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Abstract—Recent advances in robotics technology pro-
vide great support for robotic leg prostheses to realize
full biomechanical functionalities of the contralateral leg.
In order to reproduce the biomechanical behaviors of the
contralateral leg, this paper addresses biologically inspired
deadbeat control of robotic leg prostheses under different
terrain conditions including level ground, stairs ascent and
descent. The proposed control method is based on the
ground reactive force (GRF) of the contralateral leg during
walking. The trajectories of center-of-mass (CoM) are en-
coded by the corresponding polynomial splines. Then, the
control of the robotic leg prosthesis is designed by replicat-
ing the motion of the user’s contralateral leg. Compared to
most existing results, our approach does not require any
pre-knowledge of the exact physical parameters. Finally,
experiments are conducted to show that the prosthesis
can help the user walk smoothly under various terrain
conditions.

Index Terms—Biologically inspired, deadbeat control,
robotic leg prostheses, motion imitation.

I. INTRODUCTION

Evolving over millions of years, human walking has gained
optimal locomotion for various terrain conditions [1], [2].
Recently, transferring human walking skills to the robotic leg
prosthesis attracts growing research interests [3], [4]. However,
there are two challenges in controlling the robotic leg prosthe-
sis. The first challenge is how the human walking behaviors
can be smoothly adapted to various terrain conditions. The
other challenge is how the robotic leg prosthesis can be
controlled without complex and empirical preconfigurations.

To address these challenges, many works focused on the
redesign of the structure of the robotic leg prosthesis. For
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lower-limb amputees, the design of robotic leg prostheses
in general is either transtibial (below-knee) or transfemoral
(above-knee). For instance, in [5], the leg prosthesis was
designed to reproduce bio-mechanical functions of the con-
tralateral leg, with the carbon fiber leaf spring mounted on
the ankle and the damping resister on the knee. The passive
knee can reproduce the energy cycle process of normal human
walking and realize the minimum energy consumption on level
ground. For the ankle joint, in [6], the leg prosthesis can
reproduce the strike absorption function of the contralateral
leg for a number of terrain conditions. The pneumatic structure
was introduced for the leg prosthesis to enable the bio-
mechanical function of normal human ankle joint, to realize
the heel-strike behavior and the push-off behavior to minimize
energy expenditure. For the knee joint, in [7], the damping
resister offers the damping resistance for the leg prosthesis
to dissipate redundant energy and realizes smooth walking
behaviors. Moreover, when incorporating with an electronic
control unit, the dampers can emulate various biomechanics
of the contralateral leg in various terrain conditions. However,
these methods only work well in the preset scenarios and can
not adapt to different walking terrain conditions.

Besides the design of the structure of the robotic leg
prosthesis, various intelligent controls have been widely used
in the works of [8], [9], and [10]. Based on the advances of
motor and microelectronic technologies, many novel control
methods have been presented (cf. [11] and [12] to name a
few). In [13], a mode-specific classification technique was
proposed for the control of the robotic leg prosthesis. By
collecting and analyzing the data (e.g., the knee and ankle’s
angle, velocity, and motor current), the mode-specific classifier
system was realized to enable smooth transitions between
different walking behaviors. Moreover, by investigating the
torque-angle curve of the contralateral leg for different walking
tasks, the proposed controller can adaptively regulate the
impedance characteristics of the leg prosthesis to smoothly
switch between walking behaviors and achieve optimal loco-
motion [14]. With the relationship between the myoelectric
signals and the angle and torque of the joints, the change of
myoelectric signals was investigated to predict the upcoming
mode transitions [15], [16], [17], which improves the control
performance of robotic prostheses in various walking modes.
In [18], a learning approach was proposed to regulate the
impedance parameters of the leg prosthesis. However, this
learning approach was based on the invariant locomotion tra-
jectories observed from unimpaired human walkers. Moreover,
the initial parameters need to be tuned experimentally by
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clinicians. In [19], the method based on fuzzy logic inference
was proposed to encode the human walking experience to
regulate the control parameters of the leg prosthesis, which
reproduces the able-bodied knee’s trajectory during walking.
However, this method heavily relies on the knowledge of
human walking and requires more sensors. In [20], a gain
learning control method was proposed to correct the joint’s
torque of the leg prosthesis to mimic the behavior of the the
intact limb of subject. However, this method needs the inverse
dynamics of the leg prosthesis to estimate the ankle’s torque,
which limits its use in a laboratory environment.

