts around the gears get worn easily after the first
50 hours of the operation. Then, the mechanical play becomes
completely unacceptable when the SGFB prosthesis foot
has been used for 100 hours continuously without overhaul.
Hence, the mechanical structure of the SGFB prosthesis foot
will be totally optimized to make it lighter and more reliable.
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