Despite the advantage of adaptive control, there exists a ma-
jor challenge in the configuration of the robotic leg prosthesis
[21], [22], [23]. That is, prostheses need more complex precon-
figurations and empirical tuning of its control parameters [24],
[25]. In [26], [27] and [28], the control parameters have to
be tuned individually for different prostheses. However, there
does not exist a systematic approach to guide the parameter
tuning for different configurations with different prostheses.
Hence, it is crucial to find a model-free control approach such
that, without complex preconfigurations and empirical tuning
of control parameters, the controller can smoothly achieve
walking behaviors without exact knowledge of dynamics of
leg prostheses among different walking tasks.

It is observed from human walking experiments that the
trajectory of human body’s CoM and the change of leg forces
during the stance phase can be encoded by polynomial splines
[29]. Inspired by this observation, many results exploited
polynomial splines for the control of robotic leg prostheses.
However, these studies need complex precongurations and
empirical tuning of control parameters for the leg prosthesis to
perform different walking tasks. In [30], the control strategy
was proposed for the leg prothesis, which increased and
decreased the joints’ stiffness during different walking phases.
However, this control strategy has to be predefined for different
walking tasks. In [31], the employed control method combined
with the impedance-weight-bearing portion’s framework for
the regulation of trajectory of the leg prosthesis. However,
this control method was only proposed for the level ground
walking and needs empirical tuning of control parameters of
the leg prosthesis. In [32], the prosthesis controller is based
on hybrid zero dynamic model and is robust to continous
moderate perturbations with the complex precongurations of
the leg prosthesis. In [33], a classifying method has been used
to recognize different terrain types. By predefining the initial
parameters, the environmental features can be obtained and
integrated within the motion control of leg prosthesis.

Aligned with previous researches, we proposed a control
method based on polynomial splines to enable smooth transi-
tions among various walking behaviors. Motivated to transfer
normal human walking behaviors to the robotic leg prosthesis,
our control method can adapt walking behaviors for different
terrain conditions without complex preconfigurations and em-
pirical tuning of control parameters of the leg prosthesis.

The contributions of this paper include: a) The walking of
the leg prosthesis is encoded by polynomial splines using the
initial position, the end position, and the time interval between
steps, recorded by Inertial Measurement Unit (IMU) mounted
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Fig. 1. Ground reactive force (GRF) of the contralateral leg during
stance phase

on the contralateral leg of subject. The walking trajectories
can be reshaped according to different walking tasks, without
complex pre-configurations and empirical tuning of the leg
prosthesis. b) The proposed control method can smoothly
achieve walking behaviors and diminish the overshoot of input
torques caused by the large initial error at the beginning of
the transient response, without exact knowledge of dynamics
of leg prosthesis among different walking tasks.

Il. HUMAN WALKING EXPERIMENTS AND PLANNING
METHOD FOR WALKING TRAJECTORY

As indicated in [29], the trajectories of the CoM can be
encoded by the polynomial splines. The GRF profile has been
recorded during the human-walking experiment on the force
plate, as shown in Fig. 1. Without the consideration of the
impact phenomenon at the begin of the stance phase and the
lower slope at the end, the GRF profile can be formulated
as the 2 order polynomial in the vertical direction and the 3
order polynomial in the horizontal direction. Hence, the leg
force profile can be also approximated with polynomials. The
total force Foops on the CoM of subject can be formulated as
[29]:

FCoM:ﬂeg+Fg:Eeg+HG (1)

where Fj., represents the leg force, Fy represents the grav-
itational force, H represents the robot’s mass, and G =
[0,0,—g]T. According to Newton’s second law, we can encode
the position of the vertical CoM by the polynomials of order
4 and the horizontal position by the polynomials of order 5.
The CoM position profiles are presented as [29]:

u(t) 1t 2 3 ¢t
wt) | =10 1 2t 32 43 5t |r,
ii(t) L0 0 2 6t 1262 203
[, (t)
= | th() | ruue{zyz} 2)
RAO

where tI(t), tT(t) and tI(t) represent the time-mapping; 7.,
represents the polynomial parameters; u(t), u(t) and (t)
represent CoM positions, velocities and accelerations, respec-
tively.

As shown in Fig. 2, the previewed steps of the robotic
leg prosthesis during swing and stance phase can be derived
according to the boundary conditions mentioned above. Let
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v represent the vertical direction, i.e., v € {z}. In Fig. 2,
vrp represents the height of the trajectory of CoM, vyioor
represents the height of the level ground, Avrp ges represents
the difference between vrp and vyioor, f1 and fo represent
the touch-down points, hrp ;,¢ = 1,2, 3 represent the height
of start position of step i, T'D;,7 = 1,2, 3 represent the heel
strike moment of step i, TO;,i = 1,2, 3 represent the leave
off moment of step ¢, T represents the total stance time, and
T, represents the total swing time. For each previewed step,
the vertical boundary condition can be yield as [29]:

VD tT

TD.,i v(0)
OTD,i — t?-:(o) o (3)
—9 tg () |
-9 t5 (Tsi)

where 7 represents the step index; e, =

[vrp i, 0TDis —g, —g]T represents the boundary condition;
E,; = [tF(0),tF(0),tF(0),tX (Ts ;)] represents the mapping
of boundary conditions; 7,,; represents the parameters of
the vertical polynomial. The first element in e, ; represents
the CoM position. The second element in e, ; represents the
CoM velocity. The other elements represent the accelerations
of CoM at the begin and the end of the stance phase,
respectively. Then, E, ;r, ; = e, is solved as [29]:

Tv,i = ET'(Ev,iEZ:i)ilev,i + wv,ifv,i (4)

Then, E, ; will be obtained by the scalar variable 7, ;. For
B, jw,,; = 0, we have [29]:

—1
_Ev,i,squareE’U,i,final (5)

1
where E,, ; tinai represents the last column in Ey, ;5 Ey ; square
represents all of the other columns.

Let h represent the horizontal direction, i.e., h € {z,y}.
For the previewed steps, five horizontal boundary conditions
are defined as [29]:

Wy, =

hrp.i t(0)
[ th(0)
0 = ¢ (0) Thi (6)
hTD,i—i—l,des t%j(Ts,i) + Tw,itz; (Ts,i)
where e, ; = [hrpi hrpi,0,0]7  represents
the horizontal boundary condition; By =

(#7047 (0), 7 (0), 81 (T ) 4] (Te)  + Tt F(Tui)]”
represents the mapping of boundary conditions; 7y ;
represents the polynomial parameters. The first element of
en,; represents the initial CoM position. The second element
of e ; represents the initial CoM velocity. The next two
elements represent respectively the initial and final CoM
accelerations. The fifth element denotes the next horizontal

step as AT D, i+1,des-
hrp.itides = hroi + Twihro.
= (t,};i(Ts,i) + Tw,ithT(Ts,i))Th,i (7
Hence, the general solution of (6) will be given by [29]:

T T \—1 .
Thyi = Ep i(EniE} ;)" eni + WhiThi (8)

where wy, ; is computed from (5).

[1l. CONTROL METHOD FOR ROBOTIC LEG PROSTHESIS

The proposed control method for the leg prosthesis works
in a two-level control structure. At the top level, the desired
CoM trajectories for each phase are generated for the joint
by the above mentioned planning method. At the lower level,
the control method conducts the torque control for each joint
based on the command from the top level with the designed
controller.

In Fig. 3, the motion states collected by IMU are used to
reconstruct the contralateral leg motion by the human dynamic
model. Then, the proposed control method implements the
motion of leg prosthesis to track the motion of the contralateral
leg [34]. Then, the vertical and horizontal plannings can be
calculated by the above mentioned planning method. More-
over, the desired CoM trajectory was generated for the torque
control of joints of the robotic leg prosthesis. At last, the leg
prosthesis behaves the motion of the contralateral leg. Walking
steps are switched by the ground reactive force (GRF) from
the prosthesis, which are measured from the force sensor on
the prosthesis. The swing phase is switched when the foot
leaves the ground and the GRF drops to less than -10 N. To
avoid premature transition, the GRF during the stance phase
must not exceed -200 N. In addition, a 500 ms time delay
ensures the numerical stability of the GRF.

A. Motion Imitation

In normal cases, the motion imitation control is proposed
for the preplanning of each step of the robotic leg prosthesis.
The motion of the prosthesis aims to replicate the movement
of user’s contralateral leg in both swing and stance phases
under desired boundary conditions. The preplanning of each
step of the robotic leg prosthesis is in the form of [29]:

I-[:]
o [T T

Uro,1
uro,1

&)
] Tu1,u € {h,v}

where tI'(t) and tI(t) are the same row vectors of time-
mapping from (2). They can predict how much an offset
is desired. This offset is calculated by the motion of user’s
contralateral leg during the last swing phase. Then, we can
predict the next swing phase of the leg prosthesis and compute
the upcoming step by compensating the offset to the current
phase. The merit of the proposed control is that the heel strike
point of next step can be updated according to the desired CoM
reference trajectory in real time.

B. Controller Design

The controller of this paper is designed for various walking

conditions. The controller is designed as:
T = —KDAQ - KPS(A(]) (10)

where 7 is the torque for the joint of the prosthesis, Kp =
diag(kpi,...,kpn]s kD1, .-, kpn € R, denotes the velocity
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Fig. 2. The previewed steps of the robotic leg prosthesis during swing
and stance phases
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control gains, Kp = diaglkp1,...,kpn], kp1,...,kpn € R,
: _ T _
denotes the angular control gains, Aq = [Aqy,...,Aq,]" =
— T
q—qa-5(Aq) = [s1(Aq1), ..., 50 (Agn)]", and 51, .., 5, €R

are saturated functions designed as:

1 for Ag; > 5
5i(Aq;) = ¢ sin(Ag;) for — 5 <Ag < 3§ a1
-1 for Ag; < =%

C. Stability Analysis

The robotic leg prosthesis moves according to the following
dynamics

H(q(t))g(t) + {%H(‘I(t)) + Clg(t),4(1))

+D}q(t) + Glg(t) = 7(t) (12)

where H(g) € R™™ is a positive-definite inertia ma-
trix, C(q,q) € R™ ™ is a skew symmetric matrix, D =
diag[dy,...,dy] is a viscosity matrix, dy, ..., d,€ R, G(q) €
R™ represents a gravity acceleration, ¢ = [q1, ..., q,]? repre-
sents the joint angles, 7 = [, ..., 7,]T represents the actuator
torque, and ¢t € R is time.

Assuming the positive constants Cprmaz, Cs, and cg € R,
(12) satisfies the following inequalities. \y,q.(H(q)) < Crmaz-
10(a, )]l < eldll- 1G(@)] < ¢y Amas(H(q)) denotes the
maximum eigenvalue of H(q), and ||C(q, ¢)|| represents the
matrix norm of C'(g, ¢), and ||¢|| represents the Euclidian norm
of q.

Then, the Lyapunov candidate can be chosen for the stability
analysis:

V(1) =5 AdTH(q)Aq

+ X (L= ¢)(kpi + aikpi) + a;di)Tsi (Ag;)
+ A¢"H(q)As(Aq) (13)

where 74 (Ag;) = OAqi si(r)dr, r5;(0) = 0,(i = 1,2,...,n)

represents the potential functions; ¢ € R is a positive constant,
satisfying 0 < ¢ < 1, and A = diagfay,...,a,] = KpKp'.
In (13), we expand the third term as:

A¢"H(q)As(Aq)
_ %(Aq + As(Ag)TH(q)(Ag + As(Aq))

~ SATH@)AG— 3s(Aq)TATH(@As(Ag)  (14)

According to (11), the potential functions 7g;(Ag;) are
always greater than 3s;(Ag;)?, and the second term in (13) is
greater than 337, (2(1 — ¢)a;kp; + a;di)s;(Ag;)?. Then, the
third term in (14) is greater than — % Crmaa Xt 725 (Ag; )2
Then, by choosing a; < W, the sum of the two

terms is positive. As a result, we can ensure that the function
V' is positive definite. Hence, we can deduce (13) as:

V =—A¢"(Kp + D)AG — s(Aq)" AKps(Aq)
1 .

—2cA¢T Akps(Aq) + iAqTH(q)As(Aq)

+A¢TH(q)A$(Aq) +y" 2 (15)

and
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2= {Hlg) ~ H(a)Via ~ 5 1H(a) ~ Hla)Via

—{s(q,9) — s(¢a; 4a) }da — s(q,9)A¢ — G(q) + G(qa)
(16)

Therefore, we can have the last three items in (15) as:
1 .7 . .
y' 2+ 5AGTH(g)As(Ag) + AGH (q)A5(Aq)

<NAGNF 11,4 + ISADNE 11,4115 42

1 3+ 2¢q
b :(767'ma1‘ + Cs)cdv u

2 2

+ icscdv + Zcrmazcdv

+ CrmazCda 1 Cg

l2 =Cs + = Crmaz

2
l3 :(icrma:r + Cs)Civ + CrmaxzCda + Cqg
1
la :2(587'77“17; + CS)sz + 2¢rmazCda + QCg
1.1 1 1
l5 :§(§Crmaz + Cs)cdv + icscdv + lcrmazcdv (17)

Moreover, 77 F1 = AGTKpAd + 2A¢T AKps(Aq) +
s(Aq)T KpAs(Aq). Then, we can have:

—2cA¢T AKps(Aq)

= —ctTFr + cs(Aq)TKpAs(Aq) + cAGTKpAg  (18)
Finally, we can deduce V' as:
V < —AGTCpAG— s(Ag)T Cps(Ag)
—erTFr <0
CD(C) :(1 — C)KD + D —c1l —cA
Cp(c) =(1 —c)AKp — c3I — c4A — c5A? (19)

Since, V is negative, the stability of the system will be
ensured.

IV. EXPERIMENTS AND RESULTS
A. Experiments Setup

In this paper, four experiments have been conducted to
verify the performance of the proposed control method for dif-
ferent walking tasks. The mechanical structure of the robotic
leg prosthesis has been shown as Fig. 6. The leg prosthesis
owns two powered joints and has been designed by the USTC
Robotic Laboratory.

In the experiments, three healthy participants are recruited
and agree to participate in the study: subject 1 is 25 years old,
172 cm and 65 kg; subject 2 is 24 years old, 175 cm and 70
kg; subject 3 is 26 years old, 180 cm and 75 kg.

The mechanical structure of the leg prosthesis has been
constructed with the aluminum alloy and the nylon fiber. As
shown in Table I, the total weight of robotic prosthesis is 4.8
kg, close to a healthy lower limb. As shown in Table II, the
flexion of the knee joint is about 120°. The planterflexion
and dorsiflexion of the ankle joint are about —45° and 25°,
respectively. The actuator for the knee joint of the prosthesis
is located under the thigh receiving cavity interface. The

Receiving cavity
interface

Knee
actuation unit

|
Elmo Driver
Motor @ Knee joint
Ankle Motor
actuation unit Ball screw
Link L
Force sensor n Ankle joint
Carbon g
fiber foot S W h

b
™ N7

NN g

a) The real prosthesis b) The diagram of prosthesis

Fig. 6. The mechanical structure of the leg prosthesis

TABLE |
THE MASS OF LEG PROSTHESIS

Part name Mass(kg)  Percentage
Main Part 1.06 22%
Ankle Motor 0.91 19%
Knee Motor 1.01 21%
Servo Driver 0.38 8%
Foot Plate 0.86 18%
Shell 0.58 12%
Total 4.8 100%

actuator for the ankle joint is mounted on the back of the
prosthesis. By changing the length from the ball nut of
footplate to the pyramid connector of knee joint, the length of
the leg prosthesis can be adjusted. Data recordings acquired
from Inertial Measurement Unit (IMU) and Force sensors are
used in the analysis during experiments. The Trigno wireless
wearable sensors of Delsys CO., LTD are mounted on the
user’s contralateral leg in the experiments, which integrates the
IMU sensors. The joints of the prosthesis are driven by Maxon
dc flat brushless motor EC45. The servo driver Elmo connects
with the computer via a CAN bus, to control the Maxon EC
45 Power Max brushless motors. The interface was designed
on the computer to monitor the change of signals of sensors
mounted on the leg prosthesis, sampled at 1 kH. Through this
interface, the information such as the position, velocity and
torque can be stored and analyzed. The mechanical limit for
the joints of the prosthesis can avoid the excessive movement
in the experiments.

TABLE Il
THE CONFIGURATIONS OF LEG PROSTHESIS

Part name Value

Mass of Prosthesis 4.8 kg
Length of Prosthesis 0.40 m to 0.52 m
Range for Knee 0° to 120°
Max Torque for Knee 80 Nm

Max Power for Knee 90 W
Range for Ankle —45° to 25°
Max Torque for Ankle 100 Nm
Max Power for Ankle 90 W
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Fig. 7. The change of knee joint in Case S1.(a)the fixed motion of leg
prosthesis.(b)the real motion of contralateral leg at the same time.
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Fig. 8. The change of knee joint in Case S2.(a)the real trajectory of
the leg prosthesis’ knee joint which imitates the motion of contralateral
leg.(b)the desired trajectory of the leg prosthesis’ knee joint generated
from the proposed method.

B. Case St

1) Experiment: The case is to verify that the control
performance of the proposed method is better than the method
adopting a preset fixed motion.

2) Results: The subject walks on the level ground with the
leg prosthesis. Because of the preset fixed motion, the walking
length and frequency of leg prosthesis can not be regulated by
the subject. Meanwhile, IMU on the contralateral leg provides
the real walking length and frequency of the subject. Fig. 7(a)
shows that the motion of leg prosthesis is fixed all time.
Fig. 7(b) shows that the motion of the contralateral leg is
unfixed. The subject with the prosthesis can keep walking and
adjusts the walking speed and direction freely. As shown in
Fig. 7, the subject can not regulate the motion of leg prosthesis
because of the preset fixed motion.

C. Case S2

1) Experiment: This case is to verify that the proposed
method has a better performance than the method only repli-
cating the movement of the healthy lower limb.

2) Results: The subject walks on the level ground with
the leg prosthesis. The walking length and frequency of leg
prosthesis can be regulated directly by the contralateral leg of
subject with the collected joint’s value from IMU. Meanwhile,
IMU on the contralateral leg provides the real walking length
and frequency of the subject. Fig. 8(a) reveals the change of
the knee’ angle which replicates the movement of the healthy
lower limb. Fig. 8(b) reveals the change of the knee’ angle by
the proposed method. The subject with the prosthesis can keep
walking and adjusts the walking speed and direction freely.
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Fig. 9. Experimental results of subject 1.(a)The tracking trajectory
of knee joint.(b)The tracking trajectory of ankle joint.(c)The trajectory
error.(d)The torque of each joint
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Fig. 10. Experimental results of subject 2.(a)The tracking trajectory
of knee joint.(b)The tracking trajectory of ankle joint.(c)The trajectory
error.(d)The torque of each joint

As shown in Fig. 8, the subject can regulate the motion of leg
prosthesis.

TABLE IlI
TRAJECTORY TRACKING PERFORMANCE OF THREE SUBJECT IN CASE
S3
Subject MEAN(rad)  MSE(rad)
1 0.019 0.096
2 0.009 0.074
3 0.013 0.074
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Fig. 12. Ground reactive force under level ground

Fig. 13. Human-walking experiment under stairs

D. Case S3

1) Experiment: This case is to verify the performance of
the proposed control method on the level ground. The subject
walks on the level ground with the leg prosthesis, as shown
in Fig. 5. The subject walks back and forth between two ends
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Fig. 14. Experimental results of three subjects.(a), (c), and (e) are the
knee’s tracking trajectories of subjects 1, 2, and 3, respectively. (b),
(d), and (f) are the ankle’s tracking trajectories of subjects 1, 2, and 3,
respectively
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Fig. 15. Ground reactive force under stair ascent and descent

in the room. The walking length and frequency are guided by
the contralateral leg. Hence, the subject with the prosthesis
can keep walking and adjusts the walking speed and direction
freely.

2) Results: The results in this experiment are shown as
Fig. 9-Fig. 12.

The trajectory tracking performance of the three subjects are
shown in Fig. 9(a) and (b), Fig. 10(a) and (b), and Fig. 11(a)
and (b). The tracking errors are shown as Fig. 9(c), Fig. 10(c),
and Fig. 11(c). The average deviation for different subjects
is shown as Table III. By regulating the parameters of leg
prosthesis, the minimized MSE (Mean square error) reduces
to 0.096 rad, 0.074 rad, and 0.074 rad for subject 1, 2, and 3,
respectively. The torque for each joint is shown as Fig. 9(d),
Fig. 10(d), and Fig. 11(d). Fig. 12 shows the ground reactive
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TABLE IV
TRAJECTORY TRACKING PERFORMANGE OF THREE SUBJECT IN CASE
S4
Subject MEAN(rad)  MSE(rad)
1 0.014 0.060
2 0.010 0.046
3 0.012 0.055

force (GRF) during walking, which fits the two order curve
as shown in Fig. 1. As shown above, the tracking errors are
small.

E. Case S4

1) Experiment: This case is to verify the performance of
the proposed control method on the stairs ascent and descent to
conduct the smooth and adaptive transitions between different
terrain conditions. There are five steps for the stairs ascent.
Each step is about 12 cm high and 28 cm wide. The stairs
descent have six steps. Each step is 10 cm high and 28
cm wide. When the subject walks up and down stairs, the
stride length, height and frequency of the leg prosthesis are
conducted by the contralateral leg.

2) Results: The experimental results for the trajectory per-
formance of different subjects are depicted in Fig. 14-Fig. 15.
It is observed that the desired trajectories are close to the
measured ones in Fig. 14. The average deviation of tracking
errors is presented in Table IV. As shown in Table IV, by
regulating the parameters of leg prosthesis, the minimized
MSE (Mean square error) reduces to 0.060 rad, 0.046 rad, and
0.055 rad for subject 1, 2, and 3 respectively. Fig. 15 shows
the ground reactive force during walking on stairs. The results
in this experiment show that the tracking errors are small.

V. DISCUSSION

This paper aims to develop a method to help the subject
with robotic leg prosthesis walk smoothly under various terrain
conditions, without complex and empirical preconfigurations.

In fact, there are two Inertial Measurement Units on the
contralateral leg of subject to record the motion of the con-
tralateral leg. By analyzing the recorded data, the initial values
and the end values of each step of robotic leg prosthesis can
be obtained. Then, the next touchdown state of leg prosthesis
can be predicted by equation (9). The desired vertical and hor-
izontal motion of the CoM can be calculated from equations
(3) and (7). According to the inverse kinematics, the desired
trajectory for the joints of the robotic leg prosthesis can be
calculated. At last, the leg prosthesis restores the motion of
the contralateral leg of subject.

The novelty of this proposed method includes: a) The
walking of the leg prosthesis is encoded by polynomial splines
using the initial position, the end position, and the time interval
between steps, recorded by Inertial Measurement Unit (IMU)
mounted on the contralateral leg of subject. The walking
trajectories can be reshaped according to different walking
tasks, without complex pre-configurations and empirical tun-
ing of the leg prosthesis. b) The proposed control method
can smoothly achieve walking behaviors and diminish the

overshoot of input torques caused by the large initial error
at the beginning of the transient response, without exact
knowledge of dynamics of leg prosthesis among different
walking tasks.

The results of the experiments show the desired performance
of the proposed control method. Without the knowledge of the
terrain conditions, the smooth and adaptive transitions can be
still realized for different walking tasks.

A limitation of the proposed approach is that we only
tested three able-bodied subjects in the experiments. The other
limitation is that it is necessary to instrument the contralateral
leg of subject before conducting experiments.

VI. CONCLUSION

In this paper, biologically inspired deadbeat control is
proposed for the robotic leg prosthesis under different terrain
conditions. As a result, the prosthesis can coordinate the
movement of the subject and emulate the locomotion of
contralateral leg more smoothly and adaptively. The merit of
the proposed control method is that it works well without the
pre-knowledge of the exact physical parameters. Finally, the
experiments for different walking tasks have been conducted.
The results show the effectiveness of the proposed control
method.
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